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Latest Challenges in the Development
of Scalable Assembly Systems for Fuel Cell
Stacks

Fabian Klaus , Lennard Margies , and Rainer Müller

Abstract

The assembly of fuel cell stacks presents some unresolved engineering challenges. The
aim of this work is to provide a comprehensive solution concept that addresses the
identified issues. A product analysis was conducted, from which the assembly process
chain could be derived. Subsequently, the problems encountered during assembly were
structured and presented. Finally, a solution concept was developed that addresses both
the overarching problem and the process-specific difficulties. The analysis shows the
necessity of a cost degression of the stacks through full automation of the assembly
systems. However, this represents a significant economic risk, which is why a scalable
assembly in terms of automation level is proposed. The problem of process complexity
and a generally low level of product knowledge is addressed by the introduction of
cognitive and physical assistance systems in the low automation stages. To increase the
speed of knowledge building in terms of product, process and equipment, algorithms
for self-optimizing processes or for outputting action recommendations are used. The
control complexity arises from high speed and accuracy requirements of the stacking
process, which is addressed in a novel approach using continuous drive technology.
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1 Introduction

Notably, due to an increasing societal demand for emission reduction and support from
government and economy, the fuel cell is gaining ground as a substitute for conventional
energy conversion technologies, especially in the transport and energy sector. Now it
is essential to align and adjust production capacities from the automotive, equipment
and supplier industry to the new requirements in order to achieve the climate targets set
by the federal government and remain economically competitive. For this purpose, the
rapid development of competencies, processes and technologies in the field of fuel cell
production systems is crucial to achieve a global competitive advantage [1].

With the planning, use and urgently required scaling of the respective production sys-
tems, however, come certain challenges for which engineering solutions must be found as
soon as possible. This contribution therefore aims to provide an overview of both generic
and process-specific issues and then to offer a holistic solution concept that fully addresses
them. The approach will be elaborated within the research project “H2SkaProMo” until
2024 and integrated into a prototypical assembly demonstrator in three automation degrees
“manual”, “semi-automated” and “fully automated”. The focus is on the assembly of the
fuel cell stacks downstream of manufacturing, since control of this process is generally
decisive for the economic viability of production [2].

Most of the issues identified within this contribution and “H2SkaProMo” in general can
be attributed to the assumed lack of familiarity of process participants with the product
as well as the complexity of the fuel cell and its production systems.

2 State of the Art

The complexity and heterogeneity of the necessary assembly scopes will be elaborated
below using an exemplary process chain for the assembly of fuel cell stacks. The design
of the processes is dependent on the product, which is why the fuel cell type must be
determined initially. Despite the abundance of fuel cell technologies currently available
on the market, a concentration on the polymer electrolyte membrane fuel cell (PEMFC)
for mobile and stationary applications as well as the solid oxide fuel cell (SOFC) mainly
for stationary applications (e.g. building and charging technology) can be observed [3].
Mobile drive technology based on fossil fuels continues to be a global mass market, which
is to be gradually supplemented or substituted by alternative technologies in order to meet
the environmental goals of many countries. This brings PEMFCs and their production into
the focus of research and industry. For this reason, the joint project “H2SkaProMo” deals
with a variant of the PEMFC stack and its assembly. The knowledge gained can also
partially be transferred to other technologies.

The exemplary stack assembly can be seen from its schematic drawing in Fig. 1.
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Fig. 1 Structure of a PEM fuel cell stack (simplified)

The left half of the figure shows the complete stack. The abstraction level of the
component description has been chosen in such a way that it is possible to speak of a
relatively generic structure. In the considered case, it consists of the sub-assemblies head
section, the fuel cell stack itself, foot section, current collectors, media supply and bracing
mechanism, which in this case is realized by bracing bands. The fuel cell assembly itself
consists of 250 stacked individual bipolar plates and MEAs.

Process-wise, the repetitive, highly precise stacking of these components is one of
the most complex and time-consuming assembly tasks. The remaining presented sub-
assemblies can be scheduled as pre-assembly processes and must be partly carried out
before and partly after stacking.

With the help of the bill of materials associated with the stack, a precedence graph
can be derived from which a general assembly sequence for the stack can be constructed.
This general assembly sequence will be introduced below.

The assembly process begins with the pre-assembly of the head and foot sections. In
addition to joining operations such as the insertion and bolting of spring assemblies, this
also involves measuring and leveling operations, which require a high level of manual
effort. This is followed by high-precision stacking of the bipolar plates andMEAs 200–
300 times on the head section. After completion, the base plate is placed on top and
the stack is compressed under high forces. Under the applied pressing force, the stack
must then be braced with the aid of the bracing bands. This is followed by various tests,
including a leak test in the form of a flow and pressure drop test and a load test. Finally,
the stack is labeled and packaged.

Once the assembly sequence has been set up, the more detailed planning of the
necessary assembly systems can usually be initiated.
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3 Challenges in the Assembly of PEM Fuel Cell Stacks

The challenges in planning the assembly of fuel cell stacks need to be mastered quickly
and efficiently to achieve rapid and widespread placement of hydrogen systems on the
market. Due to the variety of the issues involved, a subdivision of the problems to
be solved is considered useful. In the following, these problems named by the expert
consortium of “H2SkaProMo” are thus split into overarching and process-specific topics.

The overarching challenge is cost reduction. The cost per unit of fuel cells and other
hydrogen technologies are currently still considered very high compared to conventional
technology alternatives. This can be attributed to material costs on the one hand and
production costs on the other. Even with prospectively decreasing material costs, the costs
for production technology and processes remain. A strong lever for reducing the process
costs incurred in production is the use of economies of scale, thus achieving low unit
costs through a high throughput. A large part of the process costs is accounted for by
assembly, so a full automation of the assembly would help to maximize the number of
units and minimize unit costs. However, a closer look reveals further challenges:

1. According to the current state of the art, it can be assumed that most developments
in the field of PEM fuel cells are not yet at their final stage. Instead, work is being
done mostly with small series developments, which in the future will still undergo
significant product adjustments [3]. Rigidly automated systems, by their very nature
lacking adaptability, create a limitation in the possibilities of adjustment. Adaptability
only exists within the initially planned system flexibility.

2. Market entry for less financially strong companies is hindered when undergoing a port-
folio restructuring or expansion, as they would be exposed to a considerable economic
risk in acquiring a fully automated fuel cell assembly line.

The process-specific problems are illustrated by the assembly sequence as follows.

• Pre-Assembly: Within the stack considered in H2SkaProMo there are a large number
of components which must be assembled for the completion of the head and foot sub-
assemblies. Due to their complexity, most of the assembly steps have to be carried
out manually. This complexity combined with manual efforts is particularly problem-
atic as PEM fuel cells are often relevant as a substitute or complement to established
technologies (e.g. automotive drive technology), but the necessary product and process
knowledge does not yet exist among the employees and must therefore be learned step
by step. A search for solutions to reduce complexity and qualify employees is thus
inevitable [4]. If also performance impaired employees are involved in assembly, the
described problem is exacerbated.



Latest Challenges in the Development of Scalable Assembly … 5

• Stacking: When stacking the cell assemblies of BPP and MEA, the main problem
arises from the positioning accuracy requirements in the range of tenths to a few hun-
dredths of a millimeter, which are necessary to ensure tightness and functionality, in
conjunction with the required stacking frequency. In the corporate landscape, current
publications speak of targeted stacking frequencies of 0.5–2 Hz [5]. Additional con-
straints in the stacking process are caused by the sensitivity of the components. While
contamination of the active field or the seals of the BPP can cause functional impair-
ments that must be avoided, a controlled environment in terms of temperature and
humidity is necessary for the MEA to avoid significant component changes and inutil-
ity [6]. Moreover, the MEA is a flexible component, which complicates the automated
handling. In summary, the highest requirements apply to environmental conditions,
accuracy, component handling and speed.

• Compressing: Compressing the stack poses special requirements for process control
and is a major guarantee for the performance and quality of the end product [7]. The
joined individual cells, for example, may have different curing dates of the sealant,
which must be considered when defining the pressing force or pressing path, in order
to avoid damaging the seals.

• Bracing: The stacks should be braced with bracing straps, which are joined to the head
and base plate in a stress-free state while in the pressed condition. Upon subsequent
release of the press, the applied pressing force is transferred to the bracing bands; this
maintains the tension. A potential issue in this regard may be the parallel automatic
handling and joining of multiple bracing bands on both sides of the stack.

• Testing: The primary issue with the necessary testing cycle, consisting of leak and
load testing, is its temporal scope. The load testing and conditioning of a completed
stack can take several hours, while the leak testing can be estimated to take 10-15 min.
The preceding tests of insulation resistance and open-circuit voltage only take a few
minutes. Should the test result of one of the tests fail to meet the required standards,
a very time-consuming disassembly of the entire stack, in which each cell must be
tested individually, must be conducted. Even a failure rate in the parts per thousand
range, which leads to a total failure of a single cell, can therefore result in immense
personnel and financial costs. After testing, the stack assembly is finished.

An overview of the challenges presented is shown in Fig. 2.

4 Definition and Adaptation of the Solution Space
to the Considered Assembly System

To be able to establish a successful assembly concept, a holistic solution space is required,
which addresses the problem statements adequately. Within the scope of the BMWi project
“H2SkaProMo—Scalable Cyber-Physical Systems for the Assembly of Fuel Cell Stacks”,
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Fig. 2 Challenges in the assembly of fuel cells

this solution space is created by 15 actors within an interdisciplinary consortium of users,
equipment suppliers and scientists. The current status and adaptation of the solutions to
the processes considered in the project be seen in Fig. 3.

The figure shows the totality of overarching or process-specific solutions for the chal-
lenges presented colored yellow. The central element is the assembly sequence which
can be scaled in the three stages manual, semi and fully automated due to the modular
structure. The modularity also allows for a certain degree of flexibility, which also has
a cross-process effect. The digital twin is represented as all-encompassing and includes
all further solutions. The dual model for parameter optimization allows the adaption of
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Fully automated

Digital Twin

Pre-Assembly 
Head / Foot Section Bracing Leakage and Load 

TestingCompressingStacking

Dual Model for Intelligent Parameter Adaptation
ML Model

Continuous Drive 
Technology

M
odular

System Architecture
Flexible Station Design

Scalable
Autom

ation D
egree

Physical
Assistance

Sequencenot sensible in this automation degree

ManualCognitive
Assistance

Fig. 3 Solution space adaption to H2SkaProMo fuel cell stack assembly
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ongoing assembly processes based on knowledge acquired by all process participants and
the findings of past assembly runs. Thus, the predictive and prescriptive model is fed by
process data and in return feeds the process parameters with the findings. The process-
specific solutions presented are integrated to varying degrees depending on the process,
as visualized by the differently sized arrows in the figure.

The distribution of the individual building blocks of the solution construct on the
assembly sequence will be discussed in the following.

4.1 Digital Twin

As an overarching and functional assurance framework, the digital twin serves as a repos-
itory for all necessary data on product, process, and equipment and thus enables the
execution of services necessary for data collection and utilization through its connection
to a graph-based database. All development approaches must therefore be compatible with
the digital twin. The digital twin is currently in its test phase, in which the basic graph
model is connected with a graphical user interface and fed with test data.

4.2 Modular System Design

As a further process-encompassing framework, the modular system structure is shown
in Fig. 3, which enables the development of assembly systems to have a flexible station
design and the ability to scale their automation level. In the event of future product adjust-
ments, which are expected at the current stage of development, it is possible to continue
using an existing assembly system for new product variations. This is possible through
the exchange of individual process, feeding or transport modules in combination with a
versatile workpiece carrier. Also, a significant increase in demand for H2 technologies is
expected, provided that they are cost-equivalent or cheaper than conventional technolo-
gies [8]. A then required cost-effective partial automation can also be represented by the
simple exchange of modules of higher automation levels.

4.3 Cognitive and Physical Worker Assistance

One major challenge in stack assembly is providing adequate assistance for employees
of varying abilities who are faced with the new product. This will be addressed with
cognitive and physical assistance systems in the manual and semi-automated stages.

An assistance system generally is an arrangement of components with the aim of pro-
viding support for a specific task, controlled by an information technology unit that is
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sufficiently complex to enable information processing or appropriate adjustment of sys-
tem behavior [9]. Further differentiated, perception and decision assistance systems are
cognitive support and execution assistance systems are physical support [10].

While determining the need for physical assistance is based on ergonomic guidelines,
determining cognitive assistance needs is significantly more complex. For this reason, a
concept will be developed to enable an estimation of the need for each process, resulting
in the technology-neutral selection of the required capability categories.

For this purpose, the assembly process is initially divided into sufficiently small pieces
using MTM analysis. Subsequently, for each sub-process step, the impact of human error,
cognitive load, likelihood of human error, and the need for assistance are examined and
quantified. After that, the necessary system capabilities are selected. Here, a distinction is
made between information input, output, feedback, retrieval, transmission and perception.
With this concept, the first relevant processes have already been identified. In particular,
an increased need for support was found in pre-assembly, which should be addressed
by capabilities of information perception and output. For example, work area monitoring
should be used to monitor handling operations and display subsequent tasks. In addition,
employees should be warned in the event of mistakes. The specific technology solutions
to be used are still being evaluated.

Ultimately, the “accompaniment” of the employees in cognitively demanding processes
is expected to solve the problem presented and thus significantly shorten the learning time,
reduce the error rate, and increase the motivation of the employees.

4.4 Continuous Drive Technology

In current developments in stack assembly, automated solutions utilizing robots are com-
monly employed to perform the complex task of precise stacking at maximum speed. The
robot technology used varies from articulated robots, to SCARA, to delta robots (such as
current developments in the research project “H2FastCell”). However, these technologies
cannot be scaled to arbitrary speeds with sufficiently accurate repeatability, which can
pose a significant problem in the case of 500-layer repetitive stacking (250-cell), partic-
ularly in the context of mass production. With an expected increase in the demand for
stacking frequencies exceeding 1 Hz, robot technology will reach its limits. This is due to
the mechanical construction which, although it typically provides high flexibility in path
planning through the use of multiple axes to span a large handling range, still relies on
intermittent drives for pick-and-place operations. The braking and acceleration processes
necessary for gripping and releasing are thus the bottleneck for achieving high stacking
frequencies.

A promising solution for this is the use of a continuously driven system that oper-
ates in a mechanically constrained mode. A cam drive in the necessary dimensions for
stack assembly, in conjunction with a lightweight gripper at the output, ensures a strictly
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constant motion with achievable repeat accuracies of 20 µm. The maximum stacking fre-
quency is dependent on various factors such as vibration, mass inertia of the components,
the adhesion between gripper and component, and upstream issues such as the realization
of a correspondingly fast-acting feed and alignment of the components.

Apart from the advantages in terms of accuracy and speed, there are also disadvantages,
particularly due to the mechanical lockstep. In contrast to the flexibility in gripping points
that can be achieved with a robot, this is hardly or not at all present with a cam drive. Since
the components still need to be aligned with high precision, an alignment station must be
added. An unregulated feed of the components, for example through mechanical stops,
cannot ensure fulfillment of the accuracy requirements, especially due to the component
tolerances in conjunction with the handling speeds in automated assembly. The component
alignment must provide translational and rotational adjustment of BPP and MEA in the
micrometer range. Using optical detection, the exact component position is captured and
adjusted to the desired setpoint, allowing cam drive and gripper to precisely pick them up
and place them on the stack.

The custom cam mechanism in conjunction with an optical inspection system and an
intelligent stacking algorithm represents an innovation in fuel cell assembly that could be
a game changer in terms of series production due to the achievable speeds.

4.5 Dual Model for Intelligent Adaptation of Assembly Process
Parameters

As previously stated, the fuel cell is a complex product, and its mass production requires
both extensive product knowledge and highly optimized processes. The building of knowl-
edge is time-consuming and expensive when there is a high product complexity and a lack
of product experience. Also, companies are often under constant competitive pressure dur-
ing this learning process, and a rapid market launch is desired. Still, initial experiences
can be gained in a prototype phase. These experiences are gained by process planners and
involved blue-collar workers, which allows for appropriate measures to be taken when
process errors occur, in order to avoid them in the future. This type of feedback loop is
dependent on human action and therefore slow and unpredictable.

To address this, a hybrid software system is developed, which allows the collection of
expert knowledge from process participants and then uses and continuously expands this
knowledge for process optimization. This way, the assembly system can be enabled to
become a self-regulating process expert and the market launch can be accelerated.

In order to achieve the goal, the presence and quality of existing knowledge are cru-
cial. Therefore, it must be ensured that the knowledge input possibilities for blue-collar
workers, planners, and experts is not only designed as simple as possible, but is also
encouraged. If necessary, incentives should be created to support the acquisition. In order
to ensure simplicity for the parties concerned, it should be possible to create information
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primarily on the basis of simple logics (IF–THEN) with as few textual input as possi-
ble. To ensure an easy assignment of information, the system structure is based on the
assembly sequence and the related product, process, and equipment.

Based on the logics entered, a process model is developed that always reflects the
most up-to-date knowledge of the process participants. The assembly is now repeated
several times with the established parameters. At this point, the self-optimization as the
second component of the system comes into play. If processes such as leak testing eval-
uate the product as “not OK”, the system will vary individual parameters and gather
information about cause-and-effect relationships, which are then incorporated into the
feedback loop. In manual assembly, recommendations for changing the assembly param-
eters will be given to the process participants and the effectiveness of the changes will be
monitored (Prescriptive Quality). In addition, if a sufficient amount of data is available,
a statement can be made about the probability of an “OK” testing outcome (Predictive
Quality). Futhermore, an increased probability of failure can be detected during assembly,
for example in stacking, and a rejection for rework can be initiated.

5 Discussion

The solution concept presented here addresses very diverse challenges with an interlock-
ing modular model. Each of these modules requires in-depth consideration and thus a high
level of time and specific expertise from individual disciplines. In this case, all topics are
handled within “H2SkaProMo”, thus the modular clustering is still meaningful and leads
to a comprehensive solution in the form of assembly system prototypes.

Due to the lack of familiarity with the product, further adjustments to the require-
ments and the concept are expected during the development as expertise increases. A
comprehensive generality or transferability to similar products cannot be assumed.

Solutions such as cognitive assistance systems and the parameter optimization model
have the greatest impact in the early stage of the product and assembly system life cycle.
At this stage, the product, process and operating resources as well as their optimized
parameters are often largely unknown. As knowledge penetration occurs and mass pro-
duction is established, the achievable benefit of these systems slightly decreases. The
isolated concept for acquiring and exploiting knowledge for accelerated optimization of
the assembly and final product can be considered transferable to new products.

Regarding the scalability of automation, a strict increase in the automation degree of
all modules in all three stages of the assembly system is not considered sensible. For
example, semi- or fully automated pre-assembly is not economically sensible for the cur-
rent product stage, as human dexterity, elaborate measuring and testing are required. In
the medium term, an adaptation of the product is considered advantageous compared
to its automation in the current state. Furthermore, manual pre-assembly and automated
stacking both have approximately the same cycle time. Therefore, there is currently no



Latest Challenges in the Development of Scalable Assembly … 11

immediate need for automation in terms of time. Another example are transport modules
such as electrically driven belt conveyors, which could also be necessary in manual assem-
bly due to the high component weights and only represent a marginal additional financial
burden compared to manual conveyor belts. The examples show that the feasibility of
each module in different automation stages must be carefully examined.

The modular system structure implies that entire stations are highly flexible in their
physical arrangement. For pre-assembly, testing, rework and manual stacking, a flexible
relocation is feasible with little effort, in contrast to automated stacking. The cam drive
combined with the handling masses under high acceleration as well as the correspond-
ingly large geometries and travel paths require a solid basic structure that can withstand
the occurrence of high inertias and effectively dissipate vibrations. At the same time,
maximum precision is required for free stacking without stops. The solid stacking station
thus must be firmly anchored in the hall floor and cannot change its position without high
effort, also due to the interfaces to component alignment.

6 Summary and Conclusion

Within the present work, current engineering problems in fuel cell assembly were illumi-
nated. As was shown, these can be summarized mainly under the headings of production
costs and product complexity. Based on the identified general and process-specific prob-
lems, a holistic solution model was developed that addresses all sub-problems in a
modular way. This allows for the lack of knowledge about novel products to be addressed
using a dual model for intelligent adaptation of assembly parameters, supported by cog-
nitive assistance systems and a digital twin as a data framework. The market penetration
of assembly systems with low economic risk is supported by scaling the level of automa-
tion and a modular design of the overall system. The main process-specific problem of
the need for high precision and extremely fast stacking of components can be solved
using continuous drive technology in situations where robots no longer produce sufficient
results. The individual solutions presented are highly specific to the challenges of fuel
cell assembly, but the majority of the model is also adaptable to completely different
technologies and can therefore be considered generic.

The future research needs are derived from the solution building blocks presented.
These as well as the validation of the overall concept will be addressed in H2SkaProMo in
collaboration between industry and research. In summary, it is expected that the obstacles
currently hindering market penetration of fuel cells from a production perspective can be
eliminated in the near future.
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Experimental Investigation of the Influence
of Different Nozzle Exit Geometries
on the Depositing of Strands in Fused Layer
Modeling

Michael Krampe and Bernd Kuhlenkötter

Abstract

The aim of this paper is to investigate the influence of different exit geometries of the
nozzle in the FLM process. In order to determine the effects of nozzle exit shapes,
an experimental investigation was carried out. Individual strands were deposited with
different nozzle exit shapes, whose shape was subsequently determined by laser scan-
ning and microscopic images of the strand cross-sections. In addition, the orientation
in relation to the deposition direction and five different layer heights were investigated.
Circular, triangular, square, and hexagonal nozzle exit shapes with cross-sectional areas
equivalent to a circle of 1, 0.8 and 0.6 mm diameter were prepared for these tests.
Strands were printed with these different geometries and then scanned with a laser
scanner and examined in cross-section with an optical microscope. Afterwards, the
strand shapes were compared with each other using the created profiles and strand
cross-sections. The results show that different geometries of the nozzle exit lead to
different shapes of strand cross sections. It can be observed that the deviation from
the cross section of the circular nozzle decreases with an increase in the number of
corners of the nozzle geometry. Furthermore, the extent of the deviation increases with
increasing layer height. In addition to the outlet shape, a different orientation of the
same nozzle leads to a deviating strand cross-section. Especially with the triangular
nozzle exit geometry, this made a big difference in the shape of the deposited strand.
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1 Introduction

At present, additive manufacturing is becoming increasingly relevant in the industry,
hightech technologies and even environmental sustainability [1, 2]. Probably the most
widespread additive manufacturing process is fused layer modeling (FLM), which is par-
ticularly suitable to produce prototypes and small series, as the financial entry hurdle is
low. In the FLM process, a wire-shaped thermoplastic is conveyed via an extruder into a
melting system, where it is heated to a pasty state and then extruded through a nozzle.
Via the nozzle, the extruded material is applied in defined lanes to a building platform
or the previously created layer, where it melts the already deposited strands of material
and forms a permanent bond after cooling [3]. In this process, the nozzles of an FLM
system have a circular outlet opening of constant size as standard. If the desired part
requires a high level of detail, a nozzle with a small diameter, for example between 0.1
and 0.4 mm, can be used at the expense of production speed. The use of nozzles with a
larger diameter, up to 2 mm and even beyond, can shorten the build time, but also lowers
the possible level of detail. The operator of the FLM system can thus decide by the choice
of nozzle diameter whether the focus should be more on speed or on the level of detail.
One possible solution is provided by modern multi-nozzle systems, which allow several
different nozzles in one FLM system. This technology is used, for example, to switch
between construction material and support material in the process. A benefit for different
nozzle diameters has not yet been established. Another solution could be a nozzle whose
diameter can be variable adjusted, meaning it can be enlarged or reduced. Thus, it would
be possible to manufacture with a small diameter at the points in the component that
require a high level of detail, and with a larger diameter at other points. Several different
approaches already exist for this. Some of these approaches originate from research work,
others have been described directly in patent specifications. Brooks et al. [4] describes a
concept for a two-stage nozzle, which would allow switching between two different nozzle
diameters. However, approaches of a continuously adjustable nozzle are of more interest
for this work. In the Chinese patent by Ge et al. [5], a nozzle is presented which has
a fine moving mechanism to allow the nozzle opening to be continuously adjusted. In
this case, the opening of the nozzle consists of six components, which result in a hexag-
onal opening area. The nozzle diameter is therefore not circular. Other approaches also
produce cross-sectional areas of the nozzle diameter that are not circular. A patent from
Desktop Metal [1] has a triangular geometry and Papon et al. [6] have developed a nozzle
for printing concrete that has a square opening geometry. While the FLM process usu-
ally uses a circular nozzle opening geometry, a mechanically infinitely variable opening
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diameter seems to require a non-circular geometry. This seems to be mainly due to the
low form factor of the necessary mechanics. This paper therefore aims to investigate the
influence of a non-circular opening geometry on the deposition of a plastic strand in the
FLM process. The usual FLM parameters will be used and only the opening geometry
will be changed. For this purpose, nozzles with different exit geometries are manufactured
with cross-sectional areas equivalent to a circle of 1, 0.8 and 0.6 mm diameter. The aim
is to deposit individual strands, which are then measured and examined under a micro-
scope. In addition to the shape of the nozzle, the direction of movement of the nozzle
is also compared. Thus, the difference is examined whether the nozzle moves with the
corner or the edge of the exit geometry in the direction of printing. The investigations are
necessary because it is unclear whether and how the different exit geometries can influ-
ence the deposited strand and thus also subsequent strands, layers or entire components.
For example, the influences can arise from different friction ratios within the angles and
radii of the different geometries. In this paper, however, the focus is initially on individual
strands.

2 Related Work

Despite the numerous approaches with non-circular nozzle geometries, the influence on
the FLM process is not or only slightly dealt with in the literature, while for example the
influences of different raster orientations or printing speeds have already been investigated
[2]. A few papers that consider different exit geometries are investigations by Papon et al.
[7–9].

First, the authors investigated in a numerical simulation, among other things, how
a rectangular and star-shaped outlet geometry (with the same cross-sectional area as a
circular nozzle with a diameter of 0.4 mm) affects the pressure loss and the distribution
of the melt outlet velocity [9]. Compared to the circular cross-section, the pressure drop
was slightly increased for the star-shaped and rectangular orifice. The velocity distribution
in the radial direction showed a decrease from the centre toward the outer edge for all
shapes. The star-shape resulted in a more uniform decrease. The authors hypothesized that
the geometry-related changes may lead to a deviating strand cross-section, which affects
the size of the air pockets and thus the mechanical properties of the FLM component.

In following experimental tests, Papon et al. compared the mechanical properties of
FLM components produced using circular and rectangular outlet geometries [7]. The rect-
angular nozzle significantly reduced the air pockets between the strands, which led to an
increase in the mechanical strength of the component.

In the latest publication by Papon et al. [8], a numerical simulation was performed
to investigate how different exit geometries affect the shape of the extruded strand. The
predictions of the simulation were then compared with experimental results. The three
exit geometries from the previous studies (circle, rectangle and star) were investigated.
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The cross sections were adjusted so that all shapes had the same diameter of 0.4 mm. In
addition, the edges of the rectangular and star cross-sections were rounded to avoid possi-
ble instabilities due to stress concentrations and material jamming in advance. Extrusion
followed by strand deposition on a moving platform was simulated. When the strand is
deposited on the platform, there is no contact between the nozzle and the material, so that
the material is not deformed by squeezing.

However, even the described work does not show an ordinary process workflow using
a nozzle with a modified exit geometry, since ordinary layer heights and the squeezing of
the layer onto the build platform were not performed. This research gap will be addressed
with the experiments explained in the following.

3 Experimental Setting

The experiments are carried out in the Learning and Research Factory of the Chair of
Production Systems. The test bench for robot-assisted additive manufacturing, which has
an ABB IRB 2400-16 industrial robot with an extrusion head can be seen in Fig. 1. The
robot was used because it had already been converted to an FLM system from previous
projects. In addition, the future research plans require the robot because of its flexibility
and payloads.

The extrusion head consists of a Bulldog XL driven by a NEMA 17 stepper motor.
The stepper motor controller is connected to the IRC5 controller of the robot and can thus
be addressed directly via the program code in RAPID. The hotend consists of standard
FLM components.

Fig. 1 The robotic cell used for the experiments



Experimental Investigation of the Influence of Different Nozzle … 17

3.1 Nozzle

Since there are no commercial nozzles with non-circular exits, a total of twelve differ-
ent extrusion nozzles with circular, square, triangular and hexagonal exit geometries are
manufactured in the chair’s in-house production facility. Nozzles in three different sizes
are produced for each of the four exit shapes. The dimensions were adjusted so that the
cross-sectional area of the respective nozzle exit, corresponds to a circle with a diameter
of 0.6, 0.8 and 1.0 mm. The exit geometries of the nozzles are generated by milling. A
milling cutter with a diameter of 0.3 mm is used for this purpose, resulting in the corners
of the milled shapes having a radius r of 0.15 mm. Like most commercially available
nozzles, the nozzles are made of brass.

3.2 Laser Scanner

To investigate the influence of the exit geometry, profile data of the deposited individual
strands are generated by laser scans and compared with each other. A laser scanner from
the manufacturer Micro-Epsilon of the type ScanCONTROL 2600-25, which is attached
to the extrusion unit via a holder, is used to record the profile data. Data is transferred to
the computer via an Ethernet interface. The laser scanner is attached to the robot of the
test plant via a self-made bracket, which is screwed to the conveyor unit (Bulldog XL) of
the extrusion unit.

3.3 Test Execustion

The focus of the investigation is the influence of the exit geometry. For this purpose,
as already described, 12 different nozzles are manufactured, four geometries in three
sizes each. In addition, the orientation of the nozzle to the printing direction is included,
resulting in two variants, “corner” and “edge”, for the triangular, square and hexagonal
nozzles respectively. Finally, different layer heights are also investigated, since it is unclear
how much they can amplify the influence of the exit geometry.

Figure 2 shows the planned arrangement of the strand lines of a test series on the
construction platform. In each of the test series, 50 individual strands are produced, with
the layer height h being increased in the x-direction after every 10 lanes. The subsequent
area for measuring the deposited strands is marked by the vertical lines, which generate
a strand length of 100 mm.

The start and end of the deposited paths are not measured, as these usually exhibit
inaccuracies. In addition, a so-called “purge line” is deposited, which serves to prepare the
nozzle for the process and thus increase process stability. PLA (polyactic acid) filament
is used as the material. Table 1 shows the experimental parameters for the 1 mm nozzle.
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Fig. 2 The arrangement of the deposited lanes on the print bed

Table 1 Process parameters for the exit size 1 mm

Factor Unit Stages

Geometry of the exit – Circle, Rectangle, Triangle, Hexagon

Orientation of the
nozzle

– Corner, edge

Nozzle diameter (eq.) Mm 1

Temperature heating
bed

°C 60

Temperature nozzle °C 220

Printing speed mm/s 20

Extruder speed mm/min 44.5 64.86 83.96 101.8 118.37

Layer thickness Mm 0.25 0.375 0.5 0.625 0.75
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In the next step of the test procedure, the profile curves of the deposited strands are
recorded by measurements with the laser scanner, immediately after strand deposition.
The scanCONTROL 3D-View software package is used to record and export the measure-
ment data. Since undercuts cannot be detected and measured with the laser line sensor,
additional strand cross sections are cut out and examined and photographed under a digital
microscope at a 200x magnification.

4 Results

In order to evaluate the influence of the nozzle exit geometry, the averaged curves of
the strand profiles from the tests are presented. In addition, the microscopic images of
the strand cross sections are shown, thus extending the observations regarding the strand
profiles. Figure 3 shows the results of the profile measurements sorted by exit geometries,
direction, and layer height for the 1 mm nozzles. At this point, it should be mentioned
that no comparable experiments and results have been found in the literature so far. The
focus should therefore first be on providing an overview of how the different geometries
can have an effect. In later experiments and corresponding publications, it will certainly
be possible to go into more detail in many cases.

A closer look at the strand profiles reveals that the shape of the deposited strands is
influenced by the outlet geometry of the nozzle and, moreover, its orientation direction.
Considering the profile of the circular nozzle as a reference, a varying degree of deviation
can be seen for the exit geometries investigated. In general, it can be observed that the
divergence of the strand profile decreases with an increasing number of corners of the
exit shape. This can be seen by comparing the individual unusual geometric shapes with
the standard round exit geometry. For example, the profiles of the triangular exit geome-
try show strong changes, in that they have curves with almost right angles in the “corner
ahead” variant, while in the “edge ahead” variant they have a very strong peak in the mid-
dle. With the hexagonal nozzles, on the other hand, there are only very slight deviations
in shape between the variants and in comparison, with the round nozzle. Again, it can be
observed that the influence of orientation decreases as the number of corners increases.
While the square nozzles differ in the orientation directions by a visible curvature of the
upper side of the profile, the profiles of the various orientations of the hexagonal nozzle
differ much less. Due to the fact that the approximation of a circular surface with regu-
lar polygons improves by increasing the number of corners, the described deviations of
the strand profiles are comprehensible. While the strand profiles of the circular, square
and hexagonal nozzles hardly differ at a low ratio of layer height to diameter, occurring
effects or changes of the profiles intensify with increasing layer height. An explanation is
provided by considering the general strand shape. With constant strand width and simulta-
neously increasing layer height, the actual shape of the extruded strand is less compressed
due to less squeezing with the nozzle. Thus, the shape of the freely extruded strand is
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Fig. 3 The resulting profile cross section after laser scanning with the exit size 1 mm
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largely retained. If the profiles of the different nozzle diameters are compared, the effects
that occur decrease as the size decreases. Particularly for low layer heights and the small-
est diameter, only slight or hardly perceptible changes in the profiles can be detected.
This was to be expected, since in advance smaller experiments were carried out to isolate
possible influencing factors on the appearance of the strand. As a result, only the shape
of the exit geometry remained as the strongest influencing factor in the final experiments.
The results thus show that the effects of the choice of geometry are scalable and depend
on the level of detail of the printing process. It should also be noted that the nozzle out-
lets have production-related corner radii which have the same radius irrespective of the
diameter. This reduces the expression of the shape for smaller diameters, which can have
an additional effect on strand forming.

To obtain additional information about the strand geometry, cross sections were made
for one strand of each layer height using a digital microscope. The results for the 1 mm
nozzles can be seen in the Fig. 4.

For the square nozzle with the orientation direction “corner”, a difference appears
which is not obvious from the extrusion profiles. For all nozzle diameters, the shape of
the cross sections approximates a rounded trapezoid, where the bottom side is narrower
than the top side. The shape decreases with decreasing layer height. The changes in the
top side of the strand can be observed analogously to the profile data. If the strands still
possess a concave curvature for the lowest layer height, a flat to slightly concave curvature
appears at h/d = 0.375 and h/d = 0.5, which increases with increasing layer height. For
the “edge” orientation of the square nozzle, the cross-section is also trapezoidal, but the
widest point is at the contact surface with the build platform and decreases toward the
top. The side surfaces are much steeper than in the “corner” orientation, making the shape
almost rectangular. These observations are comparable to those of Papon et al. [8], who
uses numerical simulations and experimental tests to produce a similar, trapezoidal strand
cross-section with a rectangular nozzle.

For the triangular nozzle with the orientation “corner”, there is a clear difference from
the profile resulting from the laser measurement. Due to the shading, the actual shape of
the cross-section is not accurately recognized. For high layer heights, the strand exhibits
a rounded triangular shape with the tip pointing downward. While the contact area to the
building platform increases as the layer height decreases, the concave curvature of the top
of the strand increases at the same time. The cross sections of the triangular nozzle with
the orientation “edge” show a great similarity to the measured profiles. However, an effect
is also hidden here by the shading of the strand. Here, the lower edges of the triangular
strand are slightly raised upwards, reducing the contact area with the build platform.

About the hexagonal nozzles, it can be observed that the shapes of the different orien-
tations differ only slightly from each other. Here it can be observed that the cross-section
of the orientation “corner”, resembles the cross-section of the square nozzle with the
orientation “edge”. In both cases, the strand is slightly wider at the bottom than at the
top, but the contact area with the build platform is reduced in the hexagonal nozzle. The
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Fig. 4 The microscopy images of the cross-sectional area with the exit size 1 mm
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strand shape of the “edge” orientation, on the other hand, is comparable to that of the
circular nozzle. However, the upper corners of the strand geometry are slightly angled,
like a hexagon.

5 Conclusion

In conclusion, the results show that a change in the nozzle outlet shape leads to a change
in the strand cross-section. With the increasing number of corners of the exit geometry,
a decreasing difference to the strand of the circular nozzles can be seen. Furthermore,
the expression of the change in shape increases with increasing layer height while the
strand width remains constant. About the investigated variables, the changes in strand
shape can be observed for all diameters. However, the amplitude of the deformation, and
therefore the visibility, decreases with increasing diameter. For the circular nozzles, the
strand cross-section has a rectangular shape with semicircular sides. However, the cross
section becomes slightly elliptical with increasing layer height. For the square nozzles,
two different strand shapes result depending on the orientation direction. If the corner of
the nozzle is oriented in the direction of deposition, the basic shape of the strand cross-
section is trapezoidal with rounded corners, the narrow side being on the underside of the
strand. Moreover, from a ratio of the layer height to the equivalent diameter of the nozzle
of 0.675, a convex curvature of the upper side of the strand can be observed, which
increases with increasing layer height. If the square nozzle is oriented with one edge
facing the deposition direction, the cross-section is also trapezoidal, but with the narrow
side facing upward. In contrast to the other orientation, the top of the strand shows a
flat to slightly concave curvature. The strands with the greatest deviation in relation to the
circular nozzle are produced with the triangular exit. Again, the strand shape differentiates
depending on the orientation. If a corner is oriented in the deposition direction, the strand
cross-section up to a layer height of 50% of the equivalent diameter has a crescent-
like shape with the tips directed upwards. For greater layer heights, the shape becomes a
bulging triangle, with concave top. If the nozzle is oriented with one edge in the deposition
direction, the strand will have a triangular shape with rounded corners and the tip pointing
upwards. The bottom corners bend slightly inward, reducing the contact area with the
build platform. The strand shape for the hexagonal nozzles shows the least deviation from
the circular nozzle. Nevertheless, minor differences between the orientation directions can
also be seen here. If the corner is oriented parallel to the direction of deposition, the strand
is slightly wider in the lower region and thus has a weakly defined trapezoidal shape. For
the smallest diameter of the test, the change in shape is hardly noticeable. If the nozzle is
rotated with one edge to the deposition direction, the cross-section is like the strand shape
of the circular nozzle. However, the strand is in the upper area, slightly beveled, instead
of a constant rounding. If the strand shapes of the different exit shapes differ as described,
the cross sections of the circular, square and hexagonal nozzle show a strongly similar
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shape for the smallest layer heights investigated. Especially for the low layer thicknesses,
a concave curvature of the surface of the strands was shown, which is no longer visible
with increasing layer thickness. That the results of the hexagonal exit geometry are very
close to the standard round exit geometry is advantageous, since planned concepts for
a size-variable nozzle are based on hexagonal mechanics and could therefore provide
promising results.

The investigation results allow initial assessment of exit geometries’ influence in the
FLM process but are limited to qualitative descriptions of the general cross-sectional
shape. Further studies on the impact on components and properties, including strand
connection and layer analysis, are recommended.
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Exploratory Pilot Study Investigating Effects
of Exoskeletons on Movement Patterns
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Abstract

The ergonomic configuration of processes is becoming increasingly important, espe-
cially considering the changing demographics and increasing shortage of skilled
workers. Exoskeletons are widely discussed as a means of protecting employees from
overstraining at the level of personal protective measures. The field of industrial
exoskeletons research is still relatively new and has many unanswered questions. For
example, there have not yet been sufficient studies on the influence of exoskeletons on
the movements of employees. This publication discusses the effects of exoskeletons in
manual processes. For this purpose, exemplary physical activities are carried out in a
pilot study by a subject collective, whereby the tasks are executed with and without
an exoskeleton. During the execution, a motion capturing system is used to record the
movement data. Different back-supporting exoskeletons are taken into account in the
study. The evaluation is based on the joint angles of the participants while performing
tasks with and without exoskeletons. It is shown that the use of exoskeletons has a
significant effect on the movement patterns, with a distinction made between rigid and
soft support structures.
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1 Introduction

Musculoskeletal disorders (MSDs) are the most frequent cause of physical functional
limitations, chronic pain, and loss of quality of life worldwide, regardless of age group
[1]. MSDs are a leading cause of lost work days and high healthcare costs in Germany
[2, 3]. In particular, men engaged in manual tasks in production and logistics have a high
risk of work incapacity [4]. Against this background and in view of demographic change,
ergonomic work system design is becoming increasingly important as a preventive tool for
the long-term protection of the ability to work [5, 6]. Conventional methods often reach
their limits in this regard. Not all activities, especially not those with low production
runs, manual tasks that change location, and large components, can be technically or
economically sensibly automated [7, 8].

Exoskeletons (Exos) are considered to offer a high economic potential to reduce
employee absenteeism through improved ergonomics [9] and to increase productivity [10].
Early studies indicate that work can be performed for longer periods without discomfort
[11] and the reduction in effective handling weight can shorten execution times [12].

The present study examines the impact of industrial exoskeletons on human move-
ment behavior during various typical industrial tasks, for which the use of Exos is often
considered to have potential. Movements during activities with and without support, as
well as with rigid and soft support structures, are compared. The conducted pilot study is
understood as a preliminary experiment, which will precede a detailed investigation.

2 State of the Art

Movement patterns are defined in many different ways. In the context of logistics tasks,
they can be defined as a standardized and consistent sequence of coordinated muscle
contractions at one or more joints during work tasks, which is unique to each person [13,
14]. Especially in the context of manual production and logistics, movement patterns with
high stress levels occur. Repetitive movements, especially those under load combined with
ergonomically unfavorable bending and twisting movements, tire the body and promote
physical injuries. An example of activities with a high repetition rate, forced postures and
frequent lifting and lowering movements is order picking, where pain and musculoskeletal
disorders often occur as a result of one-sided stress.

The effect of the use of Exos has already been investigated in studies. However, these
studies mainly focused on the areas of performance [15] and biomechanical parame-
ters [16]. Thus, studies have demonstrated a positive effect of Exos on physiological
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demands [11, 16, 17]. Previous studies have investigated restrictions in the freedom of
movement caused by Exos via subjective queries [6, 15] or have used a combination of
recorded movement data and EMG measurements to assess changes in physical strain
[16]. Despite the relevance of possible movement restrictions due to the additionally han-
dled weight as well as the support structure, the movement behavior of the employees is
hardly investigated separately in current research [18].

Industrial Exos represent a personal protective measure for the employees and are
understood as an external support structure that mechanically supports certain body seg-
ments [6]. Depending on the activity, Exos can provide targeted support for different
body regions. Load reduction in the areas of the hands and arms, for example, is useful
for overhead activities. In contrast, support of the trunk is advantageous for load handling
and static posture work [19]. Furthermore, Exos can be divided into active and passive
systems [20]. In contrast to active systems, passive exos have no external energy sources
and use only stored energy (e.g. springs or gravity) that is charged by the user [21]. Pas-
sive systems can be further divided into rigid Exos with dimensionally stable structures
for force transmission, and soft Exos with textile elements that transmit forces [22].

3 Concept and Procedure

The study presented below serves to investigate the influence of Exos on movement pat-
terns. Therefore the investigation is based on five representative processes with typical
industrial loads.

3.1 Selection of Activities and Definition of Hypotheses

Studies (e.g. [6, 23]) report that production and logistics workers often suffer from MSDs
due to the physical work involved. Despite the automation of several work processes,
manual tasks characterized by forced postures and repetitive load handling make up a
high proportion in both manufacturing and logistics [24]. Therefore, manual subtasks,
which on the one hand cause high stress for production and logistics employees, and on
the other hand occur frequently in production and work processes, were selected for the
pilot study. Therefore, especially the lifting and carrying loads is strongly represented;
typical work tasks include loading and unloading as well as order picking in production
and assembly [25]. These activities have a highly effect on the lumbar spine. The more
often a load has to be lifted and the heavier it weighs, the higher the risk of complaints
in the lower back area [26]. In addition, other factors such as the lifting technique, the
posture adopted, the type of load handling (one or two-handed), and the restriction of the
range of motion can be identified as relevant. Specifically, forced postures can also lead
to negative consequences such as muscle tension and pain in body segments.
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On this basis, five activities are defined as representative test scenarios. The execution
serves to identify potential influences of Exos on the movement patterns of the partic-
ipants. Following the definition of movement patterns, the joint angles assumed by the
participants during the execution of the tasks serve as evaluation parameters for hypoth-
esis testing. The variables used for hypothesis testing are the flexion of the knee and hip
joints, the flexion and axial rotation of the vertebral joints L5S1, L4L3, L1T12 and T9T8,
the flexion of the ergonomic angles from upper arm to upper body (T8-Upper Arm) and
the flexion of the ergonomic angles from upper body to pelvis (Pelvis-T8).

Lifting loads. The participants stand upright at a floor marker and bend forward to a
mass. They pick it up at a height of 50 cm and bring it to 110 cm (final hand height).
They turn their upper body 90° to the right and place the mass on a roller conveyor at
the same height. The mass is then pushed out of the working area with the left hand and
the participants return to their starting position. Whereas the specification for the process
included the sequence of movements, each participant was free using a freely selected but
always identical lifting technique. The experimental setup for this process is exemplified
in the following Fig. 1.

Carrying loads. The participants lift the mass in the same way as in process one. After
lifting, they turn 90° to the right. They walk unhindered a straight distance of 6 m, turn
around and return to the starting point. After a 90° turn to the right, the participants set
the mass down at the starting position.

Fig. 1 Experimental setup for lifting loads with floor marking for the starting position
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5-Min Waist-Height lift task. The participants have the task of lifting a mass to waist
height as often as possible within a period of five minutes, whereby the participants can
take breaks independently. Lifting and setting down is performed in the same way as task
one and two from a pallet; there is no torso rotation.

Loading a mesh box. The participants pick up a mass at waist level, turn 180° to the left
and place the mass in an open mesh box. Due to the spatial restriction of the mesh box,
the upper body is slightly bent forward and the mass is extended in front of the body.
After placing the mass at a height of 60 cm (final hand height), the participants straighten
up and turn back to the starting position.

Sorting small parts in forced position. The participants bend their upper body over a
work surface at knee height for a period of five minutes and perform a sorting task with
small parts. The flexion is not interrupted during the test.

3.2 Technical Systems

Two passive Exos are considered in this study, as shown in Fig. 2. On the one hand, the
Exo Paexo Back (PB) from Ottobock SE & Co. KGaA as representative for a system
with rigid support structure and the Exo LiftSuit (LS) by Auxivo AG as representative for
textile, soft Exo. Both Exos have been sold commercially since 2020 and mainly support
the user’s back and trunk. In order to prove an influence it is necessary to determine the
joint angles during the execution of the activities. For this purpose, motion data acquisi-
tion is performed using the Xsens-MVN-Awinda system from the Dutch supplier Xsens
Technologies B. V., which records the participant’s body movements with 17 inertial sen-
sors at a sampling rate of 240 Hz. The data is translated into a biomechanical model
of 23 body segments connected by joints [27], while taking into account anthropometric
variables such as the participant’s height.

In addition to the recording of objective parameters, subjective parameters are recorded
by questioning the participants. The perceived difficulty of the task, local and general
discomfort and perceived movement restrictions as well as a general assessment of the
support systems used are queried as parameters. All parameters are assessed by the par-
ticipants using the Visual Analog Scale (VAS), which is used to evaluate subjective
parameters, e.g. in medical studies to classify the sensation of pain [30].

3.3 Procedure

The study took place from May 2 to May 18, 2022, at the training center of the Institute
of Production Systems at TU Dortmund University, with one to two participants take part
in the data acquisition per day. The duration of the test is a maximum of three hours.
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Fig. 2 Illustration of PB (left) and LS (right), view of the back (acc. to [28, 29])

Beginning with the questioning about anthropometric and personal data, the examination
of the exclusion criteria takes place. This is followed by the introduction to the study
procedure. Each participant runs through the defined scenarios both without Exo and with
both support systems, randomizing and balancing the order of support used to eliminate
fatigue and potential interference effects.

After the application of the motion capturing system, the application of the corre-
sponding Exo takes place. This is followed by the execution of the examination scenarios,
whereby the activities are run through in the following order: Five times lifting loads, once
sorting small parts in a forced posture, once loading a lattice box, three times carrying
loads and once lifting for time. After each scenario has been carried out, the subjective
parameters are queried by a questionnaire. After a complete series of measurements with
an Exo, a query is made for the general evaluation. Between the series, there is a recovery
break of five minutes plus the time required to change the Exo (approx. 15 min).

4 Results and Discussion

The described experimental procedure is run through a test collective in randomized
order to exclude fatigue and possible interference effects. The study population con-
sists of twelve participants with an average age of 27.9 years, half of whom are women
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(29.8 years) and half men (26.0 years). Exclusion criteria are defined as functional limi-
tations of the extremities and general physical complaints. Due to the limited adaptation
possibilities of the technical systems, the body height is defined as 1.60–1.90 m, with an
average body height of 1.75 m. The majority of the participants are located in the student
environment and do not perform manual activities on a regular basis.

4.1 Objective Data

The basis for the objective analysis of the movement patterns is provided by the recorded
movement data, for which an initial plausibility check is performed using video record-
ings made in parallel with the measurements serve. Subsequently, in a first step, the
maxima and minima of all participants and test executions for the described activity are
determined.

In order to reduce the target variables to be considered, an examination for correlation
takes place. Thus, the examination of the vertebral joints shows that the vertebral joints
L5S1, L4L3, L1T12 as well as T9T8 have a strong positive correlation (r > 0.975) for
all activities in the presented study, which is why it can be limited to a consideration
of the vertebral joint L5S1 as a representative variable for the hypothesis testing of the
vertebral joints. A comparable study for the hip joints shows that the angles for the left
and right hip joint only show a strong positive correlation (r > 0.81) for the activities of
lifting loads, sorting and lifting for time. For the other activities, as well as for the angles
of the knee joints, no relationship can be determined. With regard to the ergonomic joint
angles, only a weak correlation can be found in each case. An exception is the flexion
and extension of the upper arms in relation to the T8 vertebra. For activities with strong
arm flexion (carrying loads, loading a lattice box as well as lifting for time), T8-Upper
Arm right can be determined as a representative.

Following the correlation test, multiple regression models are set up to take into
account the general conditions of Exos, activity and gender. Including the interactions
of the three conditions as well as a normally distributed error variable, a regression model
is obtained that is suitable for testing the established hypotheses in a post hoc model test.
In this significance test, the mean values of the joint angles for the comparison of the
Exo configurations are compared pairwise and examined for statistical differences. The
significance level is defined as α = 5%, with an adjustment using the p-values.

In a consideration of the first activity, the adjusted exceedance probabilities listed in
Table 1 provide statements about the hypotheses that were made with reference to the
defined significance level.

The results show that the PB in particular has an influence on the movement patterns.
With this Exo, an influence on the flexion of the back (L5S1) and the hip can be demon-
strated for all participants, whereby a significant influence can also be demonstrated in
the flexion of the knees and shoulder-arm for female participants.
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Table 1 Results for max. joint flexion in “lifting loads” task with adjusted p-values

p*-value

Knee joint L5S1 Hip joint T8-Upper arm

Left Right Left Right Left Right

W/O versus PB M 1.000 0.644 <0.001 0.021 0.006 1.000 1.000

F 0.004 0.001 <0.001 <0.001 <0.001 <0.001 <0.001

W/O versus LS M 1.000 0.338 0.522 1.000 1.000 1.000 0.134

F 0.016 0.040 1.000 0.001 0.394 0.097 0.033

A significant influence on the movement patterns can also be identified for the activity
of carrying loads, especially for the PB. While the LS is only significantly expressed in
the extension of the hip joints for female participants (p* < 0.001), a gender-independent
influence of the PB on the flexion of the hip (p* < 0.001) as well as for female participants
for the flexion of the left knee joint (p* = 0.016) can be shown.

When examining the activity “loading a mesh box”, it can be seen that when
lowering the load, significantly less flexion of the vertebral joints (represented by L5S1)
(p* = 0.004) can be identified by wearing the LS for female participants. In contrast, the
effect of the PB is particularly evident in the axial rotation to the right in male participants
(p* < 0.001) and in the flexion of the hip in female participants (p* < 0.001).

For the other activities, no influence on the movement patterns can be statistically
demonstrated for the LS. For the PB, the effects are limited to male participants and
relate to flexion of the upper body to the pelvis (angle pelvis-T8; p* < 0.001) for “sorting
small parts” and to flexion of the L5S1 (p* < 0.03) for “5-Min Lift Task”.

4.2 Subjective Data

The participants were asked about the discomfort they felt during the performance of
each activity. In addition, the participants were asked to compare the two Exos used with
regard to perceived movement restrictions after all activities have been performed. The
questions were answered using the VAS. Due to the small number of test persons, only a
comparison of the frequency of statements was made, but not their severity.

With regard to the perceived discomfort, for example, a significant reduction in the
area of the back is shown for the activity “lifting for a period of time” through the use
of Exo. Here, for example, 8 out of 12 participants testify independently of the system
that the perceived discomfort in the area of the back is significantly reduced. Similarly,
at least seven participants testify to support in the lower back for the activity “carrying”,
regardless of the specific system. For the activity “Sorting small parts in a forced posture”,
however, a more differentiated picture emerges. Here, nine of 12 participants rated the LS
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Fig. 3 Comparative representation of the participant survey on movement restrictions during the
task “loading a mesh box”

as uncomfortable in the chest area. Likewise, 11 of the 12 participants rated the LS as
more uncomfortable in the lower back.

If the results of the survey on movement restrictions are considered, it is noticeable
that for all activities and all body regions, the movement restrictions exclusively with the
PB were rated as higher by the participants than with the LS. An example is shown in
Fig. 3 for the activity “Loading a mesh box”.

4.3 Discussion

The analysis of the objective parameters confirms in principle the assumption that
the use of Exos has an effect on the execution of movements in the test persons. It
could be identified that the influence can be observed more strongly in dynamic load
handling. For example, for compliance with static forced posture, only a small effect can
be demonstrated.

In addition, it can be determined that in the comparison of both systems investigated as
representatives for passive Exos with rigid and soft structure, differences in the influence
on movement can be seen. Especially the PB with rigid structure shows a significant
influence on the movement execution compared to the LS with soft structure.

In the context of the analysis of the subjective parameters, the basic suitability of
Exos for reducing the perceived discomfort can be established. In particular, the systems
have a significant effect in the area of the back. Regardless of the activity, however, the
restriction of movement is perceived as higher exclusively by wearing the PB with rigid
support structure.
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5 Conclusion and Outlook

The findings obtained should be classified in that it is a study of a small sample of test per-
sons and activities. However, it was possible to provide evidence that an influence of the
supporting structure on the movement patterns of the participants could be demonstrated
in both the objective and subjective parameters. The influence of Exos with rigid support
structure could be identified as higher compared to systems with soft structure. At the
same time, however, rigid structures were associated with less discomfort in movement
performance than soft systems.

When interpreting the results presented, however, it should be noted that only the
maximum flexion of the joint angles was used as a relevant evaluation criterion. The
temporal course of the joints during the execution of the movement was not considered.
In addition, it must be taken into account that the Xsens system calculates the movements
in the lumbar region in particular based on only a few markers. This may affect the
validity and accuracy of the target variables, which may be a problem in the case of small
differences and adjustments of the movement patterns. Similarly, the results represent
only a short-term investigation of processes; therefore, no statement can be made about
long-term effects due to wearing the Exos on movement patterns.

Therefore, further investigations are needed to identify additional critical influencing
variables and to increase the data base. Furthermore, the assessment of the ergonomic
effects of the changed movement patterns should be considered in more detail in further
studies, since the exclusive identification of a changed movement does not allow any
statement about the ergonomic consequences.
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Abstract

Hydrogen is one of the main pillars in the transition to renewable energy and can be
used in particular for buffering and storing energy. Electrolyzers are needed to produce
sustainable, green hydrogen. Today, these electrolyzers are mainly manufactured by
hand. An electrolyzer plant consists of two main components, the stack in which the
actual electrolysis takes place and the balance of plant that ensures the operation of the
stack. Different electrolysis technologies have essential similarities in the balance of
plant so that automation can achieve optimization potentials at this point. Automation
technologies such as industrial robots are intended to bring this production to series
maturity. For this reason, large-scale electrolysis plants are analyzed with regard to
their design, the combination of different electrolysis technologies, and the connection
technology used. A significant proportion of the necessary assembly steps are cable,
hose, and tube connections, which automation technology has not yet been able to
assemble in a process-safe and economical manner. In this paper, the process of tube
connection using tube nuts is explained in more detail, and a design system for a
robotic tool is presented. This end-effector is designed for industrial robots and is
intended to make series production more economical. For this purpose, the necessary
information processing, material flows, and energy transformations are investigated,
and their interrelationships are presented. This publication aims to evaluate a suitable
physical operating principle for bolting hydrogen tube nuts.
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1 Introduction: Automation of Electrolyzer Production

Hydrogen is one of the key elements to replace fossil fuels with eco-friendly energy
sources. Potential applications for hydrogen are the long-term storage of energy [1]—
especially from renewable sources—or the production of fossil-free steel [2] and
synthetical fuels [3]. In addition, other industrial processes could also benefit from eco-
nomically produced hydrogen by replacing highly greenhouse gas-emitting processes with
hydrogen-powered ones. Industrial decarbonization through the increased use of hydro-
gen can only be truly successful if green hydrogen is used. Hydrogen is produced by a
water electrolysis process, which takes place in a water electrolyzer. Electrical energy is
used to separate water molecules into their constituent parts, hydrogen, and oxygen. If
this process is powered by renewable energies without exception, the produced hydrogen
is called green hydrogen and is entirely sustainable.

Because of the ecological benefits like the reduction of CO2-emissions, countries
worldwide are developing and pursuing strategies for increasing the industrial usage of
green hydrogen [4–6]. For example, Germany forecasted a demand for 110 terawatt hour
electrolysis capacity by 2030 [4], which is approximately equivalent to a production of
three and a half million tons of hydrogen per year and below the currently installed
capacity of solar plants or even onshore wind energy [7].

In order to provide the demand mentioned above, it is necessary to research intelligent
solutions for the efficient production of water electrolyzers and related engineering pro-
cesses. Primarily because of the fact that the production of water electrolyzers is currently
based almost completely on manual processes.

This paper is organized as follows: Sects. 1.1 and 1.2 will provide an overview of
electrolyzers as products as well as an introduction to German research projects in the
hydrogen context. Further on, Sect. 2 describes which processes of water electrolyzer
assembly are suitable for automation and why special consideration should be given to
the assembly of tubes, hoses, and cables. Subsequently, Sect. 3 will summarize already-
developed approaches for robot-based bolting processes. Before Sect. 5 draws conclusions
about this contribution and gives an outlook on future research, Sect. 4 presents a first
concept of an end-effector for the stationary in-factory robot-based assembly of hydrogen
tube fittings and describes the preceding development process.
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1.1 Brief Introduction to Electrolyzers, Stack, and Balance
of Plant

Hydrogen is already being used in a wide range of industries, although it often does
not yet come from renewable energy sources. This energy is converted in electrolyzers
using electrical energy and chemical processes. In the course of this, water (pure or in an
alkaline solution) is split, and hydrogen, oxygen, and process waste heat are generated.
Locations with access to renewable energies, such as wind or water power and solar
energy, are particularly suitable for the production of green hydrogen.

An electrolyzer plant consists of two main components: the stack, in which the process
just described takes place, and the balance of plant (BoP), which is responsible for the
supply and disposal of the stack. Usually, a stack consists of different layers which fulfill
different functions. More detailed information on the structure of the stacks of different
electrolysis technologies can be found in [8].

The BoP consists of all systems necessary for the electrolysis stack operation. These
include water purification to ensure that no foreign substances reduce the efficiency of
the process. Transformers and power electronics are designed to supply the electrolyzers
with power from the available grid or a stand-alone system. For the resulting process
gases, hydrogen, and oxygen, treatment is provided, in which drying of the gases and the
separation of impurities are integrated. The resulting process heat can be used on a large
scale for higher efficiency for other processes but has so far often been released into the
environment. Depending on the size of the plant and the intended use, the BoP can be
extended and specifically adapted.

1.2 Situation of German Hydrogen Research

The Federal Ministry of Education and Research of Germany supports three different
research projects, called hydrogen flagship projects, in the context of hydrogen, with a
total amount of up to 740 million euros. One of these projects is the H2Giga-project,
which focuses on developing solutions for the serial production of water electrolyzers on
a gigawatt scale, regardless of the used electrolysis technology [9].

As part of a consortium of industrial partners and research institutions, the Chair of
Production Systems (LPS) is working in the H2Giga-project HyPLANT100. The main
goal of HyPLANT100 is to build electrolysis capacity up to the gigawatt scale as eco-
nomically as possible. The approach is to achieve high capacity by numbering-up and
interconnecting existing electrolysis technologies with their BoP into one large plant. A
conceptual configuration of a modular plant, based on containerized water electrolyzers
and supplying units—like the water purification and transformers—is visualized in Fig. 1.

In the context described, the work of the LPS focuses on the development of intelli-
gent data-driven planning processes and on researching application potentials of flexible,
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economically viable, and technically feasible automation solutions in upstream assembly
processes of modular electrolyzers.

2 Automation Potential in Water Electrolyzer Assembly

For the most comprehensive exploration of the automation capability in the field of water
electrolyzer production, it is necessary to consider all water electrolysis technologies.
Basically, a distinction can be made between the four most popular technologies of water
electrolysis. These four are the alkaline, proton exchange membrane, anion exchange
membrane, and high-temperature electrolysis. The various technologies have fundamental
procedural and material differences [8]. However, a lot of these differences relate exclu-
sively to the stack. The further used technologies of peripheral components are similar for
the different types and mostly differ in dimensioning. Therefore, water electrolyzers, both
in the cabinet and in the container scale, have a comparable component structure across
all technologies (see Fig. 2) [10].

Because of the described structures, especially connecting elements such as tubes,
wires, and hoses, are assembled in large numbers in the hydrogen industry independent
of the process technologies used.

Solutions for robot-based wiring are already being researched at the LPS [11]. In
the further course, this paper focuses on the robot-based assembly of hydrogen tube

Fig. 2 Combination of the main components of one electrolysis unit
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or double-ferrule fittings. These fittings are used to connect instruments and facilities
of process plants. Technically tight connection for hydrogen-carrying tubes can only
be achieved with the mentioned double-ferrule fitting, which minimizes the escape of
the highly volatile gas. Thus, these fittings are used in almost all commercially offered
electrolysis systems.

This paper aims to present a constructional solution of an end-effector for the robot-
based assembly of hydrogen tube fittings. A significant challenge, but also an opportunity
for automation based on industrial robots, lies in the repetitive assembly of an enormous
number of double-ferrule fittings in compliance with all quality standards so that techni-
cal tightness is guaranteed. For example, an Enapter electrolyzer in container scale with a
capacity of one megawatt has approximately 2,000 double-ferrule fittings [12]. The neces-
sary assembly processes and bolting connections are multiplied by numbering up several
of these one-megawatt units to the gigawatt scale. The use of industrial robots for the
described bolting processes has the advantage of corresponding flexibility, which in turn
enables their use for the assembly of diverse electrolyzer systems.

3 State of the Art: Robot-Based Bolting Processes

Many industrial processes require the fastening technology of bolting. Usually, manual
technologies are used to fulfill this task with the use of common tools, such as wrenches.
However, previous works demonstrate applications that perform automatic and robot-
based bolting processes. These developments towards automation solutions are pursued
in order to increase process efficiency.

An example is a presented robotic end-effector for the lateral screwing and unscrewing
of bolts. It consists of three main parts: a novel screwing mechanism, a holding mech-
anism with force magnification as well as a self-locking drive, and a height-adjustable
connection for the adjustment of the distance between the screwing mechanism and the
holding mechanism. Due to this structure, it is possible to assemble different components
and various component sizes [13].

An alternative concept for a robot-based gripper to screw bolts is presented by [14].
This solution includes a multifunctional three-finger gripper, which is used for grasping
and bolting tasks. These two operation modes cannot be run simultaneously. The gripper
is designed for screwing hexagon socket head cap bolts. The front of the gripper fingers
is designed to fit the inside geometry of the screw heads of different sizes and to achieve
a form-fit connection.

In addition to the described solutions for special robot end-effectors, there is a tool
attachment developed for robotic two-finger parallel grippers as well. This entirely
mechanical tool converts the translational gripping motion of the parallel gripper into
a continuous rotation to realize bolting processes. It is based on a combined scissor-like
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element and double ratchet mechanism, which leads to the fact that no cable or additional
drive is necessary [15].

In addition to the described developments of the gripper as the robot’s end-effector,
there is research on automatic bolting that goes beyond. In this context, the bolt tighten-
ing shaft for the autonomous bolt tightening operation is an example with considerable
potential for industrial applications. It is used in a production module for automatically
open and seal metal drums. The bolt tightening shaft locates the bolt hole and can screw
bolts to the specified torque even when the bolt has a relative deviation of 5 mm from the
bolt hole [16].

The robot-based automation system for steel beam assembly was presented by [17].
It consists of a bolting end-effector with two different bolting tools and a gantry-type
robotic manipulator. In this case, the bolting process has two assembly steps to increase
productivity. The first bolting tool of the end-effector is used in the first step to screw the
bolt and the nut with high speed but low torque. The second bolting tool, in turn, finishes
the tightening task with high torque but low speed as the second step. This automation
solution helps to improve the productivity and safety of the steel beam assembly.

The robot-based bolting processes presented so far are stationary, but an even higher
degree of automation for the automated bolting process can be achieved with mobile
systems. The research of [18] includes an approach for an automatic bolting process
with a mobile manipulator. The considered bolting task out of the steel beam assembly
is described as uncomfortable, repetitive, non-ergonomic, and dangerous for employees.
Based on the results of the investigations, the use of mobile robots for this bolting task is
very potential. However, it is necessary to provide sufficient data with an adequate level
of detail for the operation of collaborative mobile robots in construction.

Another solution for supporting employees in bolting tasks in hard-to-reach or dan-
gerous locations is the unmanned aerial vehicle platform for aerial drilling and screwing.
It enables performing drilling and screwing, which occurs in construction, decoration,
and maintenance frequently, without the direct use of employees. This approach allows
screwing very flexibly, omnidirectionally, and remotely [19].

4 End-Effector for Handling and Assembly of Tube Fittings

Robot-based assembly of hydrogen fittings is not possible with commercially available
end-effectors. An end-effector is one or more tools that enable an industrial robot to
perform a specific task and is usually defined by one or more tool center points (TCP).
The present end-effector has to combine at least three independent functions, the rotation
of the union nut, the clamping of the tube, and the integration of an optical measuring
technology. These requirements result in the requirements list, which is the backbone of
the performed product development.
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The product development for the assembly of hydrogen tube fittings is therefore
presented below. Special attention has been paid to the modular design to allow easy
adaptability to other applications. For the present application, it is assumed that the fol-
lowing parts are provided individually. A bulkhead fitting is assembled, and a final torque
fitting is mounted manually to evaluate the physical principle of operation.

4.1 Systematic Design Development for the Robotic End-Effector

The design decisions prioritize a compact overall design to minimize interference and
improve accessibility to assembly areas while accommodating various electrolyzer sys-
tems. Subsequently, the decisive modules are designed, and preliminary designs are
created, which in their composition, result in the entire product in the form of the final
effector. The product documentation is prepared accordingly [20].

The fundamental design decisions are derived from the set of requirements for the
development of the end effector, resulting in the geometry shown in Fig. 3. These include
the combination of gripping and screwdriving. A minimized interference contour helps
to avoid the risk of potential collisions and improves accessibility to complex or limited
assembly areas. This is justified by the fact that a potential tool should be versatile enough
to be used in connecting tubes for different electrolyzer systems with diverse geometric
configurations.

The clamping system uses an electrically operated two-jaw gripper from FESTO,
which is adapted to the application using additively manufactured gripper fingers. The
optical measuring system is integrated through the medium of a visual image sensor con-
centric to the effective point (TCP) of the rotary gear system. It is implemented in the
first prototype by a PiCam V2.1 since commercial image processing systems are not
economical or suitable for the particular application.

Fig. 3 Overview of the prototype of robotic end-effector with gear, sensors, and gripper
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The challenge in the assembly of a tube fitting is the application of rotational forces
using torque to be generated. Several concepts have been developed to perform this func-
tion. One concept is to use a hexagon wrench and have the industrial robot perform the
rotation, which results in a simple mechanical design but very complex path planning.
Another concept is the use of a ratchet wrench, which is not pursued further due to
the predetermined direction of rotation and the complicated integration of drive technol-
ogy. Due to the combination of low interference contour, comparatively easy-to-realize
robot movement, and good adaptability of the effective system, a toothed gear is used to
implement the rotation function. The end-effector looks as shown in Fig. 3.

4.2 Practical Application of Rotational Motion Through Gear
Train

For the implementation of the two main functions, clamping and screwing, a function sep-
aration approach is chosen. Although function integration is technically possible, it results
in a much more complex mechanical structure as well as much more space-consuming.
It is, therefore, not optimal for evaluating the physical operating principle. By separating
the functions, the gripper already described can be used for clamping. For screwing, the
previously described solution in the form of a gear is used to ensure access to the tube in
a limited space, following the example of a brake pipe wrench.

Unlike manual tools, end-effectors for particular applications must mostly be equipped
with sensors to verify the intended measurements. For this reason, the prototype uses an
electric motor with control technology that can monitor torque and angle of rotation. In
addition, optical measurement technology is integrated concentrically with the TCP. This
measurement technology can identify the position of drill holes, tube ends, or hexagonal
edges and transmit them to the control technology used.

The gear transmission consists of two larger and two smaller gears that are interlocked
for form- and force-fit torque transmission. The drive is provided by a motor centrally
located on the large input gear. It is transmitted via two satellite gears to the output
gear, which has a hex recess to accommodate the union nut of the tube fitting. The two
satellite gears ensure permanent meshing between the input and output gears, similar
to a planetary gear. This provides a low backlash, form- and force-fit connection at all
times. Plastic bearings are used because the prototype is designed with a minor possible
interference contour. Forces and torques are chosen to be negligibly small since only the
physical principle is to be tested.

The evaluation of the physical operating principle is ensured by an additively manu-
factured prototype, which enables the screwing of tube fittings. The end-effector shown
in Fig. 3 is designed by iteratively improving the constructive design. Special attention is
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paid to making the design suitable for production so that it can be manufactured imme-
diately using conventional machine tools—the prototype is produced to ensure the basic
functionality of the process under consideration.

5 Conclusion and Next Steps

Innovative technical solutions are required to comply with the current climate challenges
and the resulting changes in the energy industry. The development of solutions like the
robot-based assembly of hydrogen tube fittings for large-scale electrolyzers contributes
decisively to the automation of water electrolyzer production as part of the progressive
automation and improvement of production processes in the renewable energy sector since
more than 100,000 fittings need to be installed for a hydrogen plant with one gigawatt of
power consumption.

This paper clarifies the need and the great potential of this automated screwing process
in the context of water electrolyzer production. Furthermore, it shows a novel robot-
based screwing approach and especially an innovative design solution, which already
approved the accessibility with the robot as well as the physical principle of screwing in
simulative and physical investigations. This multifunctional assembly tool contributes to
the fulfillment of the H2Giga-project HyPLANT100 and the associated research on the
production of green hydrogen.

Further steps are to transfer this robot-based screwing solution to other applications.
The automated hydrogen tube fitting assembly is a specific solution. Still, it offers a high
potential for transferring it to other industries simultaneously due to the standardized
external hexagon of the tube fittings used. It is possible to transfer this solution to all
sectors in which tubes or tube fittings are mounted, for example, in process engineer-
ing, the chemical industry, or, more specifically, for procedural dashboards. Moreover,
improving the automated tube fitting assembly as well as the identification of further
automation potentials in the context of water electrolyzer production and the development
of corresponding solutions is aimed.
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Devices Using a Planar Motor System
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Abstract

Research and Development in recent years has led to first commercially available, mag-
netically levitated planar motor systems. Considering the advantages of such systems,
they perfectly fit as a substitute for multi-axis fine positioning stages in high-volume pro-
ductions. To address the need for solutions for high-volume packaging of optical devices,
we present a novel concept for a micro-assembly station using a planar motor. To qualify
a novel, vacuum-operatable planar motor system for our design, we conducted experi-
ments regarding positioning repeatability, positioning noise, and dynamics on a pre-series
system.
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1 Introduction

The maglev (magnetically levitated) planar motor has been well-developed in recent years
and is showing great potential as a precision motion system. The electromagnetic thrust in
maglev planar motors is generated by the interaction between the magnetic field of a perma-
nent magnet array (mover) and the current in a stationary array of coils (stator). Thus, the
mover can be controlled in six degrees of freedom (DoF).Due to its principle of operation, the
mover is entirely passive, from which the many advantages of the system can be derived. To
begin with, the stator tiles can be arranged and rearranged in user-tailored machine layouts,
providing production flexibility. Each mover can be assigned to an individual path through
the production facility to meet customer-specific demands and realize smart manufacturing.
Due to the passivity of the movers, minimal cleaning and maintenance effort is required,
and they are operatable in demanding environments such as cleanrooms, vacuum environ-
ments, and in hygienic applications. The exceptional dynamics, the motion capabilities in
6-DoF, and the high positioning precision make the system not only suitable as a transport
system but also as a motion unit within individual manufacturing processes [1]. The main
limitations of the system concern the limited travel range in the direction perpendicular to
the stator plane, and in the rotational axis that restrain the technology to specific types of
tasks. Moreover, due to the magnetic levitation, modeling and controlling of the system is
complex, and the motor’s stiffness is limited. Given the advantages and disadvantages of
maglev motors, in past works, the system was recommended for use in lithography produc-
tion processes as a single-stage fine-positioning stage [2, 3]. Apart from this application, we
see particular potential for the usage of the maglev planar motor in silicon photonics produc-
tion. There, silicon is used as an optical medium to realize highly integrated optical devices
on a microchip level. The great benefits of silicon photonics result from the manufacturing
processes using well-developed and scalable CMOS production technologies, thus provid-
ing low-cost mass manufacturing capability [4]. However, the packaging of these so-called
photonic integrated circuits (PICs) is significantly more challenging and currently orders of
magnitude more expensive than electronic packaging. This is due to the compelling neces-
sity of micron-level alignment of the optical components (e.g., laser diodes, glass fibers) that
are to be assembled to the PIC [5]. In order to make optical products economically viable
in more applications, an overall cost reduction for the manufacturing of optical devices is
required. Additionally, the production volume of photonic devices is smaller compared to
electronic devices, so more flexible assembly machines are desired [6]. Hence, in this paper,
we present a design for an assembly station using a maglev motor that has the potential
to be cheaper, more flexible, smaller in size, and more dynamic than conventional optics
assembly machines.

Before we go deeper into the concept of the assembly station, we first point out current
technological challenges regarding maglev motors and what challenges have been focused
on in the past. Further, we provide an overview of the few commercially available systems
that have emerged from decades of research on maglev motors. Based on these systems,
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we present a novel design for an assembly station for optical devices. In order to qualify
the system for application in optical assembly processes and our design, we conducted
experiments regarding positioning accuracy and dynamic behaviour on a pre-series system.

2 MaglevMotors-Research and Commercial Systems

In the following,wegive a short overviewabout the technological challenges and the research
regarding maglev planar motors (Sect. 2.1). Further, we present the few commercially avail-
able systems and their industrial applications (Sect. 2.2).

2.1 State of Research

The first mention of a planar motor, which is magnetically levitated and does not use aero-
static bearings, was by Kim in his doctoral thesis from 1997 [1] and in his earlier related
works. The high-precision planar motor by Kim consists of a levitated mover with a Hal-
bach array and stationary stator coils and thus can be controlled in all 6-DoF. In a Halbach
array, the magnetized elements are arranged vertically and horizontally to their magnetic
axis, which results in an amplification of 40% of the magnetic field on one side of the array
while cancelling the field to near zero on the other side [7]. Kim specified his motor with
travel ranges in x, y, and z of 200, 200, and 0.15mm, 1-g acceleration and a 5nm positioning
noise at 3 σ . To this day, research focuses on optimizing Halbach arrays and stator coil
arrangements [8–10]. In 2012, Lu et al. presented the first cable-free 6-DoF direct drive
planar motion system, in which the number of coils increases linearly (vs. quadratically in
earlier solutions) with the stroke. The system is, therefore, easily scalable to meters-long
X-Y strokes, enabling the technology to be used for workpiece transportation and flexible
production [11]. In their prototype, Lu et al. used a 6-DoF stereo-vision-based positioning
sensor to provide control feedback. Based on his experience, Lu co-founded Planar Motor
Incorporated (PMI) in 2017.

A great research challenge lies in the modeling and controlling of maglev planar motors.
Due to the physical functionality of magnetic levitation, the system presents a nonlinear
multi-input-multi-output (MIMO) control problem. The general approach is to decouple
the system equations to get six single-input-single-output (SISO) system equations that
can be controlled by PID or by state controllers [2, 12, 13]. While earlier work focuses
on developing analytical models, recent research presents solutions that include numerical
models and data-driven control approaches [3, 14].

Besidesmodel accuracy, alsomodel computation time is of importance. In order to realize
control for high precision positioning of a maglev planar motor, low latency and high sample
times in a range of 5 kHz are required [1, 15].
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2.2 Commercially Available Systems

For a few years, there have been several commercially available systems on the market.
Beckhoff Automation, for example, offers the XPlanar and PMI the Planar Motor System,
which B&R Industrial Automation also distributes as ACOPOS 6D. Mafu Robotics offers
the M-Drive, a modified version of the planar motor from PMI, which is operatable in a
vacuum environment. A maglev stage for high payloads is offered by Phillips Engineering
Solutions. The development of such maglev planar motors is restricted by patents held by
PMI (e.g., [16–18]). Table1 shows the technical specifications of the maglev systems. Most
movers are available with square as well as rectangular geometries. Depending on the mover
size, the maximum payload is up to 14kg or 100kg in the case of the system from Phillips.
Furthermore, the movers can reach speeds of up to 10m/s. The maglev systems offer 6-DoF
with a repeatability of themover position from±2µm (Mafu) to 50µm (Beckhoff) [19–22].

Not much information regarding industrial applications using maglev planar motors is
available in the public domain. Examples can be found for the dispersion of adhesives, and
for plasma applications. In these, the needle or the plasma nozzle is fixed and the mover
performs all necessary movements underneath [19, 21, 23]. Planar motors are also used for
simple assembly tasks. The Eutect GmbH sells assembly lines based on the maglev motor of
Beckoff that have the advantage of flexible part geometries as well as flexible process task
orders. However, the planar motors are only used for simple pick and place applications but
not for precision assembly. Further, they do not use the 6-DoF of the maglev motor but rely
on serial robots [24].

Table 1 Technical specifications of the maglev systems commercially available

Specs/manufacturer Mafu robotics
GmbH

Beckhoff
automation
GmbH

PMI/B&R
Automation

Phillips
engineering
solutions

Mover size [mm2] 210× 210 113× 113 to
235× 235

120× 120 to
450× 450

500× 500

Max. speed [m/s] 10 2 10 1

Repeatability [μm] ±2 50 ±5 –

Max. payload [kg] 2 0.4–4.2 0.6–14.4 100

3 Concept for a MaglevMotor Micro-Assembly Station

In conventional high-precision assembly machines, part handling is typically carried out
by a portal or gantry system, while alignment and assembly are performed by multi-axis
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high-precision positioning systems (HPPS). The redundancy of axis and the utilization of
high-tech micro- and nanopositioners results in high investment costs. Moreover, process
times are increased by the time needed for machine loading and unloading and by the limited
motion speed of the HPPS. However, to make optical products economically viable in more
applications, an overall cost reduction for machinery and manufacturing is required [6].
Thus, in this chapter, we suggest a solution for an assembly station that uses a maglev planar
motor for workpiece transportation as well as an HPPS for assembly. This results in reduced
investment costs regarding workpiece handling and assembly. Compared to commercially
available 6-DoF HPPS, the investment costs of approx. 15,000 e for a mover and a stator
are relatively low. A further advantage of the system is the compatibility with clean and
especially vacuum environments, which are, in some cases, mandatory for optics manufac-
turing. In this context, the small footprint of the station is financially favorable. Compared to
conventional assembly machines, which are normally highly specialized, the use of maglev
motors enables smart and flexible production.

The following chapter presents the concept for a novel inline assembly station based on
a maglev planar motor system. In Sect. 3.1, the components of the station are described.
Afterwards, Sect. 3.2 presents the suggested assembly process.

3.1 Components of the Inline Assembly Station

Figure1 shows the general design of the inline assembly station. The main components are
the planar motor, the vertical axis with attached tools (gripper, dispensing unit and distance
sensor), an UV light source, and the camera setup. The components, as well as their tasks,
are described in the following.

The maglev planar motor, especially the mover (1), is the base of the inline assembly
station. The movers carry the wafers on which the components (e.g., laser diodes) are
mounted, as well as the components in a workpiece tray. Alternatively, it is possible to
realize part feeding with additional dedicated magazine movers. Due to the flexibility of
the planar motor system, the magazine movers can overtake other movers and stations and
remain in awaiting spot near the assembly station.During the assemblyprocesses, themovers
position the components and the assembly location underneath the gripper (3). In addition,
the movers perform every alignment movements for the required assembly accuracy. The
design of our concept is based on the M-Drive system from Mafu Robotics since it is the
only system operational in vacuum environment.

An additional vertical axis (2) provides more flexibility for the assembly station because
of the larger travel range (in the z-direction) compared to the movers. This, in turn, enables
larger parts to be mounted on the mover. Furthermore, the vertical axis is necessary to
measure gripped components with the camera (7). For this purpose, the gripper and the
components are positioned on the focal plane above the camera. Additionally, the vertical
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Fig. 1 Components of the inline assembly station based on maglev planar motor

axis carries the tools described in the following. The presented concept uses a linear axis
with a stepper motor and a lead screw.

There are three toolsmounted on the vertical axis. The first one is amicro vacuumgripper.
Its purpose is to pick up the components from the magazine and place them onto the wafer.
The second tool is a volumetric controlled adhesive dispense unit (4). It is mounted on a
slider to move it up and down (waiting position higher than gripper; working position lower
than gripper). To cure the adhesive, an UV light source (5) is implemented. The third tool is a
distance sensor (6) used to level the mover for the different assembly steps. In the presented
concept, a confocal sensor with a resolution of 126nm is used.

The camera, in combination with a telecentric lens (8), is used to measure the x-/y-
positions of the components and the assembly locations. A rotatable beam splitter (9) is
mounted in front of the lens to look down onto the mover (component, magazine, assembly
location) and up to the tools (gripper, dispense unit). The camera setup is mounted on rail
guides to move it in and out of the workspace. The chosen camera setup provides a field of
view of 3.32 x 2.22mm2 and a theoretical resolution of 0.6 µm/pixel.

3.2 Suggested Process of the Inline Assembly Station

The assembly process is demonstrated by placing a micro laser diode in front of a waveguide
on a wafer. The diode has a cuboid geometry with a volume of 300 x 300 x 100mm3

(LxWxH). First, the mover carries the wafer and the magazine with the diodes into the
assembly station and positions the diode that is to be assembled underneath the distance
sensor. By measuring a few surface points, the diode plane is calculated and leveled by a tip-
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tilt motion of the mover. Next, the mover positions the diode underneath the gripper. Here,
the x-/y-position of the diode is measured with the camera and adjusted by a movement to
the gripper. The diode is gripped with the vacuum tool, and the assembly location is leveled
using the distance sensor. Then, the assembly location is moved under the adhesive needle.
The lateral deviation of the needle is corrected using the camera. Following, the adhesive is
applied by the needle and a movement of the vertical axis. Next, the gripper is positioned
above the assembly location and the x-/y-position is adjusted to the gripped part using the
camera. Finally, the diode can be placed by a movement of the vertical axis.

4 Experimental Examination of a Maglev Planar Motor

Apart from a specification for the positioning repeatability of theM-Drive system, currently,
there is no technical information regarding the positioning noise and the system’s dynamics
available. In order to qualify the M-Drive system as a suitable actor for high-precision posi-
tioning and our designed assembly station, we conducted several preliminary experiments
on a pre-series system. Our experiments aimed to clarify the system’s positioning repeata-
bility, positioning noise, and dynamic behavior. To do so, we measured the proximity of
the mover to a confocal sensor from Micro-Epsilon (IFS2405-3) in repetitive movements.
The principal measurement setup is illustrated in Fig. 2. To account for measurements in the
different directions of movement, the sensor was oriented in configurations A and B (high-
lighted in blue and yellow resp.). A parallel gauge block, which was adhered to the mover,
provides a plain measurement surface. The sensor has an operating range of 3mm starting
at a distance of 20mm from the sensor’s head and is specified with a measuring resolution
of 126nm. The sensor noise was measured to be 90nm at 1000Hz sample frequency. Due
to the status of a pre-series system, an active air or water cooling system for the stator coils
was unavailable, so we had to operate the system in a thermally unstable state.

Fig. 2 Experimental setup
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In order to identify the system’s positioning repeatability, the mover was set up to
approach the measuring position multiple times with single-axis movements (x-direction
and z-direction resp.), whereby different accelerations and speeds have been tested. We
recorded multiple measurement series with similar results. As an example Fig. 3a shows the
average positioning deviation from the commanded position for the x-direction for multiple
repetitions. The average positioning deviation and positioning noise have been derived from
a stabilized state of the mover. Given the measurements from Fig. 3a (19 repetitions), we
calculated the positioning repeatability for the x-direction of 1.8 µm at 3 σ . It is noticeable
that the deviation of the distance to the nominal position decreases with the number of rep-
etitions. Looking at the course of the measurements in Fig. 3a and the significant trends in
the other series of measurements, we assume a superimposition with a thermal drift which
is caused by thermal expansion of the system. Consequently, the actual positioning repeata-
bility of the system might be more precise than our experiments imply. Nevertheless, our
experiments provide a first inside into the system’s capabilities.

Analogous to the x-direction, we investigated the mover’s positioning repeatability for z-
axismovements. Our results show that the positioning repeatability increases with a decreas-
ing air gap, which can be attributed to the sharp decrease ofmagnetic forcewith an increasing
air gap. At z = 2.5mm, we derived the positioning repeatability to be 1.6 µm, and 1 µm
at z = 0.5mm (values given at 3 σ and calculated from 16 repetitions). The acceleration
of the z-movements could not be specified because of the pre-series status of the control.
Analytically, we approximated the acceleration to be 200 mm/s2 from the derived velocity.

Looking at the long-term positioning noise in the x-direction, themover shows an oscillat-
ing behavior depicted in Fig. 3b. At rest, the system oscillates periodically with an amplitude
of approximately 0.23µmwith a standard deviation of 0.22µm and a frequency of 0.11Hz.
Whether this systematic disturbance in the measuring is due to non-optimal control param-
eters or due to other environmental influences is still to be investigated in the future.

Our experiments regarding the positioning repeatability also provide information about
the motor’s dynamics. Figure3c and d show the course of a characteristic transient response
of x- and z-axis movements. Regarding the x-axis, the mover stabilizes to an acceptable
deviation in approx. 0.5 s with a max. positional undershoot of approx. 23 µm. It is notable
that the planar motor does not show the typical behavior of a damped oscillation like tra-
ditional machine axis do. This could be referred to neglected coupling effects, inaccurate
model parameters, or internal filtering of the step excitation. For the z-axis, we have deter-
mined the max amplitude and stabilization time to be approx. 6 µm and 0.1 s at z = 2.5mm.
Comparing Fig. 3c and d, the z-axis oscillation appears much more harmonic. For lower
z-positions, the motor’s undershoot is reduced while the stabilization time and the initial
overshoot remain at the same level.

Regarding accuracy requirements for optics assembly, the 1 dB planar alignment toler-
ance for grating couplers can be specifiedwith±2.5µmand for edge couplingwith±0.5µm
[5]. Considering the positioning noise and the thermal influences on our measurements, we
are optimistic that with adequate cooling and tuning of the control parameter, the precision
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Fig.3 Positioning repeatability measurements a and positioning noise b of the mover in x-direction
as well as the mover dynamics in x-direction c and z-direction d

of the planarmotor is sufficient for the assembly of optical components. Further, our findings
provide information regarding the stabilization time and the z-position-dependent position-
ing accuracy, which are essential for the operation of the system in assembly processes.

5 Conclusion and Outlook

Although the concept of maglev planar motors is old, commercially available systems have
just been introduced to themarket a couple of years ago.Given the high positioning precision,
the system is not only suitable for flexible workpiece transportation but also as a functional
positioning unit within different processes. However, as discussed in Sect. 2.1, controlling
maglev planar motors is still a current research topic.While research proposes to use maglev
planarmotors in lithography processes, we envision using them inmicro-assembly of optical
systems. Thus, this paper presents a novel precision assembly station that can be integrated
into an inline production facility for optical devices or PIC production. The shown concept
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uses the maglev planar motor to handle, position and align components. An additional
vertical axis performs the placing motion to extend the flexibility for larger parts. By using
the planar motor for all positioning and alignment tasks, the number of stacked axis is
reduced and, thereby also the complexity of the facility.

Due to the novelty of maglev planar motors on the commercial market, there are not
much public information about the systems precision and their dynamics. Thus, we con-
ducted some preliminary experiments on a pre-series planar motor regarding the system’s
positioning repeatability, positioning noise, and the system’s dynamics. Although we could
not guarantee thermal stability of the stator coils in these first experiments, we determined
some key characteristics of the system and identified the motor as viable for our design. In
future work, we will present a more sophisticated analysis in a thermally controlled environ-
ment. In addition to the properties already examined, we will investigate the repeatability of
movements in all 6-DoF, the absolute accuracy, the path accuracy, and the motor’s stiffness.
Due to the coupling of the axis and the high dynamics, a mature measuring setup or an
advanced sensing technology is required to record the system’s movement in 6-DoF with
high position resolution at a high sample rate. In parallel, we will implement our design of
a maglev micro-assembly station and qualify the machine for different assembly tasks on
optical devices.
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Abstract

Challenges of the fourth industrial revolution such as shorter product life cycles and
increasing product variance require the continuous use of digital technologies in pro-
duction. Only through these solutions the use of adaptable systems is possible. In this
context, the Digital Twin is of crucial importance. The Digital Twin is represented
across multiple sectors to meet the technological change. In manufacturing companies
its areas of application are versatile. The usage can range from production planning
and production monitoring to production optimization. In order to be able to use the
advantages of the Digital Twin in the mentioned areas, a targeted data aggregation
is necessary. In this paper a cross-application workflow for the efficient planning and
usage of Digital Twins is presented. The workflow covers the whole process from the
goal and requirement definition up to the implementation and usage of the technology.
Particular attention is paid to the aggregation and usage of data in Digital Twins. The
developed workflow is evaluated based on an adaptable assembly system.
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1 Introduction

1.1 Motivation

Nowadays, manufacturing companies are forced to be flexible and adaptable due to enor-
mous price pressure, shortened product life cycles, an increasing number of product
variants and many other reasons. As part of the fourth industrial revolution, different solu-
tions have evolved to meet these challenges. With the development of new technologies,
the aggregation, processing and use of data is gaining particular importance in manu-
facturing companies. The Digital Twin plays a central role in addressing the challenges
mentioned due to its versatile range of applications. Current estimates assume that the
market for the Digital Twin will grow by 30 to 40 percent annually until 2025, reaching
a value of 7 billion euros [1]. To maximize the potential of the Digital Twin in the future,
there are still some challenges that must be addressed today. The first obstacle lies in the
term “Digital Twin” itself. There are different definitions existing in literature which can
differ significantly, depending on the area of application and the objectives pursued. Addi-
tionally, Digital Twins and similar applications, such as product life cycle management
systems, can often be indistinguishable from one another.

A further challenge lies in the aggregation and usage of the relevant data in the Digital
Twin. Currently there is a lack of goal-driven holistic approaches that support the planning
and utilization of Digital Twins across various different fields of application. Existing
methods mostly focus on creating and using Digital Twins in specific software programs
[2].

1.2 Scope of the Paper

This paper aims to deal with the described challenges. After giving an approach for a
definition of the term “Digital Twin” and outlining the main connections of assembly
systems, a workflow for the efficient planning and implementation of Digital Twins is
developed. Thereby, the main focus is on the aggregation and usage of data in Digital
Twins. The workflow is designed to be used in manufacturing, especially in assembly
processes. It will be validated in an adaptable assembly system for fuel cell stacks.
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2 State of the Art

2.1 Digital Twin

The first description of the concept was provided by Michael Grieves in 2002 as part of
his research in product lifecycle management at the University of Michigan. The concept,
initially known as the “Conceptual Ideal for PLM”, was further developed in the fol-
lowing years, which also changed the name of the model. The approach, that was called
“Mirrowed Spaces Model” or “Information Mirroring Model” in the meantime, was not
called Digital Twin until a 2011 publication by Grieves and Vickers [3]. Regardless of the
various names, the idea of the Digital Twin was ranked among the “Top Trends 2017” in
the Gartner Hype Cycle for Emerging Technologies [4]. In connection with the Digital
Twin, terms such as Digital Shadow, as well as Digital Model, are often mentioned. The
Digital Model is commonly characterized as a representation of an asset from the physical
world in the virtual world, that requires manual updating of changes [5, 6]. The so-called
Digital Shadow on the other hand, consists of aggregated data traces and models [7].
Through this, Digital Shadows are generally described as a virtual representation of an
asset that enables automatic reflection of changes from the physical world to the virtual
world [5, 6]. However, a proper taxonomy for the terms Digital Model, Digital Shadow,
and Digital Twin is still under discussion today [8].

Due to this circumstances, various sources have been considered to determine the
following definition of a Digital Twin, used in this paper:

A Digital Twin is a virtual information construct of a physical product [3], a service
system [9], a system behavior [10], a process [11] or other existing or planned elements,
which contain a complete description of the respective object. The Digital Twin is char-
acterized by the possibility of a bi-directional data exchange between the virtual and the
physical world [3]. To realize an automated data transfer from the physical world to the
virtual world, the Digital Twin uses a Digital Shadow, which is a main component of the
Digital Twin alongside the Digital Model [5, 9]. The Digital Model in turn contains the
master data, geometric models or other core data and represents the basis of a Digital
Twin [6]. Only through the combination of Digital Model, Digital Shadow and an exten-
sion of the Digital Shadow with an information transfer to the physical world, a complete
Digital Twin can be created as shown in Fig. 1.

Independent of the internal structure of a Digital Twin, Digital Twins can be catego-
rized in three main types. Depending on its use it can either be categorized as Digital
Product Twin, Digital Production Twin or Digital Performance Twin [12, 13]. The Prod-
uct Twin is a product focused Digital Twin. It is used in product development and aims to
improve different product characteristics before the product is finally being manufactured
[14]. Furthermore, it helps to optimize a product, its characteristics or its properties [13].
The Production Twin is a virtual representation of a production system. It is mainly used
to enable a virtual commissioning but also supports users control and optimize production



66 S. Zimmer et al.

Digital Twin

Virtual World

Manual Data Transfer

Information Transfer

Physical World

Digital 

Shadow

Digital 

Model

Automated Data Transfer

Physical Object

Fig. 1 Interaction between the Digital Twin and the physical world

processes [13]. The Performance Twin works as a protocol of all relevant data and pro-
vides the user with the possibility to improve a product, a process or a production system
during its life cycle [13, 14]. In the context of this paper the main focus is on the Digital
Performance Twin.

2.2 Assembly Systems

Assembly data. When considering assembly systems, it is important to mind the stringent
connection between products, processes and the used equipment as shown in Fig. 2.

To assure the customers quality demanded, it is necessary to supervise the underlying
assembly processes, the equipment used in these processes and their influence on the final
product. Therefore, data and information must be aggregated, analyzed and harnessed
during the entire assembly process. At this point it is necessary to differentiate between
the terms data, information and knowledge. Data represent abstractions of the real world.
They are machine-readable characters that follow a specific syntax, such as numbers or
digits. Linking and analyzing data creates information with a subject-dependent meaning.
Through the interpretation and processing of information, knowledge is generated [14].
During assembly various types of operational data are accumulated that include task data,
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Fig. 2 Dependencies between product, process and equipment in assembly



Development of a Workflow for the Aggregation and Usage … 67

personnel data, warehouse data, quality data etc. In this context, the focus is most of all
on quality data. Quality data provides defect indices, causes of rejects, results of quality
analyses and inspection values [15].

Adaptability. An increasingly important factor in the development and construction of
assembly systems is adaptability. Adaptability refers to the potential of a system to
respond to changes even beyond defined corridors [16]. Adaptable systems thus have
no explicit boundaries in their implementation [17], which distinguish them from flexible
systems [18]. To ensure responsiveness to change, an assembly system must have charac-
teristics that enable it to adapt. Change enablers in production are universality, mobility,
scalability, modularity and compatibility [19].

In the context of this paper, scalability and modularity are of particular importance.
Scalability describes the ability to expand and reduce in terms of space and personnel.
Modularity characterizes the use of standardized, functional elements that are modularly
interchangeable [19].

Planningof anassembly system. There are various approaches for planning assembly sys-
tems. The workflow presented in this paper is based on the Lotter and Wiendahl approach.
Their planning framework consists of eleven steps, that are shown in Fig. 3. A detailed
description of the planning framework is given in Lotter and Wiendahl’s “Montage in der
industriellen Produktion” [20].

Requirements list1

Product analysis2

Assembly flow analysis3

Function analysis4

Layout design6

Cycle time determination5

Personnel requirement determination7

Availability determination8

Scope statement9

Investment appraisal1
0

Evaluation and selection11

Determination of objectives1

Generation of a requirements list2

Definition of the relevant characteristics3

Structuring of the data model4

Setup of the network and communication architecture6

Determination of the data to be recorded5

Planning framework for assembly systems [20]

Workflow for the planning and implementation of Digital 
Twins

Fig. 3 Derivation of the workflow based on the general planning framework according to Lotter and
Wiendahl
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3 Aggregation and Usage of Data in Digital Twins

3.1 Development of a Workflow

The aim of the workflow presented here is to facilitate the planning and implementation
of Digital Twins for the use in assembly systems. The approach is subject to a holis-
tic consideration in order to efficiently utilize Digital Twins in various fields. It is based
on the general planning framework for assembly systems according to Lotter and Wien-
dahl as described in Sect. 2.2. The derivation of the workflow from the general planning
framework is shown in Fig. 3.

In contrast to the general planning framework according to Lotter and Wiendahl, the
development of a Digital Twin begins with the determination of objectives. Recent stud-
ies show, that the second most common barrier to using Digital Twins is companies not
knowing where to begin with the implementation [21]. Therefore, clear objectives are
indispensable right from the start. It is necessary to differentiate if the subsequent Digital
Twin is about an already existing assembly system or one that is in the planning phase.
In the case of already physical existing products, processes and equipment, future goals
can possibly be derived from experiences. If the assembly system is still in the planning
phase, use cases need to be identified in order to tailor the Digital Twin to the underlying
system’s needs. Objectives for the implementation of a Digital Twin may result from gen-
eral corporate objectives. Exemplary goals can be cost reduction or quality improvement
with the help of the Digital Twin. If possible, goals should be formulated SMART, which
means specific, measurable, achievable and relevant.

The second step of the workflow results from the determination of objectives and
includes the generation of a requirements list. At this point, it is specified which char-
acteristics the Digital Twin must implement in order to achieve the defined goals. A
structured guideline to identify, document, analyze and manage requirements is given in
Christoph Ebert’s book “Systematisches Requirement Engineering” [22]. Requirements
for the Digital Twin can be derived from general requirements for the assembly system
(see step 1 Planning framework for assembly systems according to Lotter and Wiendahl).
If the assembly system under consideration is adaptable, the requirements must also be
designed to be adaptable and scalable. They should be regularly reviewed and updated if
necessary. The requirements list affects all further steps, which is why it is important to
include experts from all affected areas.

Once the objectives and requirements have been determined, the next step is to define
the relevant characteristics for the considered products, processes and equipment. This
provides an important basis for the later aggregation and usage of data. First of all, it
is necessary to define critical areas in the assembly. Critical can refer to both, cost and
quality. Thereof relevant characteristics and conditions, that should be monitored and opti-
mized with the help of the Digital Twin can be derived. Depending on whether assembly
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data has already been recorded or not, the procedure in this step differs. If data is avail-
able, it should be analyzed first. In terms of quality, regular deviations affecting specific
products, processes and equipment can be detected. If the focus is on cost reduction, the
data aggregation can at best be used to find the location of the greatest cost causation.
Thus, it is possible to identify the relevant characteristics and conditions of products,
processes and equipment. Another advantage is that devices recording the respective data
in the past can be connected with the Digital Twin in the future. With the help of algo-
rithms, dependencies can be identified and the systems can be optimized. If no data has
been recorded or saved so far, carrying out an FMEA in a team of experts is one way
of revealing current weaknesses in the assembly. The characteristics to be monitored and
optimized in the future can be derived from the products, processes and equipment that
have been uncovered as critical after conducting the FMEA.

The next step of the workflow includes the structuring of the data model. The data
model is an important basis for the Digital Twin. It represents the data to be described
and processed as well as their interrelationships. The requirements for the data model
should already have been defined in the requirements list, created in the second step.
When it comes to an adaptable assembly system, the most important requirement for
the data model is also adaptability. The change enablers modularity and scalability in
particular therefore play an important role. Just like the modules of the assembly systems,
the individual objects of the data model should be easily exchangeable and extendable.
It should be able to respond to product or process changes and be extensible to new
services and models. The data model must be anchored in a suitable database. In general,
a distinction can be made between SQL and NoSQL databases. While SQL databases
provide strict specification and thus reduce the error rate, NoSQL databases are flexible
but in turn can have problems with consistency.

During the structuring of the data model the next step can already start, the determi-
nation of the data to be recorded. It can mostly be derived from the definition of the
characteristics. The defined characteristics are information about products, processes and
assembly equipment. It needs to be determined which data has to be aggregated and how
this data needs to be linked and analyzed to obtain the relevant information. With this
knowledge it is possible to specify the data to be recorded and thus also the measuring
equipment can be defined and allocated to the specific product, process or equipment in
the data model. In the context of the Digital Model, the target values for the relevant
data and information must be defined so that the recorded data can be aligned. It is also
necessary to define which data and information is stored in the Digital Twin and whether
any pre-processing is necessary. Next, a linkage between the objects in the data model
and the physical objects is required. The data model should be able to receive data from
the physical world to process and return to the physical system. In this way, the Digital
Twin is created.

The next and final step before implementing and using the Digital Twin is the setup of
the final network architecture. It must be defined how the Digital Twin communicates
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with the physical assembly system and vice versa. Interfaces such as MQTT or OPC UA
are required. An example is given at the end of Sect. 3.2.

3.2 Implementation and Validation of the Workflow

The workflow was used and validated as part of the research project H2SkaProMo. The
goal of the project is the development of a scalable assembly system for the production
of fuel cell stacks.

The first step of the workflow was to define the goals to be achieved with the help
of the Digital Twin. Ensuring the quality of the product, processes and equipment in the
assembly from the early planning phase onwards was the most important objective in this
use case. To achieve this goal, a continuous monitoring and optimization of the underlying
assembly processes is necessary.

Based on this, a requirements list for the Digital Twin was created. The list consists of
numerous demands, some of which are highlighted in the following. First of all, the Dig-
ital Twin and thus the data model must have a modular, scalable setup in order to be able
to react quickly to changes and adjustments. Furthermore, the Digital Twin should contain
consistent information about the entire assembly system. The collected data should enable
the user of the Digital Twin to make statements about the past (traceability of mistakes),
about the present (descriptive analytics, diagnostic analytics) and about the future (pre-
dictive analytics, prescriptive analytics). Additionally, the Digital Twin should be used as
a single source of truth in the context of this project. Every user should be able to interact
with the Digital Twin in order to get the relevant information for his use case. Therefore,
a user-friendly interface is also part of the requirements list.

The next step of the workflow includes a definition of the relevant characteristics.
Since there was no previous data from the past that could be evaluated, potentially critical
areas of the assembly had to be identified in another way. Here, a FMEA was used to
recognize potential faults in the assembly processes that may occur in the future. From
these potential faults, specific characteristics were transferred that should be monitored
and optimized in the future in order to reach the defined goals.

On the basis of this knowledge the structuring of the data model was conducted. The
dependencies between components, processes and assembly equipment were modeled in
a modular, scalable way. Figure 4 shows the underlying structure of the data model.

The structure was implemented in the NoSQL database Arango DB, using its flexibility
which is needed to create a scalable, modular Digital Twin.

In the next step, the data to be recorded was deduced from the previously defined
characteristics. It was evaluated which data need to be aggregated to get the relevant
information. The respective information and data were assigned to the individual compo-
nents, processes and operating resources in the data model. For the final implementation
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of the Digital Twin, a communication infrastructure between the Digital Twin and the real
world had to be established. The implemented infrastructure is shown in Fig. 5.

By continuously following the workflow, a complication-free implementation of the
Digital Twin was possible during the course of the project. The steps were not carried out
strictly sequentially but partly iteratively.
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4 Discussion

The developed workflow consists of six steps: the determination of objectives, the gen-
eration of a requirements list, the definition of relevant characteristics, the structuring of
the data model, the determination of the data to be recorded and the setup of the final
network architecture. It can be used as a guideline for the planning and implementation
of Digital Twins. The approach intents to contribute to establishing standards regarding
the Digital Twin. The workflow provides an overview, but the individual steps shown can
in turn be very complex and need to be researched and standardized. In addition, it must
be emphasized that after the creation of this workflow, further research must be carried
out on how to optimize an assembly system with the help of a Digital Twin.

The developed workflow focuses on the Digital Performance Twin. While the first
steps of an approach for planning Digital Product and Digital Production Twins are not too
different from those presented, the final steps before the implementation differ. When con-
sidering Digital Product or Production Twins, simulation software must be implemented
to virtualize assembly processes. In addition, topics such as virtual commissioning have
to be considered. As a consequence, the influence of geometrical parameters is increased
in Digital Product and Production twins.

In summary, it can be said that the Digital Twin can already support the planning and
optimization of assembly systems today. However, there are still different areas that need
to be researched more detailed in the future in order to exploit the highest potential of the
Digital Twin.
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Abstract

Existing automation analyses are mostly solution-oriented methods that require deep
expert and process knowledge. Established methods, such as tolerance chain analyses
or variant considerations, are often not considered. However, an objective comprehen-
sive evaluation is only guaranteed by the integration of those methods paired with
solution-neutral evaluation criteria. Furthermore, existing automation analyses do not
include an evaluation of the temporal optimisation potential of individual processes.
This often hinders a target-oriented automation as the focus is too strongly placed on
the automatability rather than on the optimal utilization of existing potentials. The flex-
ible modular method presented in this article is intended to enable the user to analyse
the conditions of product, process and equipment in a targeted manner by means of
a neutral and objective evaluation as well as to make automation recommendations
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depending on the optimisation potential. The modular method is designed for assem-
bly processes in existing manual and hybrid workplaces in series assembly. Existing
workplaces are analysed regarding their existing optimisation potential. For this pur-
pose, the actual state of the workplace is compared with an ideal state and evaluated in
terms of time. The standardised procedure MTM-2 is used for the temporal evaluation
of the processes. The evaluation of the automation capability of the processes, using
a utility value analysis, is carried out based on product and process-related criteria
in four stages. By comparing the available optimisation potential with the technical
automatability, automation recommendations are made for individual process steps.

Keywords

Modular method • Process planning • Assembly automation • Process optimisation

1 Introduction

In Germany, the manufacturing industry generates almost a quarter of the gross domestic
product and directly or indirectly employs one in three workers [1]. At the same time,
labour costs per hour worked are in fourth place worldwide. For comparison, a worker
in Poland costs a fourth and in China a fifth per hour [2]. In the course of globalisation,
locations where goods that can be traded across regions are increasingly entering into
direct competition. As a result, Germany’s competitiveness is declining due to high labour
costs and a growing shortage of skilled workers. One way to counteract this development
and ensure international competitiveness is to increase efficiency through rationalisation
measures in production. Assembly, in particular, where the product passes through a large
part of its value creation, offers considerable potential for improving economic efficiency
[3]. One way to tap this potential is to automate assembly processes.

The identification of automatable assembly processes in industrial practice is often
based on expert experience values and primarily examines technical feasibility. However,
there is often no detailed analysis with a subsequent comparison of existing potential and
technical feasibility. To target the automation of assembly processes, the temporal optimi-
sation potential must be used as a decision-making factor. The state-of-the-art has shown
that process steps are often not analysed deeply enough to identify potentials within a
process step. The aim of the article is the conception of a modular method which enables
a comparison between the temporal optimisation potential and the technical automatabil-
ity of an assembly process. Depending on the required information density, it is flexible
and can be extended by further methods such as a variance analysis. It serves as a guide-
line for systematic automation analysis in order to identify obstacles to automation in
assembly and to develop targeted recommendations for automation solutions. For this
purpose, existing methods for automation analysis are first examined and differentiated.
Subsequently, the developed conception of the flexible modular method is introduced.
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2 Related Work

2.1 Methods for Assembly Automation Analysis

In literature, various methods for evaluating the automation of assembly processes can be
found. The automation evaluations presented here are a selection of approaches published
in the last 40 years. The focus is on the criteria used for evaluation and serve as the basis
for the methodology developed in this work.

Deutschländer [4] defines 15 criteria in a checklist for evaluating the automation of
assembly systems, each divided into three forms of expression. A distinction is made
between object- and process-related criteria. The sum of the expression of the individual
criteria can be divided into the categories “easily realisable”, “realisable” and “realis-
able with great effort”. Ross [5] introduces 20 criteria with four forms of expression for
evaluating the effort for automating assembly processes. The influence of the criterion
on the sub-process, which consists of assembly process, handling and joining, is consid-
ered. The sum of the sub-effort values results in an effort value, which allows a decision
on the economic automation. In Beumelburg’s [6] capability-oriented assembly process
planning, four areas are considered: assembly process, ergonomics, component, and parts
provisioning. Within these four areas, a criteria catalog containing a total of 22 crite-
ria and a varying number of expressions is introduced for evaluating the automatability.
The expression is incorporated into an evaluation vector, which includes various dimen-
sions of an assembly operation. This forms the basis for the capability-oriented division
of assembly tasks between humans and robots. Thomas [7] defines different evaluation
classes within the framework of an evaluation system for human–robot collaboration. In
relation to the automatability evaluation, the classes assembly task, components and tech-
nical conditions are relevant. For each of these classes, 9–11 criteria with a weighting
factor and an evaluation range from 0 to 10 are introduced. Ermer et al. [8] present 13
criteria, each with five characteristics, as part of a “quick check” for the introduction of
hybrid human–robot workplaces. They divide the criteria into the areas of component,
supply and removal, potential for improvement, safety and other. The sum of the values
of each criterion per process is divided by the maximum sum. The result is a percentage
recommendation for automation. Concrete threshold values are not specified.

2.2 MTM-2

With the help of the MTM (Methods-Time-Measurement) process language, a system
with process building blocks, the efforts of work processes can be described and evalu-
ated transparently in detail. Process modules are used for this purpose, which represent
a standard in terms of content and time. For this reason, the MTM standard performance
is used for objective performance evaluation. This represents the permanently achievable
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performance of an averagely trained person without a drop-in performance due to fatigue.
Standardisation makes it possible to record actual conditions and to generate target condi-
tions to compare design alternatives. This makes the design consequences of workplaces
and workflows directly measurable and consequently comparable [9, 10].

3 Classification and Differentiation from Existing Methods

Existing automation analyses, as presented in Sect. 2.1, are already focused on specific
solutions through their structure and evaluation, like human robot collaboration appli-
cations. Such analyses are therefore mostly solution-oriented procedures that require
in-depth expert and process knowledge and often ignore other solution approaches. Fur-
thermore, established methods such as tolerance chain analyses [11] or variant analyses
are often not included, which makes a comprehensive evaluation more difficult. How-
ever, a meaningful evaluation is only guaranteed through the integration of these methods
paired with solution-neutral evaluation criteria. In addition, existing automation analy-
ses evaluate complete process steps, such as the placement of a rivet, but not in the
finer division of “grasp and release” and “put in place” according to MTM-2. Only this
exact division makes it possible to analyse process steps in detail to divide work con-
tent between man and machine within a process step. Furthermore, existing automation
analyses do not include an evaluation of the temporal optimisation potential of individual
process steps. This often prevents solution-oriented automation because the focus is too
much on automatability and not on the optimal use of the existing potentials.

4 Conception of the Designed Modular Method

For a simple and targeted identification of automation recommendations, a flexible adap-
tive conception in the form of a modular method offers the best possibilities for the user.
Figure 1 describes the mentioned modular method and is briefly outlined below. The pri-
mary methods (potential and technical automatability evaluation) is the focus of this paper
and will be discussed in more detail in the sub-chapters.

An analysis of the actual state of the product, the process and the equipment are
performed and the assembly priority graph is generated. The actual assembly processes
are divided into the movement sequences “grasp and release” and “put in place”, based
on MTM-2. Subsequently, the product and processes are evaluated in terms of techni-
cal automatability using a utility analysis and, accordingly, solution-neutral component as
well as process-related criteria. This identifies complexity drivers for a potential automa-
tion and points out simplification actions. Furthermore, the sub-processes are evaluated
regarding their time potential to identify rationalisation potential. A subsequent compari-
son of the existing time optimisation potential with the technical automatability makes it
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As-is analysis

Technical Automatability
evaluation

Comparison of the automatability
and potential evaluation

Automation recommendation per process step

MTM-2-standard data Tolerance chain analysis

Variant analysis

Potential evaluation

Ergonomics analysis

Profitability analysis

Legend:

Evaluating primary methods

Analysing secondary methods

grasp and release put in place

complexity driverstime optimisation potential Simplification

Fig. 1 Conception of the designed modular method for automation recommendation

possible to systematically identify processes with high potential and high or low automata-
bility. From this, targeted automation recommendations can be derived for each process
step. A separate identification of the time optimisation potential and the execution of an
automatability evaluation as the basis for an automation recommendation are also pos-
sible through the selected conception. The modular method is subdivided into necessary
evaluating primary methods (dark blue representation) and optional analysing secondary
methods (light blue representation). This makes it possible to specify the recommendation
more precisely. Secondary methods concretise or support an automation recommendation
of the assembly process under consideration.

4.1 Actual State Analysis

At the beginning of the analysis, the present to be evaluated workplace state is to be
recorded by documenting the single process steps by using an assembly priority graph.
By visualising the assembly process based on an assembly priority graph, the logical and
temporal sequence of the individual assembly steps can be displayed transparently [12,
13]. The individual process steps are subdivided into the movement sequences “grasp and
release” and “put in place” according to MTM-2 by evaluateing their contents in terms
of time. This separation is the basis for the following potential evaluation as well as the
technical automation evaluation.

4.2 Subdivision into “Grasp and Release” and “Put in Place”

The execution of a manual assembly activity is essentially limited to the motion sequences
of “grasp and release” and “put in place”. Here, “grasp and release” according to stan-
dard data basis values (MTM-2) includes the motion sequence of reaching, grasping and
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Motion
cycle

Reaching

Grasping

Releasing

Moving

Positioning

Grasp and Release

Put in Place

MTM-1 MTM-2 MTM-UAS/MEK

Grasp and Release + 
Put in Place

Motion sequence Basic operationsBasic motion

Fig. 2 Illustration and classification of the motion sequences following [9, 10]

releasing and the motion sequence of “put in place” includes the moving and position-
ing of a component as shown in Fig. 2. The division into “grasp and release” and “put in
place” and their subsequent evaluation enables a detailed view of the automatability of the
individual process steps. This is a decisive advantage, especially when designing hybrid
workplaces through the part-automation of process steps. Specifically, parts of a process
step, such as feeding, aligning, and separating, can be automated and the task of position-
ing can be performed by the employee. For a more ideal approach for the employee, a
spiral conveyor can position and orientate the components, while the employee takes over
the complex, sensitive placement of the parts to be joined.

The criteria for evaluating the automation capability (see Sect. 4.3) refer either only to
the sub-process of “grasp and release” or “put in place” or are equally valid for both sub-
processes. The criterion of additional activities (e.g. visual inspection, material supply) is
a special case and can occur in both motion sequences. Since additional activities are not
required in every process step, their evaluation is optional.

4.3 Definition of the Evaluation Criteria for the Automatability

To be able to evaluate processes regarding to their automatability, criteria are needed for
decision-making, based on which the individual process steps can be evaluated objectively
and solution-neutrally. To determine such evaluation criteria, automation methods from
various authors were examined, compared and supplemented with literary findings from
assembly-oriented product design (high influence on the mountability) [14–17]. In the
process, solution neutral as well as frequently mentioned criteria were taken over. The
evaluation criteria determined in this way are divided into eight component-related and
five process-related criteria. In Fig. 3, the criteria with their literary origin can be seen.

To simplify the application and to minimise the required expert and process knowledge,
the evaluation criteria used are each divided into four levels. On the one hand, this division
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describes the possible states of the criteria sufficiently precisely and, on the other hand,
achieves a high degree of selectivity between the levels. This makes it possible for the user
to clearly decide on an objective, fact-based evaluation basis between the characteristics
of the respective criteria and to evaluate them.

The evaluation of the component-related criterion “sensitivity of the joining compo-
nent” is described below as an example. As shown in Table 1, four possible component
characteristics are proposed to the user. Depending on the characteristic, the user decides
which is most similar to the property of the joining component, in this case regarding the
sensitivity of the joining component. The joining component is classified in terms of its
stability as form stable or rigid (e.g. steel components), deformable with high force (e.g.
plastic components), deformable with low force (e.g. cardboard), and unstable or flexible
(e.g. seals, cables). The more unstable a component is, the more difficult it is to feed,
grip, handle and join. Consequently, the automation capability decreases with increasing
lability.

Table 1 Criteria sensitivity of the joining component

Characteristic 1 Characteristic 2 Characteristic 3 Characteristic 4

Form stable/rigid Deformable with high force Deformable with low force Unstable/flexible



82 M. Hübner et al.

4.4 Technical Automatability Evaluation

A utility analysis is used as the basic method for evaluating the technical automatability.
For this purpose, criteria were already established in Sect. 4.3 and divided into four levels.
The user evaluates each individual process step based on the defined criteria regarding
to its technical automatability for “grasp and release” and “put in place” the joining
component. The evaluated individual process steps are then combined into a compact
number (utility value) that represents the technical automatability regarding “grasp and
release” and “put in place” of the respective individual process step.

On one hand, the utility value shows the user the extent to which the evaluated process
step is suitable for automation regarding “grasp and release” and “put in place”, as well as
on the other hand, it points out possible obstacles to automation. Following the evaluation,
the process of simplification takes place. This process shows the user possible optimisa-
tion approaches to simplify the automation (e.g. forming variant families, modification
of the delivery state). This prevents process steps from being categorically excluded due
to a supposedly poor automatability, but rather to work on enabling a simpler and more
economical automatability. The simplification is the subject of future research and will be
published at a later date.

4.5 Potential Evaluation

The evaluation of the time optimisation potential is based on the primary/secondary anal-
ysis according to Lotter [18]. The first step is to break down the assembly processes
recorded in the actual state analysis into “grasp and release” and “put in place” according
to MTM-2. The application of the standardised MTM procedure provides an overview
of the actual process times. In the second step, a fictitious ideal state of the workplace
under consideration is defined. For this purpose, a limit value for the optimal distance
from the supply to the place of assembly is first determined as a function of the size of
the assembly object. As shown in Fig. 4, this distance represents the radius of a usually
two-thirds circle, the primary area. The secondary area is the space that extends beyond
the primary area but is still within the operator’s reach.

In ideal conditions, the distance between the supply and the place of assembly is min-
imized to maximize value creation. Consequently, the entire supply is located within the
primary area. Furthermore, it is assumed that the provision of the components takes place
individually in an oriented and positioned form. In addition, assembly aids such as hoists
or similar can be used in the ideal state. The optimised ideal state is also analysed with
MTM-2, resulting in process times for the individual assembly operations. The third step
is to determine the time difference between the actual and the ideal state. This differ-
ence represents the time optimisation potential for each process considered separately.
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Fig. 4 Comparison of automatability and potential evaluation

The detailed subdivision into “grasp and release” and “put in place” clarifies the exact
potential range of the process step.

4.6 Creation of an Automation Recommendation Through
the Comparison of the Automatability and Potential
Evaluation

The integration of the automatability and potential recommendation allows a comparison
between the temporal optimisation potential and the effort of the technical implementa-
tion of process automation. The effort for implementation refers to technical complexity.
Through this procedure, the usefulness and the technical automatability are evaluated
and then compared with each other. Figure 5 shows various assembly processes as a
comparison of the two recommendations.

Two extreme constellations can occur. The assembly process “Insert 2 screws” embod-
ies the extreme case of a low potential and a high automation capability. Based on this, a
targeted questioning of the added value of automating this process is possible. In contrast
to this, the assembly process “Hook in 8 springs” illustrates a high time potential with low
automation potential. The indication of this case consists in a more precise examination
of the technical effort, since a development of the potential promises a large gain in time.
The differentiation between “grasp and release” and “put in place” also makes it clear to
the user that it is necessary to take a more detailed look at the process. On this basis, for
example, in the case of a high potential for “grasp and release”, specific parts of a process
step, such as feeding, straightening, and separating, can be tested by automation.

The described approach allows processes with high potential and high or low automa-
tion potential to be systematically identified and targeted automation recommendations to
be derived.
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Fig. 5 Comparison of automatability and potential evaluation

5 Summary and Outlook

The article introduces a modular set of methods for solution-neutral automation recom-
mendations for assembly processes. During the actual state analysis, the assembly process
is broken down into the parts of “grasp and release” and “put in place”. This enables
a more precise evaluation of the technical automatability and the time potential of the
individual assembly processes. The evaluation of the technical automation potential is
concretised by process- and component-related evaluation criteria and supports the iden-
tification of complexity drivers. The MTM-2-based potential recommendation shows the
temporal optimisation potential for each process considered. A final comparison of the
two evaluations makes it possible to systematically identify processes with high potential
and high or low automation potential.

The modular method can be used in industrial practice as a guide for a systematic
automatability analysis and to uncover automation obstacles in assembly. Through tar-
geted solution recommendations, rationalisation actions can be implemented quickly and
thus savings achieved.

Further research is needed in the weighting of the criteria for the evaluation of automa-
tion capability, as well as the concretisation of the measures contributing to simplification.
Furthermore, the presented methodology should be carried out on practical validation
scenarios.

Although the modular method can already be carried out in its current form, the
conception of the modular method allows a flexible extension by additional secondary
methods. For the simple integration of such secondary methods, clear interfaces must be
integrated into the flexible modular method or primary methods during further research
work. In addition, it is particularly important to further develop secondary methods such
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as tolerance chain analysis and variant analysis as well as to increase their practical suit-
ability. In this way, the information density can be increased if necessary and more precise
solution recommendations can be made.
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Abstract

Circular economies require efficient disassembly processes for end-of-life products from
various product series, variants and with various product states. CAD-based Disassembly
Sequence Planning aims to efficiently create feasible disassembly sequences to minimize
the needed effort in disassembly execution. Manual, collision-based and feature-based
Disassembly Sequence Planning approaches are predominant in research. However, there
is no tool covering multiple of these techniques simultaneously. In this paper, we aim
to enable the combination of these techniques in a parallelized and hybrid manner. A
Service-OrientedModel-View-Controller Framework is presented as an overarching soft-
ware architecture. The architecturewas implemented and tested on an exemplary use case.
The validation proved the potential quality and efficiency increase of CAD-based disas-
sembly sequence planning. The framework contributes to choosing the right disassembly
sequence planning strategy and thus increasing the efficiency of the circular economy.

Keywords

Disassembly sequence planning • Computer-aided design • Software architecture •

Circularity

S. Münker (B) · A. Göppert · R. H. Schmitt
Laboratory for Machine Tools and Production Engineering (WZL) of RWTH Aachen University,
Campus-Boulevard 30, 52074 Aachen, Germany
e-mail: s.muenker@wzl-mq.rwth-aachen.de

R. H. Schmitt
Fraunhofer Institute for Production Technology IPT, Steinbachstraße 17, 52074 Aachen, Germany

© The Author(s) 2025
S. Ihlenfeldt et al. (eds.), Annals of Scientific Society for Assembly, Handling
and Industrial Robotics 2023, https://doi.org/10.1007/978-3-031-74010-7_8

87

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-74010-7_8&domain=pdf
mailto:s.muenker@wzl-mq.rwth-aachen.de
https://doi.org/10.1007/978-3-031-74010-7_8


88 S.Münker et al.

1 Introduction

With the rising demand for circular economies, disassembly optimization gains more impor-
tance. Crucial for disassembly efficiency is the disassembly structure representation and
the planning of disassembly sequences [14]. The application of Computer-aided Deacsign
(CAD) not only during product design but also for automated (dis-)assembly planning is an
active field of research [4]. However, the applicability of this approach is still low due to the
low quality of automatically generated sequence results and high computational demands.

This work aims to develop a framework combining multiple (Dis-)assembly Sequence
Planning (DSP) algorithms from recent research and previous work on Assembly-by-
Disassembly (AbD) approaches [11, 12] and, thus, make themmore applicable for industrial
use cases. We propose using parallelized hybrid strategies based on gathered CAD data.
Hybrid refers to using a combination of different methods (e.g., manual and automatic DSP
approaches). Hybridization aims to increase the quality of DSP results. Parallelized refers
to the ability to perform multiple tasks simultaneously by dividing a large optimization
problem into smaller independent subproblems. The parallelization aims to accelerate the
DSP process and improve the overall efficiency of CAD-based DSP.

Relevant requirements for a CAD-based DSP software framework with parallelizable
components and hybrid strategies are:

– Independence of proprietary CAD software
– Integrateability with (dis-)assembly planning tools or modules (e.g., Job Scheduling

software tools)
– Portability of software modules utilized in framework to other frameworks
– Outsourceability of parallelizable computational efforts
– User interface for interacting with CAD and graph environment

This paper first reviews the related work for CAD-based (dis-)assembly planning frame-
works and common software architecture patterns. A new framework combining a Service-
Oriented Architecture (SOA) pattern and a Model-View-Controller (MVC) pattern is pro-
posed and implemented. The implementation is validated on an exemplary industrial use
case.

2 Review of CAD-Based (Dis-)Assembly Planning Frameworks

The “Auto-Assem” system by Xu et al. (2012) is an early framework for combined
Assembly Sequence Planning (ASP) and Job Scheduling (JS) with sequential optimisa-
tion. The authors’ idea was to build a CAD/CAM-like tool with primary usage for assembly
planning to assist engineers in making assembly plans. The proposed framework covers
five steps: 1. Assembly modelling; 2. ASP; 3. Path planning; 4. Process planning and
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visualization; 5. Assembly simulation [8]. However, most steps are executedmanually rather
than automatically.

Li and Lockett (2017) proposed a framework for designing final assembly lines based on
product CAD models, including ASP and JS. Their motivation was to overcome the knowl-
edge gap between product designers and final assembly process designers in the aerospace
industry. The implementation is done in CATIA V6. Semantic data (e.g., from Failure Mode
and Effects Analysis (FMEA) analysis, Bill of Materials (BOM) etc.) are combined in the
“Unified Master Data”, which is then utilized for sequencing and assembly line design [10].
However, the paper does not provide further details on possible automation of ASP and JS
steps.

Beck et al. (2021) developed a framework to integrate (Dis-)assembly Sequence Planning
(DSP) modules with robotic path-planning modules. The framework considers informa-
tion extracted from the product’s CAD model. The framework was implemented using the
Octopuz PythonAPI, which can automatically read and remodel STEP files for disassembly.
A JSON file is used to construct robot programs for any type of robot. The robot-specific
execution code can be exported into native robot languages usingOctopuz’s internal program
exporter [6]. However, this approach is not transferable to sequence planning for large-scale
assemblies.

Barbu et al. (2022) focus on precise assembly sequence generation based on various
optimization criteria without relying on a specific CAD system. The approach includes a
reverse engineering algorithm and an additional user interface utilizing a game engine to
add the missing information. The user can select and move the product to disassemble parts.
The generated information about disassembly paths is saved in a neutral exchange format.
This exchange format can then be used for automatically generating assembly animations
and videos [5].

Yao et al. (2022) propose a comprehensive ASP system to be applied in practice. The
system utilizes CAD files to create Liaison and InterferenceMatrices representing the math-
ematical relationships between parts. An adaptedAnt ColonyOptimization algorithm is then
used to generate an optimized assembly sequence based on these relationships. The system
can be accessed through a web-based application where users can upload files and interact
with the system. The concept and functionality of the system have been validated using
a CAD file of an electric motor product as an example [15]. However, the concept lacks
modularity, application of hybrid strategies and parallelization of computationally expensive
tasks.

The authors’ previous work primarily focused on fully automated pipelines to gener-
ate Precedence Graph (PG) or AND/OR Graph (AOG) from CAD files. Both approaches
utilized a collision-based Assembly-by-Disassembly(AbD) planning approach and were
implemented as a CATIA v5 Add-On [11, 12].

Currently, CAD-based DSP approaches are mostly fully manual or fully automated.
The automated approaches have feature-based or collision-based approaches with use-case-
dependent advantages and disadvantages. There is no approach explicitly considering the
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parallelization of DSP approaches yet. A framework is needed to ensure the integrability
of existing DSP and JS modules, solve the hybrid application of different DSP approaches
and enable performance improvement by parallelization. To address these research gaps, in
chapter ‘Exploratory Pilot Study Investigating Effects of Exoskeletons on Movement Pat-
terns’, the parallelizable hybrid DSP approach is introduced, and the accompanied frame-
work is covered in chapter ‘Robot-Based Assembly of Hydrogen Tube Fittings for Large-
Scale Electrolyzers’.

3 Parallelizable Hybrid Disassembly Sequence Planning

The concept of parallelizable hybrid DSP aims to optimize the disassembly process by
identifying which steps can be done in parallel and choosing the right DSP strategy for
parallelizable subassemblies. Parallelizable subassemblies can be identified, e.g. through
community detection [16], similarity detection or selected manually. Community detection
identifies groups of parts or subassemblies that can be disassembled together. In contrast,
similarity detection is the process of identifying parts or subassemblies that have similar
disassembly requirements.

There are three main (Dis-)assembly Sequence Planning (DSP) strategies to be utilized
hybridly: manual DSP, automatic collision-based DSP and automatic feature-based DSP.
Manual DSP allows human operators to plan the disassembly process by manually select-
ing the order of disassembly for the identified communities and similar parts. Automatic
collision-based DSP uses algorithms to plan the disassembly process by simulating the
movement of parts and identifying potential collisions. It is based on the principle that the
disassembly process can be optimized by minimizing the number of collisions between
parts. Automatic feature-based DSP uses algorithms to plan the disassembly process by
taking into account the characteristics of the parts, such as size, shape, and connections.
It is based on the principle that the disassembly process can be optimized by considering
the unique characteristics of the parts. The overall concept of parallelizable hybrid DSP is
visualized in Fig. 1.

Fig. 1 Exemplary process pipeline of a parallelized hybrid strategy disassembly sequence planning
system
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4 Service-OrientedModel-View-Controller Framework

Software architecture patterns are design principles that provide a common language and
a proven solution for common software development challenges [7]. Different software
architecture patterns can be used to design and implement a framework for the parallelized
hybrid (Dis-)assembly Sequence Planning (DSP) system. In this chapter, the most common
patterns are compared hence their suitability for the problem and a frameworkwith combined
patterns is proposed.

4.1 Preselection of Software Architecture Patterns

Many software architecture patterns are intuitively not suitable and can be excluded from
consideration (e.g., Peer-to-peer, Mater-Slave, Event-Bus and Broker—all of them focus
on communication in networks which is less relevant for user interactive 3D tools). The
remaining suitable patterns based on Alebrahim and Heisel (2017) or Bi et al. (2018) [3, 7]
are summarized by key characteristics, advantages, and disadvantages in Table1.

In conclusion, the Model-View-Controller (MVC) pattern is well-suited, as shown in the
Table 1. However, it has a disadvantage in limited scalability. It may be an issue for more
computationally intensive CAD-based DSP tasks (e.g., for complex engine parts). On the
other hand, SOA is amodern approach that offers high scalability and the ability to outsource
tasks. However, it requires standardized services with clear interfaces, which may be less
suitable for dynamic user intervention during CAD-based DSP analyses because response
times could be too high.

The idea of this work is to combine the advantages of both MVC and SOA by integrating
both patterns in one framework. This approach is inspired by the “Model-View-Controller-
Service-Paradigma” that uses an inner and outer MVC structure to include service-based
modules [9]. This combination could provide a more comprehensive solution for software
architecture design in CAD-based DSP and is introduced in the following.

4.2 Concept of Service-OrientedModel-View-Controller

The resulting Service-Oriented Model-View-Controller (SOMVC) framework incorporates
the advantages of SOA and MVC in a web-based application for CAD-based DSP. It is
designed to provide a system-independent way for users to interact with software tools
through a browser interface. Themain logic of theDSP system is handled byone server,while
computationally heavy tasks are outsourced to cloud-based High-Performance Computing
(HPC) servers. The framework is illustrated in Fig. 2.

The inner circle of the framework, which is located on the server, is responsible for
low-performance tasks. These tasks include manually manipulating the CAD model (e.g.,
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Fig.2 Block diagram of the proposed service-oriented model-view-controller framework, with HPC
= high performance computing

highlighting or excluding parts). The inner model contains the current status of the CAD
model and the assembly graph model (e.g., Precedence Graph (PG) or AND/OR Graph
(AOG)). The controller has access to all internal services which directly influence the inner
model. All changes made by the controller are stored in the inner model, such as which parts
are visible and which are invisible. The inner view component is responsible for visualizing
the current status of the model, such as displaying different colours for selected parts or only
displaying parts with the “visible” attribute.

The outer circle of the framework, which is mainly located on the HPC, is responsible for
high-performance tasks such as collision analysis in DSP or graph clustering. The controller
can be utilized to request these external services. The external services manipulate the outer
model (CAD and graph models). Each model update results in an outer view update.

The user can choose between the inner and the outer view to work on both parallelly.
When inner and outer circle processes are terminated, the outer model, inner model and
model storage can be synchronized to merge the results of internal and external services.
Additionally, the inner and outer viewswill be synchronizedwith themodel synchronization.

5 Verification andValidation on Exemplary Use Case

The verification and validation of the Service-Oriented Model-View-Controller (SOMVC)
framework is an essential step in ensuring that the system works as expected and meets
the requirements of chapter ‘Latest Challenges in the Development of Scalable Assembly
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Systems for Fuel Cell Stacks’. Utilized techniques are unit testing, integration testing and
acceptance testing [13]. All tests are executed with an exemplary use case as visualized in
Fig. 3. The described use case scenario contains two user interactions: The upload of a CAD
model and the Assembly-by-Disassembly (AbD) analysis.

Unit tests are written to test individual system components, such as the internal/external
model, the internal/external view, the controller and the internal/external services. These
tests ensure that each component works as expected and that the interactions between the
components are functioning correctly.

Integration testing examines the interactions between the components of the system.
The expected interactions are illustrated in Fig. 3. During the test, it was constantly moni-
tored whether the software adhered to the given diagram. Through iterative programming,
adherence was assured.

Acceptance testing is the last validation technique used to test the system from the user’s
perspective. To ensure objectivity, the concept of face validity was used. Face validity is
a technique that involves presenting the system to experts from different fields, such as
industry, research projects, working groups, and research institutes. This technique was used
to gather feedback from experts in the field of (Dis-)assembly Sequence Planning (DSP) and
to ensure that the system meets the needs and requirements of the target audience. Experts
from research projects, such as Internet of Construction [2], AdaptAR [1], and REVAMP,
were involved in the face validity process. This process helped ensure that the system is
practical and usable and fulfils the requirements defined in the introduction. Screenshots of
the presented software during face validity are given in Fig. 4. Thus, the resulting framework
is a valid solution to increase the efficiency in DSP.

Fig. 3 Use case sequence diagram
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Fig.4 Browser internal viewof a theCADenvironment and b the resulting graphmodel environment.
The user can interact with the controller by keyboard commands

6 Conclusion and Outlook

In conclusion, the Service-Oriented Model-View-Controller (SOMVC) framework enables
the parallelized hybrid (Dis-)assembly Sequence Planning (DSP). The use of internal and
external processing circles allows for parallelizing DSP strategies (e.g., manual disassembly
and automatic collision-based disassembly). Additionally, the integration of different ser-
vices to identify parallelizable subassemblies, such as community detection and similarity
detection modules, can be included. The SOMVC framework was verified and validated
through unit testing, integration testing, and acceptance testing, which involved feedback
from industry and research experts. These evaluations showed that the SOMVC framework
contributes to improving the efficiency and quality of the CAD-based DSP. The contribution
will also improve the efficiency and accuracy of remanufacturing planning by making “lot
size one” DSP more feasible. Future research can focus on three areas:

1. The integration of the SOMVC framework with other tools and technologies, such as
robot motion planning, product design feedback, and assembly instruction tools.

2. Use of artificial intelligence to improve the performance and efficiency of the services.
This could include automatically deciding for the right DSP strategy based on labelled
assembly topology data.

3. Increase scalability to handle large and complex assemblies with the right High-
Performance Computing (HPC) infrastructure.
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Comparison of Global Path Planning Algorithms
RegardingMulti Mobile Robot Object Transport
Requirements

Henrik Lurz,Tobias Recker and Annika Raatz

Abstract

This paper presents a comparison of multiple global path planning algorithms regarding
their usage in multi-robot systems. Most performance-based comparisons only focus on
computation time and path length, which are not the most important indicators when
transporting an object using a multi-robot formation. Therefore, we decided to add the
distance to obstacles and curvature of the path as performance metrics to support the
selection of a fitting global path planner for a multi-robot application. In the comparison,
we included the PRM, RRT*, Relaxed A* and Voronoi path planning algorithms. Each
algorithm performs a specified number of planning tasks and is evaluated by the planning
success, path length, obstacle distance and curvature, which are visualized below.

Keywords

Global path planning • Mobile robot • Navigation

1 Introduction

The two-dimensional navigation for a wheeled mobile robot can be separated into global
and local path planning. The global path planner calculates a path from a start to a target
position while considering static obstacles in the environment. This collision-free path is
then used by the local path planner to determine velocities that move a mobile robot along
the path while avoiding dynamic obstacles [1]. Therefore, the global path planning process
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has a major impact on the motion of a mobile robot through the planned path. Global path
planning is crucial for the path length and hence the time it takes the mobile robot to reach
its target. However, finding the shortest path is not always the most important requirement
as the mobile robot must be able to follow the path despite its kinematic constraints.

An example for the necessity to consider kinematic and dynamic constraints is the trans-
portation of an object usingmultiple differential drivemobile robots. This cooperative object
transport is essential when it is not possible to use a single mobile robot due to the object
being too heavy, big or delicate. Here, the distances between the mobile robots must remain
constant when moving along the path. Any violation of this requirement would result in
damaging or breaking the transported object. In this application, the global path planner
calculates a path from a start to a target position for the whole formation instead of a single
robot to allow for a collision-free transportation. Using the formation path and the posi-
tion of the robots in the formation allows to derive a path for each individual robot. When
deriving the robot path, the position in the formation has a big impact on the movement
the mobile robot has to perform to follow the formation. During an orientation change of
the formation, a mobile robot’s leverage arm to the formation’s pivot point can cause the
movement to exceed the kinematic or dynamic limits of the mobile robot. This can be caused
by rapid formation turning motions or too sharp corners. It is therefore advised to consider
the hardware limits of each mobile robot in the global planning phase since the local path
planner is responsible for controlling the individual mobile robots during the movement on
the pre-planned path and for keeping the distances constant.

In a previous work, we developed the Splined Relaxed A* algorithm for the cooperative
object transport using multiple mobile robots [2]. This global path planner uses the Relaxed
A* algorithm to find an initial path from the start to a target position. Due to the Relaxed A*
algorithmbeing an optimal path planner, the resulting path is as short as possible.Afterwards,
we use Bézier-splines to create and optimize a continuous and smooth path with a curvature-
limit, which the formation, consisting of differential drive mobile robots, is able to follow.
The Bézier-splines are interpolated using control points from the initially generated path by
the Relaxed A* algorithm. The minimal distance to obstacles by the Relaxed A* path and
the interpolation of discrete positions cause a significant risk of creating a spline too close
to the obstacles. This leads us to the investigation on global path planners that are better
suited for generating a path for a multi-robot formation.

2 RelatedWork

Global path planning algorithms can be divided into three main areas: grid-based, sampling-
based and potential-based [3]. Grid-based methods segment the environment into cells with
a specified size. Each cell is identified by a two-dimensional coordinate with eight adjacent
neighbour cells. Using the cell size, a cell coordinate can be transferred into real world coor-
dinates [4]. Sampling-based algorithms use path planner-dependent query-methods to create
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a roadmap covering the environment with collision-free trajectories. Using the roadmap, a
path planner can calculate the shortest path from the start to the target position [5]. Potential-
based methods use attracting and repelling fields to reach the target position. The target
position is surrounded by an attractive potential field while all obstacles contain a repul-
sive potential field [6]. The potential field method features a high complexity due to the
bi-operational path model [3] and suffers from the local minima problem [7]. We therefore
refrained from using potential-based methods for this comparison. Instead, we included the
RelaxedA* andVoronoi path planning algorithm from the grid-basedmethods. Furthermore,
we included Probabilistic Road Map(PRM) and Rapidly-Exploring Random Trees*(RRT*)
from the sampling-based methods.

The Relaxed A* algorithm is an evolution of the A* planning algorithm, which features a
shorter computation time compared to its predecessor. The Relaxed A* path planner is time-
linear andmade to efficiently explore large grid environments. The algorithm uses a specified
criterion like the Euclidean distance to explore the grid environment in the direction of the
target position. After reaching the target position, the explored cells can be backtracked to
determine the shortest path [8]. A path of the Voronoi diagram-based path planner is the
most accessible and departable. It uses a distance function to skeletonize the free space and
creates a pixel-based roadmap that provides the maximal distance to all obstacles in the
environment [9]. After creating the roadmap, a path planning algorithm finds the shortest
path. The PRMalgorithm is a very fast and easy to implement path planning algorithm,which
consists of two phases. Firstly, the learning phase randomly generates a specific amount of
valid robot positions into the free environment. Nearby positions that can be linked without
a collision are connected to form a roadmap. Secondly, the query phase determines the edges
of the roadmap that connect the start with the target position [10]. The RRT* path planning
algorithm is an evolution of the RRT algorithm and proven to be probabilistically complete,
asymptotically optimal and computationally efficient. This algorithm creates a directional
graph by sampling new nodes in free space from the start position. Each time a new node is
created, the growing tree is rewired to maintain the shortest path to each node from the start
position. The node creation is continued until either the target is reached or a total amount
of nodes are created without finding the target position [5].

The previously described path planning algorithms create neither continuous nor smooth
paths. For that reason, splines can be used to interpolate a determined path to be continuous
and smooth, while additionally optimizing the curvature. Like in our previous work [2],
we choose to use quintic Bézier-splines for the creation of a continuous path due to their
high controllability. Depending on the degree of a Bézier-spline, it uses a specific amount
of control points to be created. Two control points are passed through while the others allow
for a change in curvature [11]. In this comparison, each path planning algorithm (Relaxed
A*, Voronoi, PRM and RRT*) will also be used in conjunction with Beziér-splines.

Multiple global path planning comparisons have been carried out in the past as shown in
[3, 8, 12]. On the one hand, these comparisons only consider performance metrics like the
path length or computation timewhich are relatively unimportant for a real-world application
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in an autonomous mobile robot system. On the other hand, some comparisons only use path
planning algorithms of a singleworking principle. For that reason, we chose to use additional
performancemetrics like curvature and obstacle distance. Furthermore, we selectedmultiple
path planners using different planning principles.

3 Approach

To compare the selected global path planning algorithms in a real world scenario, we selected
themapof the “DeutschesMuseum” inMunich [13],which is shownby the blackmarkings in
Fig. 1. This environment is relatively big compared to other established testing environments
with awidth of 168.0mand a length of 272.3m.This allows for a path generation of short and
long paths ranging from 10m to over 300m. Additionally, the map contains multiple tight
corridors, complex obstacles and empty spaces that provide a variety of different features
the global path planners need to manage.

When calculating a path from a start to a target position, the global path planner relies
on the global costmap. The global costmap uses the so-called inflation radius, which is
determined by calculating the smallest circle around the mobile robot. In this test series, we
used a costmap inflation radius of 0.5m, based on our mobile robots. The inflation radius is
used to enlarge obstacles in the environment and to shrink the navigating mobile robot by
the same distance. Doing this allows the global path planner to view the mobile robot as a
single point on the map. This procedure is less computationally intensive as the path planner
only needs to check a single point for collision. This means that a collision is unlikely if the
robot keeps out of the occupied inflated costmap cells.

Using the costmap, 50 position sets are randomly generated in the free space of the map
to be used as start and target position for the global path planning. Firstly, this ensures that
determining a collision-free path between the start and target position is possible. Secondly,
the random selection of points prevents human-bias towards a particular global path planner
which leads to a neutral comparison. Thirdly, spreading the random selection over the whole
map provides path planning problems that need to avoid different obstacles. All 50 point
sets are displayed in Fig. 1 in red.

The comparison of the different paths will be performed using the following performance
criteria:

Path planning success: Sampling-based path planning approaches only guarantee to find
a path between the start and target position if the path planner can search for an infinite
time. But due the time and hardware processing constraints, a timeout is introduced for the
calculation. Therefore, not all path planners are able to determine a path from the start to the
target position in a given amount of time. However, not finding a path means that the mobile
robot is not able to autonomously drive to the target position. Consequently, it is important
that a path planner is able to reliably find a path from the start to target position if it exists.
We evaluate the reliability by how many paths are successfully planned.
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Fig. 1 Map of the “Deutsches Museum” in Munich with all 50 start and target point sets included

Path length: The path length is one of the parameters that influence the time a mobile
robot needs to follow a path. Therefore, a typical requirement is to find the shortest and
time-optimal path between the start and target position. The total path length is calculated
by integrating over the determined path.

Distance to Obstacles:When obstacles intersect the direct link between the start and target
position, multiple path planning algorithms calculate the shortest path that is as close to the
obstacles as possible, which results in a higher collision probability. It also leads to a smaller
error margin for the mobile robot during the actual movement. The most critical position
on the path is, where the distance between the path and an obstacle is the lowest. For that
reason, we calculated the minimal euclidean distance from all path points to any obstacles.

Curvature: The algorithms of the path planners are vastly different, which leads to different
curves along the path. As mentioned at the beginning, the curvature and smoothness of the
path is important for a differential drive mobile robot and evenmore important whenmoving
in a rigid formation. A lower curvature leads to less turning motion and is thus easier to
follow. To quantify the necessary turningmotion,we derive the target orientation of the robot,
which results in the orientation change over the planned path. To evaluate the orientation
change we use the root mean square as it amplifies and therefore punishes higher orientation
changes.

4 Evaluation

Thegoal of this chapter is to compare the four global path planners and present the advantages
and disadvantages according to the collected data. Additionally, we use Bézier-splines to
smoothen each of the four planners. This leads to a comparison of eight path planning
algorithms with different properties.
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4.1 Path Planning Success

Figure2 displays the number of paths generated successfully using the 50 randomly gen-
erated start and target position sets. The Relaxed A* and Voronoi path planning algorithm
successfully calculate all paths and therefore perform the best. This can be explained by
the analytical calculation of the path by both algorithms and the guarantee to find a path if
one exists. The sampling-based approaches, PRM and RRT*, successfully calculate a path
in less than half of the planning attempts. This is likely due to the big environment and
the number of points used to create the roadmap in PRM or the tree structure in RRT*. An
increase in those values would improve the chance of successfully planning but also extend
the calculation time.
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Fig. 2 Overview of all successful path planning attempts of each path planner

All splined versions of the path planners perform worse than the non-splined version,
except for the Splined Relaxed A* algorithm. The decrease in performance is due to the
sharper turns in the initial paths that the Bézier-spline creation is not able to compensate
for. Here, the optimization of the curvature of the spline fails and therefore aborts the path
generation as the curvature is a mandatory requirement for the spline.

4.2 Path Length

In order to compare the path lengths of the different path planners, we need to determine
the paths where all path planners were successful. This results in 15 out of 50 paths that are
included in the path length comparison. We only use the non-splined versions of the path
planners for this comparison because the initial path length has been found similar to the
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splined path length. Furthermore, the low success rate of the splined path planners provides
no expressive number of splined paths to compare.
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Fig. 3 Shortest path length of the 15 planning attempts of the four path planners
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Fig. 4 Difference to shortest path for all 15 planning attempts

In Fig. 3, we show the shortest path length of all four path planners for each of the 15
paths. The different start and target position sets create paths with different lengths each,
ranging from 21.5m to 358.8m. The different path lengths lead to the conclusion that a
longer path length is not the reason for the low success rates shown in Chap. 4.1. Figure4
shows the difference in path length compared to the shortest path for all path planners and all
15 paths. This means that if the difference to the shortest path is 0m, then this path planner
determined the overall shortest path for the specific start and target position. Figure4 shows
that even on a path length of over 300m, the difference between each planning algorithm is
a maximum of 2.4m. From the low fluctuation in path length, we can conclude that all path
planners create roughly the same path lengths and therefore do not highlight any of the four
path planners which find the shortest path.
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4.3 Distance to Obstacles

For this comparison, the same paths as in Sect. 4.2 are used. The average of the minimal
obstacle distances as well as the smallest and highest minimal distance to an obstacle on any
of the 15 paths are shown in Fig. 5. The dashed black line marks the 0.5m inflation radius.
Every path planner where the lower value of the error bar is located below the inflation radius
has a high risk of collision. For the PRM, RRT* and Relaxed A* algorithms, the smallest
obstacle distance is slightly lower than the inflation radius, which can be explained by the
costmap using a cell size of 50mm. Due to the Voronoi path planner using a roadmap that
is based on the maximal distance to any obstacle it is capable of maintaining a distance to
the nearest obstacles, which is higher than the inflation radius.

When using the splined variant of the four path planners, only the Splined Voronoi
path planner provides paths that are mostly far enough away from any obstacles without
causing any risk of collision. Due to the low mean value, the Splined RRT* and the Splined
Relaxed A* are very noticeable. Additionally, the smallest minimal distance is almost 0m
and therefore definitely colliding with an obstacle. Consequently, these path planners are
not usable in an application since the interpolation of the Bézier-spline is not optimized and
versatile enough for such a complex environment. The Splined PRM path planner is better
compared to the Splined RRT* and Splined Relaxed A*. However, the smallest minimal
obstacle distance still provides a high risk of collision.
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Fig. 5 Minimal distance to an obstacle over the planned path
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4.4 Curvature

In Chap.3, we outlined the importance of the curvature of the path for any formation of
mobile robots. A too high curvature or turning motion can lead to an unfeasible motion by
the differential drive mobile robots. In this comparison, we want to show the differences in
curvature between the path planning algorithms and the improvements a spline can provide
to the path. In Figs. 6 and 7, we depict the necessary turning motion a mobile robot needs to
perform in order to be able to follow the path. Here, we present the turning angle for each
path planner and all 50 paths. In Fig. 6, the turning motion is calculated using the root mean
square over the whole path. In Fig. 7, we show the maximal turning angle on the path which
will be the most critical location on the path. We already mentioned the low success rate
of some path planning algorithms in Sect. 4.1, which is reflected in the results by the grey
marked areas where no path was found.

Figure6 clearly shows the difference between the splined and non-splined version by a
much lower average turning motion along the path. The difference between the non-splined
path planning algorithms is minor, whereas the Relaxed A* path planner performs slightly
better. This algorithm benefits from the high number of path points due to the long straights
in the planned paths. The other three path planning algorithms use a roadmap that expels a
turning motion when passing an intersection, which results in a higher average value.

Figure7 shows that the Relaxed A* path planner has the highest turning angles in its
path. This is due to the grid-based pathfinding algorithm that only contains 0 ◦, 45 ◦ and
90 ◦ turns. The other three path planning algorithms perform equally but better than the
Relaxed A* algorithm. Figure7 clearly visualizes the importance of using splines to smooth
out the path to reach minimal turning angles along the path. The PRM, Relaxed A* and
Voronoi maximal turning angles significantly improve when using the splined variant. Only
the Splined RRT* path planner does not feature any improvement to the initial one. This
can be explained by the inability of the spline creation and optimization to reach the desired
curvature in the critical locations on the path.
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Fig. 7 Maximal orientation change on the path

5 Conclusion and Outlook

We have presented a comparison between the PRM, RRT*, Relaxed A* and Voronoi path
planning algorithms. We have also included an existing method for creating continuous and
smooth paths, which was applied to all mentioned path planning algorithms. This results in
eight series of measurements that were investigated using the criteria planning success, path
length, obstacle distance and curvature. We conclude that the sampling-based path planning
algorithms are only suited for a big and complex map if time requirement allows the use
of a high amount of planning points. The analytically solvable algorithms Relaxed A* and
Voronoi succeeded all path planning attempts in the map. The path length comparison on
this map provided the result that it is not a meaningful metric as the fluctuation in path
length was negligible. The obstacle distance investigation showed that the usage of splines
has to be thought through and improved, otherwise the distance to the obstacles is too small.
The curvature comparison showed that some path planning algorithms like Relaxed A* and
Voronoi are more suitable to be used with splines as these indicate a bigger improvement.
The results provide a foundation for a selection on which path planning algorithm to choose
for a multi-robot system that moves as a formation. In the future, we will further investigate
the spline generation and optimization due to its lower success-rate than the default path
planning algorithms.
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Material-Adapted Gripping and Handling
of PEO-Based Cell Components
for All-Solid-State Battery Cell Stacking

Do Minh Nguyen, Timon Scharmann, and Klaus Dröder

Abstract

Lithium-ion batteries (LIBs) immensely contribute to the electromobility’s success for
achieving climate change goals. As LIBs are forecasted to succumb to optimization
limits in the coming decade, next generation battery technologies, such as all-solid-
state batteries (ASSBs), gain noteworthy attention for meeting ever-increasing cell
performance requirements. By deploying solid electrolytes (SEs), compared to liquid
electrolytes in current LIBs, ASSBs benefit from enhanced safety against flammability
and allow for the usage of lithium metal anodes for higher energy densities. Here, poly-
mer solid electrolytes, such Polyethylene oxide (PEO), are widely used for their high
flexibility and hence beneficial processability properties compared other SEs. How-
ever, their adhesive behavior poses challenges when conducting handling and stacking
processes with conventional grippers during cell assembly. In this research, we present
a parameter study on ASSB handling and stacking with PEO-based cell components
aiming to promote process understanding and point out optimization potentials. An
experimental design for testing different grippers is devised by which deposition accu-
racy is systematically assessed in relation to the holding force, gripper speed, and
placement distance. Within this evaluation, the electrostatic gripper with a Polytetraflu-
oroethylene (PTFE) dielectric provides adequate position and orientation accuracies in
almost all experiments while showing improved accuracies with higher holding forces.
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Parameter settings achieving higher overall deposition accuracies for all tested grip-
pers are identified. This research provides insights into the establishment of stacking
processes for realizing an industry-scale ASSB production.

Keywords

All-solid-state-battery • Battery production • Cell stacking • Electrostatic gripper •

Deposition accuracy • Polymer electrolyte

1 Introduction

Facing rapid decarbonization in the automotive sector, lithium-ion batteries (LIBs) estab-
lish themselves as a key technology driving the transition towards electromobility. As
current LIBs are subject to performance issues due to insufficient energy and power
densities along with unfavorable charge rates, new battery generations, such as all-solid-
state batteries (ASSBs), rise to prominence for overcoming these obstacles and meeting
requested demands. In ASSBs, solid electrolytes (SEs) are used instead of liquid elec-
trolytes for significantly improving system safety as the risk of leakage and flammability
is reduced [1]. Additionally, this enables the usage of lithium metal anodes (LMAs) for
tackling the aforementioned performance demerits of LIBs [2]. Compared to ceramic SEs
with a brittle nature, polymer SEs, such as Polyethylene oxide (PEO), not only exhibit
high stability against lithium but also show great processability as a result of their flexi-
bility [1]. Despite this, conducted material tests with PEO-based cell components at our
facilities showed its high mechanical sensitivity along with increased deflection tenden-
cies and a noteworthy adhesive behavior, especially in contact with itself. Both factors
become a potential challenge in ASSB cell assembly with its multitude of handling oper-
ations and the desired battery cell quality, for which process adaptions in accordance to
new materials are required.

Current research on handling of ASSB cell components is scarce and focuses on the
handling of LMA which exhibits a similar mechanical sensitivity and adhesion towards
the machinery to PEO [3–5]. As handling of polymer-based SEs has not been addressed
specifically yet, the need for gripping concepts aiming for an efficient handling of solid
electrolytes becomes apparent. This publication presents a parameter study investigating
the handling of PEO-based cell components in ASSB cell stacking with material-adapted
grippers. This experimental approach, being derived from production-relevant material
properties as well as set requirements on the desired handling system, is finally validated
considering specific process parameters.
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2 Handling and Gripping in Battery Cell Assembly

In battery cell assembly, handling operations mainly occur during cell stacking in which
electrodes and separator/electrolyte are built into a compound cell stack. Three different
processes have been established for cell stacking and are shown in Fig. 1.

In cell winding (Fig. 1a), continuously fed electrode and separator webs are wound
around a winding core [6]. Occurring small bending radii induce high material bending
stress making this process unsuitable for brittle or stiff materials which concerns ceramic
SEs [7, 8]. When being coated on both sides, the adhesive behavior of polymer-based
SEs poses challenges in the web-based material provision as the material cannot be eas-
ily unwound. In z-folding (Fig. 1b), grippers deposition single sheet electrodes on the
continuously fed separator web which is then alternatingly folded over the electrodes’
edge and thereby forms a meander shape [6]. As with cell winding, the listed factors
deem z-folding inappropriate for processing of SEs. In contrast, in single sheet stack-
ing, electrodes and separator are provided as single sheets and alternatingly stacked onto
each other by grippers [6]. Advantages such as high material and format flexibility along
with low material bending stresses distinguish single sheet stacking as the most preferred
ASSB cell stacking process in future production systems [7, 9].

Grippers as the main component in interacting with the cell components can be divided
according to their working principle.

Figure 2 gives an overview on different grippers used in battery cell assembly with
their respective working principle. The shown concepts belong to force-closed gripping
principles for ensuring material-sensitive handling of such limp foils [10].

Pneumatic grippers (Fig. 2a–c), especially vacuum suction grippers, are most com-
monly used as state-of-the-art handling solutions in LIB cell assembly and were already

Fig. 1 Cell stacking methods, aWinding process with continuous electrode and separator web, b Z-
folding process with single sheet electrodes and continuously fed separator web, c Single sheets
stacking process with single sheet electrodes and separators
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Fig. 2 Grippers principles used in battery cell production, a Bernoulli gripper, b Vacuum suction
gripper, c Cyclone gripper, d Electrostatic gripper [11]

intensively investigated towards their applicability in ASSB cell stacking by different
researchers [3, 4, 10, 11]. Vacuum suction grippers (Fig. 2b) create a holding force via
vacuum between gripper and electrode which is ideally evenly distributed over the entire
gripper surface via numerous holes for surface load reduction. Central disadvantages lie
in the necessity for a process medium and the potential material adhesion due to electro-
static charge and surface damage resulting from mechanical contact. In contrast, Bernoulli
grippers (Fig. 2a) allow for contact-free material handling by means of compressed and
fast-flowing air streams creating overpressure and thus a lifting force. However, uncon-
trolled and gap-dependent vibrations potentially hinder safe electrode handling [4, 11].
Another gripping principle utilizing overpressure is the cyclone gripper (Fig. 2c). Here,
a circularly rotating air flow generates negative pressure in the gripper’s center resulting
in an overpressure with fast air flow between gripper and electrode. The resulting lifting
force also exhibits a dependency on the gap but with distributed fixation of the electrode
and comparably low air consumption [12]. In contrast, the electrostatic gripping princi-
ple (Fig. 2d) utilizes the attractive Coulomb force generated by an electric field acting
between the gripper and workpiece for creating a lifting force. The gripper features two
bipolar conductive electrodes charged with AC or DC power which are spatially separated
and electrically insulated from the opposing workpiece by a dielectric. This dielectric
prevents a charge equalization and dielectric breakdowns at high voltages. Assuming an
ideally homogenous electric field influencing infinitesimally small charges in the work-
piece, an electrostatic gripper potentially achieves a more homogonous force distribution
over its surface compared to vacuum suction grippers. In recent experimental handling
investigations with LMAs in our institution, an electrostatic gripper prototype with a
Polytetrafluoroethylene (PTFE) dielectric surpassed established pneumatic grippers con-
sidering the achieved deposition accuracy. Here, the usage of AC power is advised for
potentially minimizing adhesion due to the periodic polarization change. In this research,
the following grippers are investigated:
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• Vacuum suction gripper with a METAPOR contact surface (VSG-METAPOR),
• Vacuum suction gripper with a PTFE contact surface (VSG-PTFE),
• Bernoulli gripper (BG),
• Electrostatic gripper with a PTFE dielectric (ESG-PTFE), and
• Electrostatic gripper with a DLC dielectric (ESG-DLC).

METAPOR refers to a microporous polymer with a homogonous pore distribution for
enabling lower surface loads over its smaller holes compared to the PTFE material used
in the VSG-PTFE. For sufficient material adaption, the entire handling system must fulfill
requirements considering material properties, the assembly process, and established han-
dling principles. Konwitschny et al. as well as Fröhlich et al. listed the following criteria
for ASSB cell component handling systems [4, 5]:

1. Damage-free component processing with avoidance of particulate contamination,
2. Adjustable and homogenously distributed lifting forces with high reproducibility for

repeated handling processes,
3. Fast build-up and breakdown of a lifting force to ensure fast handling cycles,
4. Reliable and sufficient deposition accuracy,
5. Material separation when gripping from loaded stacks,
6. Avoidance of material adhesion after deposition, and
7. Possible lifting force generation in conditioned atmospheres with low media consump-

tion.

This research focuses on the analysis of the deposition accuracy during gripping as a
quantifiable measure for evaluating and comparing different gripping concepts. It is char-
acterized by the pose accuracy APi as well as the pose repeatability RPi according to ISO
9283 [13]. While this norm describes pose accuracy as “the deviation between a command
pose and the mean of the attained poses when approaching the command pose from the
same direction”, it depicts pose repeatability as “the closeness of agreement between the
attained poses after n repeat visits to the same command pose in the same direction” [13].
Both aspects are divided into components considering position in x, y, z-axes (position
accuracy and repeatability) and the orientation around those axes (orientation accuracy
and repeatability) while being calculated as follows [13]:

Pose accuracy:

Position accuracy:

APx,y =
√

(x − xc)2 + (y − yc)2 + (z − zc)2 (1)

x = 1

n

n∑
j=1

xj y = 1

n

n∑
j=1

yj z = 1

n

n∑
j=1

zj (2)
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Orientation accuracy:

APϕ =
⎛
⎝1

n

n∑
j=1

ϕj − ϕc

⎞
⎠ (3)

Pose repeatability:

Position repeatability:

RPl = l + 3Sl (4)

l = 1

n

n∑
j=1

lj (5)

lj =
√(

xj − x
)2 + (

yj − y
)2 + (

zj − z
)2 (6)

Sl =
√∑n

j=1(lj − l)

n − 1
(7)

Orientation repeatability:

RPϕ = ±3Sϕ = ±3

√∑n
j=1

(
ϕj − ϕ

)2
n − 1

(8)

where xc, yc, zc and φc are coordinates or angles of the command pose and xj, yj, zj and φj
are those of the j-th attained pose. As mentioned in [14], increasing deposition accuracy
values can be correlated to a decrease in discharge capacity which is undesired. According
to Mooy, deposition accuracy should not exceed 0.5 mm in position and 0.5° in orientation
accuracy as well as repeatability in order to guarantee sufficient cell performance which
is assumed for the following sections [15].

3 Experimental Design and Setup

Considering the specimen type, experiments are performed on cathodes consisting of
lithium iron phosphate (LiFePo4) and carbon black as an active material where PEO with
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) is applied as a SE. These are manu-
factured and provided by the Institute of Particle Technology of the Technische Universität
Braunschweig in using a solvent-free processing via melt granulation, subsequent extru-
sion, and direct calendering. Details on the conducted dry electrode processing routes
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Fig. 3 Schematic test setup, including component details, movement sequences (red), and varied
process parameters

are further discussed by Helmers et al. [16]. The cathodes feature a coating thickness of
60 µm on 20 µm thick aluminum substrates and are cut to the overall dimension of 50×
70 mm2.

Figure 3 depicts the devised setup for the experiments aimed to minimize disturbances
while ensuring high result reproducibility.

Here, the tested grippers, mounted on a vertical articulated robot arm (FANUC LR
Mate 200iD/4S), grab the PEO-based cathodes from the deposition surface. The cathodes
are then exposed to vertical and horizontal robot movements and finally released onto
their initial position on the lighted deposition surface. A camera with a ring light and
an image processing software are then used to visually analyze the difference in x- and
y-coordinates and orientation (rotation around the z-axis) in comparison to a reference
for calculating the deposition accuracy. With a distance of 70 cm between camera lense
and deposition surface as well as a camera resolution of 5,742×3,648 px, the camera
is capable of detecting displacements errors with tolerances of 0.034 mm. The Python-
based image processing software consists of a Gaussian filter for noise reduction along
with edge smoothing and a Canny algorithm for edge detection via brightness contrast.
This is devised in accordance to the setup thoroughly described in [3]. Following the
camera-based analysis, the specimens can then be grasped again for another iteration of
the handling process. All movements are carried out as linear movements to ensure ideal
congruence between gripper and specimen during pickup and release. The measured val-
ues are then used to calculate the total deposition accuracy as the superposition of position
accuracy and repeatability as well as orientation accuracy and repeatability with formula
(1)–(8). The deposition accuracy is systematically evaluated in relation to the holding
force Fhold , the gripper speed v2 and v3 and the placement distance x. The variation steps
shown in Fig. 3 are derived from pretests, including a holding force normalization for
correlating the holding force with the applied pressure or voltage. For emphasizing the
effects of lateral acceleration on the specimens during handling, both vertical movements
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are kept at the same speed (v1 = v4 = 25 mm/s). Overall, the experimental design con-
sist of 75 experiments per gripper with 30 iterations each according to ISO 9283 [13]. A
reference is taken before each experiment and used in every iteration for the evaluation.
With a chosen horizontal movement length of 700 mm, the average duration of one itera-
tion is around 22 s. Experiments are conducted in the dry room of the Battery LabFactory
Braunschweig of the Technische Universität Braunschweig featuring a room temperature
of 20 °C and a dew point of −40 °C.

4 Results and Discussion

During testing, the ESG-DLC is not able to achieve sufficient gripping of the PEO-based
cathodes with the chosen AC voltages, so that therefore these results are omitted. When
testing the BG, sufficient specimen handling is not achieved at higher pressures and place-
ment distances due to occurring specimen vibrations which hinder a safe transportation
of the cathodes after they have been gripped. These results are therefore also omitted.

Figure 4 shows the total deposition accuracies as the superposition of position and
orientation accuracy (columns) and position and orientation repeatability (red error bars)
for the remaining tested grippers. An excerpt of the gripper speed and placement distance
variation is shown for the purpose of clarity.

Both tested vacuum suction grippers do not meet the proposed total position accu-
racy and repeatability limits for the majority of the experiments with very high position
repeatability values of APx,y = 1.5–2 mm. The VSG-PTFE only achieves acceptable posi-
tion accuracies and repeatabilities during the placement distance variation, starting from
0.6 mm with lower holding forces of Fhold = 30 mN. Deviations to the set orientation
accuracy and repeatability are lower compared to the position accuracy and repeatabil-
ity while only being sufficient at lower gripper speeds of v2,3 = 25 mm/s with values of
APφ = RPφ ≈ 0.25°. In contrast, the VSG-METAPOR meets set orientation accuracy and
repeatability throughout all tested holding forces and gripper speeds at lower placement
distances of x = 0.2 mm. Only the position accuracy seems to improve with increasing
holding forces at v2,3 = 250 mm/s. As partial specimen adhesion before deposition is
observed at the highest occurring accuracy and repeatability values, both grippers’ poor
performance can be attributed to occurring mechanical contact and therefore electrostatic
charge within the specimens with increasing holding forces or decreasing placement dis-
tances. Both factors impair an adequate deposition as detected during placement distance
variations with x = 0.2 mm and holding force variations with Fhold = 120 mN for both
grippers. Considering optimized parameter settings, both grippers show their best results
at the lowest gripper speed of v2,3 = 25 mm/s and lower holding forces of Fhold =
30–60 mN. While the lowest deposition accuracy value is achieved at higher placement
distances starting at x = 0.8 mm for the VSG-PTFE, the optimal placement distance
for VSG-METAPOR is x = 0.4 mm. In summary, the results delivered by both vacuum



Material-Adapted Gripping and Handling of PEO-Based Cell … 119

Fig. 4 Result overview of total the deposition accuracy for the tested grippers with set parameters

suction grippers are unsatisfactory for handling PEO-based cathodes during ASSB cell
stacking.

In comparison, the ESG-PTFE with AC power reaches sufficient total deposition accu-
racy in almost all experiments with combined values of around 0.3 mm considering the
position and 0.2° considering orientation (Fig. 4). The combined value of position accu-
racy and repeatability exceeds the desired limit only during one parameter configuration
by 0.13 mm. During the holding force and gripper speed variation, an elevated holding
force of 120 mN has shown to improve the accuracy and repeatability for both posi-
tion and orientation. As seen with the vacuum suction grippers, a decrease in placement
distance appears to correlate to higher accuracy and orientation values which can be
attributed to the higher likelihood of adhesion. Also, experiments with placements dis-
tances higher than x = 1 mm exhibit worse gripper performance with higher deviations in
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accuracy and repeatability from the reference. Calculated position and orientation repeata-
bility values are slightly higher than the respective accuracy values, especially at lower
holding forces of Fhold = 30 mN and grippers speeds of v2,3 = 25–150 mm/s. For opti-
mized deposition accuracy, the combination of a higher holding force of Fhold = 120 mN,
a lower gripper speed of v2,3 = 25 mm/s, and a high placement distance of x = 1 mm is
desired. As sufficient deposition accuracy is achieved even with elevated gripper speeds
of v2,3 = 250 mm/s when testing the ESG-PTFE, we propose the usage of such speeds
for minimizing stacking cycle time. Therefore, the usage of ESG-PTFE for ASSB cell
stacking could close the gap towards an industry-orientated ASSB cell assembly. Never-
theless, specimen adhesion onto the machinery is occasionally apparent even after power
shutdown which points to a remaining polarization of the gripper or specimens. Compo-
nent adhesion could be tackled by applying different dielectrics in the gripper design or
through the usage of ion blowers. Further testing with DC power should be considered.

5 Conclusion and Outlook

The main goal of this research is the thorough investigation of ASSB handling and stack-
ing process with adhesive and mechanically sensitive PEO-based cathodes for realizing
sufficient and optimized ASSB cell assembly. It serves as a main contribution for process
development towards industry-scale ASSB production. This is achieved by a systematic
experimental assessment of significant process parameters during cell stacking and their
influence on the deposition accuracy. Despite identifying optimized parameter configura-
tions for each tested gripper, the electrostatic gripper with a PTFE dielectric has proven to
be the most suitable option for the tested PEO-based cathodes. Nevertheless, the remain-
ing specimen adhesion in several iterations and even after power shut down leaves room
for improvement in the experimental setup. Conducted pull-off tests with PEO-based cath-
ode material under different specimen temperatures suggest the beneficial reduction of the
PEO’s adhesive behavior with specimen cooling, so that a sufficient specimen cooling sys-
tem could be beneficial in future experimental setups. Additionally, tests with DC power
and voltages above 1.5 kV could be of interest. As the negative influence of particulate
contamination during electrode handling on the resulting cell performance is apparent
[11], investigations on specimens’ surface damages after gripping should additionally
be included for thorough gripper evaluations. The proposed experimental design with
improvements will be used for future gripper evaluations with other SE types, e. g. sulfide-
based SEs, and compound components, such as cathode-separator-electrolyte-compounds,
for more realistic use cases of industry-orientated ASSB production.
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Framework for Automatically Generating
Robot Programs of Multi-Heavy-Duty-Robot
Systems

Shuxiao Hou , Mohamad Bdiwi , and Steffen Ihlenfeldt

Abstract

In today’s car body shop, the number of cases where multiple robots share workspaces
is growing rapidly. This trend means more productivity—but it poses a challenge to
program the increasingly complex robotic systems. We present a framework for auto-
matically generating robot programs of multi-heavy-duty robot systems in car body
manufacturing. The framework was verified in a simulation environment. The results
show that the presented framework can reduce the programming effort and production
cycle time.

Keywords

Robot motion planning • Industrial robot • Multi-robot-system

1 Introduction

With the rapid evolution of agile manufacturing, industrial robots are widely used in the
car body shop, such as in spot welding, flow-drill screwing, handling and other manufac-
turing processes. Due to space limitations in the production line and the flexibility of the

S. Hou (B) · M. Bdiwi · S. Ihlenfeldt
Fraunhofer IWU, Reichenhainer Straße 88, 09126 Chemnitz, Germany
e-mail: shuxiao.hou@iwu.fraunhofer.de

M. Bdiwi
e-mail: bdiwi.mohamad@iwu.fraunhofer.de

S. Ihlenfeldt
e-mail: steffen.ihlenfeldt@iwu.fraunhofer.de

© The Author(s) 2025
S. Ihlenfeldt et al. (eds.), Annals of Scientific Society for Assembly, Handling
and Industrial Robotics 2023, https://doi.org/10.1007/978-3-031-74010-7_11

123

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-74010-7_11&domain=pdf
http://orcid.org/0000-0003-3974-5299
http://orcid.org/0000-0001-7070-9988
http://orcid.org/0000-0002-9258-5178
mailto:shuxiao.hou@iwu.fraunhofer.de
mailto:bdiwi.mohamad@iwu.fraunhofer.de
mailto:steffen.ihlenfeldt@iwu.fraunhofer.de
https://doi.org/10.1007/978-3-031-74010-7_11


124 S. Hou et al.

Fig. 1 Typical engineering process from planning to deploying of a robot system

agile production process, robot-based manufacturing stations have become more complex.
This complexity poses new challenges for the planning and programming industrial robot
systems.

Figure 1 shows a typical engineering process from planning to deploying a new robotic
system. After selecting the robots and other equipment and determining the work cell lay-
out, the robot programmer begins to program the collision-free robot motion offline in a
simulation environment. The manually generated robot programs are then transferred to
the robot controller. Simulation-based offline programming enables early creation and val-
idation of the robot programs before the system is not even physically exists. Furthermore,
offline programming allows the robot to continue working while the programmer changes
the program, reducing the downtime required if the robot is being programmed live.

However, manual offline programming the motion of multiple robots in the complex
production line is very time-consuming, as the engineer must take many various factors
into account when programming the robot motion:

– Avoidance of collisions between the robot and static interfering contours in the
environment.

– Definition of interlocking areas and logic to avoid collision between multiple robots.
– Avoidance of singularity of robot kinematics.

After the initial robot motion is generated, the specified cycle time should be achieved by
iteratively manual optimization of the robot motion.

Figure 2 shows a production cell with four robots for a spot welding application, where
15 welding spots (colored ball in Fig. 2) are set. More than 100 program instructions are
created for this application. The manual effort increases rapidly in a car body manufac-
turing production line with several hundred robots and several thousand welding spots.
Agile production requires flexible replanning of the process flows with high productivity.
Even seemingly minor changes in the production process, such as altering the order of
welding spots, can necessitate replanning the paths and interlocking logic of the involved
robots, leading to multiple iterations in order to optimize cycle time. Therefore, manual
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Fig. 2 Production cell with four robots for spot welding application

robot programming can no longer meet these requirements and automatically generating
robot programs is currently an urgent need.

2 Related Works

2.1 Automatic Path Planning Methods

Automatic path planning methods can be divided into two types. They are sampling-based
methods and optimization-based methods.

In the sampling-based path planning methods, a few samples (the red points in Fig. 3a)
are generated in the workspace. Connecting the samples generates a collision-free trajec-
tory from the start to the goal configuration. The core of sampling-based path planning
methods is generating collision-free robot configurations, so-called “samples”. In [1–8],
different sampling-based path planning methods with different sampling strategies are
developed. Due to the random nature of the sample generation, the generated robot tra-
jectories may contain redundant points, which increases the executing time of the robot
motion.
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Fig. 3 a Sampling-based path planning method, b–d Opitimization-based path planning method

Optimization-based path planning methods generate an optimal motion considering
various constraints and criteria such as dynamics, smooth motion and collision avoidance.
The optimization usually starts with a direct connection between start and goal configu-
rations (Fig. 3a). Since the direct connection usually leads to the collision between robots
and obstacles in the environment, several iterative optimization loops are required to gen-
erate a collision-free path. For example, during the optimization, the robot avoids the
obstacle (B-pillar of the car body) step by step (Fig. 3b, c). However, the optimization
technique has limited success in the path planning of the high-dimensional robot. This can
be mainly attributed to two reasons: the high computational cost of optimization problems
with complex cost functions or constraints and the local minima in the computation of
the non-convex optimization problems [9–12].

2.2 Gap Between Automatic Path Planning Methods
and Deployment in Practical Applications
of Multi-Heavy-Duty Robotic Systems

Most sampling-based and optimization-based methods can only generate the robot
motions in the form of low-level motion commands, such as the interpolated position or
angle of the robot joints (such as a series of interpolation points along the robot trajectory
in Fig. 3). However, the control systems of most heavy-duty robots only provide the possi-
bility to program the robot motions with high-level motion commands, e.g., point-to-point
and linear motions. Therefore, the low-level motion commands generated by the meth-
ods described above cannot be directly deployed in most control systems of heavy-duty
robots.

Furthermore, the interlocking of multiple robots should be implemented in a higher-
level control system to coordinate the motion of multiple robots. The methods mentioned
above cannot generate interlocking logic and are only used to plan the motion of a single
robot.
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3 Framework for Automatically Generating Robot Programs
of Heavy-Duty Robot Systems

In order to automatically generate the control programs for robot systems—especially
the multi-robot systems with multiple heavy-duty robots—a framework was developed
in the course of a research project. The workflow of the presented framework (Fig. 4)
consists of four functional modules. The modularized workflow enables the combination
of the advantages of sampling-based and opting-based path planning methods. Compared
to the path planning methods presented above, the framework generates the robot motion
as high-level robot motion commands and interlocking signals, which can be directly
transferred to the robot control system. The details of the function modules are presented
in this section.

3.1 Model Manager

In the “Model Manager” module, the cad data relevant to motion planning is imported
and processed in a suitable data structure. The information includes the geometry and
kinematics of the robots, safety concepts and geometry of obstacles in the environment.

3.2 Trajectory Generator

The relevant information described above is then passed to the module “Trajectory Gener-
ator”. In this module, sampling-based trajectory planning algorithms have been integrated
to generate multiple trajectories (initial trajectories) that fulfill the derived boundary con-
ditions (Fig. 5a). Furthermore, the presented framework allows the user to flexibly set
how many initial robot paths should be generated and which ones should be optimized in
the subsequent module. The following boundary conditions are considered:

Fig. 4 Workflow of the presented framework
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Fig. 5 a Optimization of the robot motion based on a valid initial robot trajectory. b Division of
the optimized robot motion into sub-segments. c Approximation of the robot motion with high-level
motion commands: Linear motion shown as blue arrows and point-to-point motion shown as green
arrows

– Collision avoidance with static obstacles: It should be ensured that the generated
trajectories do not collide with static disturbance contours in the environment.

– Collision avoidance with other robots: The motions of all other robots are considered
as dynamic obstacles. If the workspaces of several robots overlap, the overlapping
areas are calculated and defined as interlocking areas.

– Other boundary conditions: The kinematic, process-related and safety-related boundary
conditions are taken into account.

3.3 Trajectory Optimizer

The initial robot trajectories are optimized in the module “Trajectory Optimizer”
according to various criteria. The following criteria are considered:

– Execution time of trajectory: It is always necessary to reduce the production cycle
time, which can be achieved by optimizing the executed robot motion

– Interlocking logic: The unnecessary waiting time of the robots are optimized by
minimizing the interlocking areas.

The optimization in this function module starts from valid initial robot trajectories that
already fulfill the derived constraints. Therefore, the optimization time is significantly
reduced. Furthermore, local minima can be avoided by simultaneously optimizing several
initial robot trajectories.
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3.4 Robot Program Constructor

Since the optimized trajectories are described in form of interpolated joint angles, they
should be converted into high-level motion commands in module “Robot Program Con-
structor”. The trajectory is first divided into several segments (red line in Fig. 5b). The
interpolated joint angles on each segment are approximated by a high-level motion com-
mand. Suppose the robot motion of an approximated high-level motion command does
not collide with other obstacles and other robots. In that case, the segment is replaced by
the high-level motion command (Fig. 5c). Otherwise, the segment is divided further and
the approximation should be performed again.

In addition to the high-level movement commands, the locking signals are derived from
the optimized interlocking areas. The time points at which each robot enters and leaves
overlapping areas are calculated.

4 Result

The presented framework was verified in a typical spot welding application with a multi-
robot system in the body-in-white shop. The confined space and the complex couture of
the car body make programming the robot motion and interlock logic difficult. The pro-
posed framework eliminates the need for manual planning, resulting in a complete savings
of effort in that regard. Furthermore, Table 1 compares the manually programmed robot
programs with the automatically generated robot programs. The automatically generated
robot programs have reduced the execution time of robot trajectories on the one hand and
the waiting time of the robots in the interlocking areas on the other hand.

This waiting time reduction is attributed to optimizing interlocking areas through our
framework. As depicted in Fig. 6, our framework automatically generates three smaller
interlocking areas (represented by the red cube) during the optimization phase, as opposed
to a single large interlocking area (Fig. 2). In Fig. 2, the robot on the right had to wait
2.4 s until the robot on the left completely exited the large interlocking area. However,

Table 1 Comparison of robot programs generated by the presented framework and manual pro-
gramming

Presented framework Manual

Robot left (s) Robot right (s) Robot left (s) Robot right (s)

Wait time 0,0 1,1 0,0 2,4

Execution time of robot motion 7,8 8,6 8,9 9,1

Cycle time 8,7 9,7 8,9 11,5

Total cycle time 9,7 11,5
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Fig. 6 Automatically generated interlocking areas (red cubes)

with our framework, the robot on the left occupies the first small interlocking area in
just 1.1 s. It then proceeds to the second small interlocking area, allowing the robot on
the right to enter the first small interlocking area. When the robot on the right enters the
second small interlocking area, it does not need to wait as the robot on the left has already
left the second small area. As a result, the wait time for the robot on the right is reduced
from 2.4 to 1.1 s.

5 Conclusion

This paper presented the urgent need for automatically generating robot programs for
heavy-duty robot systems. Then we analyzed various state-of-the-art automatic path plan-
ning methods and issues in the deployment of planned robot motion in control systems
of heavy-duty robots. In order to solve the problems, a framework for automatically gen-
erating robot programs of multi-heavy-duty robot systems was developed. Compared to
state-of-the-art path planning methods, the presented framework generates complete robot
programs, which include high-level control commands and the interlocking logic to coor-
dinate multiple robots. The generated robot programs can be directly deployed into the
robot controllers of different manufacturers. The framework is not limited to a specific
path planning method thanks to the modularization of the workflow. Other new path
planning algorithms can be integrated into the framework in the future.

In a simulation environment, the framework was verified with a real industrial appli-
cation. The results showed that the framework could significantly reduce the engineering
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effort for programming the robot systems on the one hand and improve the quality of the
robot motions in terms of cycle time on the other hand.

Further work includes the verification of the framework in real robot systems. In
addition, the framework can be extended to more applications by considering various
manufacturing technologies.
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Steuerungssystem”.
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Analysis of Surface Properties
for Process-Reliable Handling
with Dry-Adhesive Microstructures

Mirja Louisa Krüger and Kirsten Tracht

Abstract

The aim of this paper is to investigate the influence of different surface parameters
on the adhesion behavior of dry-adhesive microstructures. Selective laser melting sur-
faces, which are partly reworked in a solid rolling process, are used to investigate
the influence of different surface parameters. The surface parameters are determined
using a laser scanning microscope. Experiments with three different test masses and
dry-adhesive microstructures are carried out on the surfaces to determine the pull-off
stress. The experiments show that the surface parameter root-means-square rough-
ness has an influence on the adhesion behavior of the dry-adhesive microstructures.
It becomes clear that the size relationship between the root-means-square roughness
and the tip diameter of the dry-adhesive microstructures has a crucial role in the adhe-
sion behavior. Moreover, increasing the pull-off stress reduces the number of surfaces
where adhesion takes place. Furthermore, it can be seen that when the average ele-
ment length of the ripple is reduced and the total height of the ripple, the arithmetic
average roughness and the mean roughness depth are increased, the adhesion behavior
is reduced. In addition, increasing the pull-off stress leads to a reduction in the num-
ber of surfaces to which adhesion occurs. The reduction in adhesion behavior can be
explained by the impediment of contact formation between the mushroom heads of the
dry-adhesive microstructures and the surface.

M. Louisa Krüger (B) · K. Tracht
University of Bremen, Bremen Institute for Mechanical Engineering, Badgasteiner Str. 1,
28359 Bremen, Germany
e-mail: krueger@bime.de

© The Author(s) 2025
S. Ihlenfeldt et al. (eds.), Annals of Scientific Society for Assembly, Handling
and Industrial Robotics 2023, https://doi.org/10.1007/978-3-031-74010-7_12

133

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-74010-7_12&domain=pdf
mailto:krueger@bime.de
https://doi.org/10.1007/978-3-031-74010-7_12


134 M. Louisa Krüger and K. Tracht

Keywords

Handling • Biological inspired design • Dry-adhesive microstructure

1 Introduction

Some reptiles and insects can easily cling to various surfaces and move forward with-
out having sticky feet. The adhesion and forward movement is made possible by the
microstructures on their feet, whose appearance resembles small hairs, called Spatulae
[1]. In this respect, it is interesting to note that adhesion and forward movement are also
possible on vertically aligned surfaces or even upside down. Based on these findings from
the natural sciences, the geometry of the microstructures is reproduced with the help of
technical materials in order to be able to create a dry-adhesive bond in technical pro-
cesses. The dry-adhesive microstructures can be used as grippers for handling objects [2].
This novel gripper technology is characterized by its reversible adhesion properties. Fur-
thermore, the grippers can be used without electricity, in vacuum and without compressed
air. Handling objects with smooth surfaces poses no problems whatsoever for the dry-
adhesive microstructures. Rough surfaces, on the other hand, can cause more problems
for handling. In addition, handling can be made more difficult by wear and contamination.

The experiments conducted in this paper are intended to determine to what extent
the surface properties have an influence on the adhesion behaviour of the dry-adhesive
microstructures and which surface parameters have a positive or negative effect on the
adhesion behavior.

2 Background

2.1 Dry-Adhesive Microstructures

Dry-adhesive microstructures are artificially structured adhesives made of elastomers that
have a mushroom-shaped structure on the surface. The dry-adhesive microstructures are
made of individual small mushroom heads that can adhere to various surfaces due to
the large contact area and the Van der Waals forces that occur. In addition, the adhe-
sion of the dry-adhesive microstructures can be dissolved without residue and afterwards
the microstructure can be attached to another surface. For this reason, the dry-adhesive
microstructures are suitable for a variety of handling applications.

The development of dry-adhesive microstructures has been guided by the findings of
the last two decades. Arzt et al. [1] divided the research findings into two areas. The first
area is the fibril level where the focus is on the behavior, understanding and development
of fibrillar elements. On the fibril level size, shape, elastic modulus and moisture play a
crucial role in terms of adhesion performance [1].
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In the second area, the array level, it was observed that a large number of individual
fibrils do not behave like a single fibril. This is because the elastic connection of the
fibrils through the support layer, the load distribution on the individual fibrils and the
detachment of the individual fibrils from the contact surface play a decisive role [1].

However, the dry-adhesive microstructures developed from these findings were based
on those of the leaf beetle in their microstructure and do not correspond to the ibrillary
structures of the gecko [3].

2.2 Use of Dry-Adhesive Microstructures with Different Surface
Parameters

For the dry-adhesive microstructures, the surface roughness can be an obstacle in terms
of adhesion, which is created by the intermolecular interactions at a short distance. This
is because, depending on the degree of roughness of the contact surface, the formation of
the interactions can be hindered [1].

Gorumlu and Akask [4] have already experimentally investigated the adhesive force of
mushroom-shaped microstructures with a diameter of 10 µm and a height of 20 µm on
rough surfaces. It was concluded that they adhere worse to a rough surface with a square
deviation Rq of 373 nm and higher roughness values with an adhesive force of 1 N/cm2

than to a surface with a square deviation Rq of 2 nm with an adhesive force of 10 N/cm2

[4].
Materzok et al. [5] also studied dry-adhesive adhesion on flat and rough surfaces and

developed a simulation. They could find out that the pull-off stress of the simulation
matches very well with the pull-off stress of the experiments. The pull-off stress was in
the range between 8 and 20 nN. However, in the simulation and the experiments, only
single dry-adhesive microstructures were investigated, which adhered at an angle. The
length of each dry-adhesive microstructure was 440 nm and the head had a rectangular
shape with edge lengths of 175 nm and 20 nm [5].

Huber et al. [6] found in their experiments with dry-adhesive microstructures that they
exhibited very low pull-off stress between a Rq of 100 nm and 300 nm. Based on these
observations, they suggested that at a Rq value of the magnitude of the dry-adhesive
microstructures, only partial contact between the dry-adhesive microstructures and the
surface is possible, since the roughness peaks are too small for the spatula to adhere to
them [6].

Bauer et al. [7] have also conducted experiments with dry-adhesive microstructures
and they investigated the influence of different surface geometries on the adhesion force.
Squared deviation was used to determine the surface geometries. In the investigations by
Bauer et al. [7], the dry adhesive microstructures were pressed onto flat, rough luminium
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and it became clear that the adhesion was reduced by 35% to 50% compared to mea-
surements on flat, smooth glass substrate. This leads to the assumption that increasing the
roughness reduces the adhesion.

In addition, it was found in the experiments that adhesion is limited by the onset of
buckling and that the mushroom-shaped microstructures adhere better to wavy, rough
surfaces and the pull-off force is greater than with flat tip structures [7].

3 Materials Used for the Pull-Off Experiments

3.1 The Dry-Adhesive Microstructure

For the experiments conducted in this study, dry-adhesive microstructures from the com-
pany Klettband Technik called Gecko®-Tape were used. These dry-adhesive microstruc-
tures replicate the structure of the leaf beetle’s foot, shown in Fig. 1 as a laser scanning
microscope image.

The dry-adhesive microstructures are applied to a silicone rubber film. The silicone
rubber film has a thickness t of 0.34 mm. The mushroom-shaped microscopic adhesive
elements are arranged on one of the surfaces. The mushroom-shaped microstructures have

Fig. 1 Laser scanning microscope image of the dry-adhesive microstructure, taken by T. Brunk-
horst, H. Dierks, H. Siesenis and C. Tuitje
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a height h of approx. 60 µm and a tip circle diameter d of approx. 38 µm, to be seen in
Fig. 1. There is an applied adhesive layer on the other side of the tape.

The tape has the ability to adhere to any smooth and even surface, even if this surface
is wet, greasy or soapy, the adhesive strength of the dry-adhesive microstructures is not
reduced. The Van der Waals forces that form create electrostatic interactions, resulting in
an inter-molecular attraction comparable to that of a magnet. The dry-adhesive microstruc-
tures can be removed without leaving any residue and can be used in a vacuum. It is also
reusable and can be cleaned by washing it with water [8].

The dry-adhesive microstructure tape can be used as grippers, since low-energy adhe-
sion and release is possible. The challenge with the dry-adhesive microstructures is
the wear and contamination behavior. Due to dust and other small particles, the dry-
adhesive microstructures can quickly become contaminated and the adhesive force is
significantly reduced. In addition, it must be found out on which surfaces the dry-adhesive
microstructures adhere well and thus handling is possible.

3.2 The Selective Laser Melting Surfaces

In this study, cubes made from AlSi 316L with an edge length of 50 mm were used. The
cubes were produced by selective laser melting. The surface structure of the cubes was
varied by choosing different hatch distances hd of 150 µm for cube no. 1 and 120 µm
for cube no. 2. The layer thickness of 50 µm, the applied laser power of 235 W as well
as the scanning speed of 700 mm/s were kept constant for both cubes. The two SLM
cubes were deep rolled on two sides. The deep rolling process was carried out with a ball
diameter db of 6 µm, a deep rolling pressure pr of 100 bar, a rolling speed vr of 100 mm/
min and a stepover sf of 0.1 mm [9]. The contact pressure tests were carried out on the
SLM-printed and the deep-rolled surfaces.

The SLM printed and deep-rolled cubes were examined using the VK-X100K/X200K
3D laser scanning microscope from Keyence in accordance with DIN EN ISO 4287.
During the examination, the surface parameters of the 10 surfaces were determined using
the software “VK Analyse Modul”.

The choice of the surface parameter can be traced back to the investigations of
Gorumlu and Aksak [4], Materzok et al. [5], Huber et al. [6] and Moreira Lana et al.
[10]. The investigations of Moreira Lana et al. [10] used the roughness parameters arith-
metic average roughness Ra and the mean roughness depth Rz to describe the surfaces.
For the ripple parameters, Bauer et al. [5] used the average element length of the ripple
WSm and the total height of the ripple Wt in their experiments. In addition, the inves-
tigations of Huber et al. [6] showed that the Rq has an influence on the adhesion at the
same order of magnitude as the dry-adhesive microstructures. The surface parameters of
the individual surface areas can be taken from Table 1. Surface no. 5, 7, 9 and 10 are deep
rolled areas of the SLM surfaces. The other surfaces have not been not post-processed.
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Table 1 Surface parameters of the 10 different surfaces

Surface no Cube no Post-processing Rq (µm) WSm
(µm)

Wt (µm) Rz (µm) Ra (µm)

1 1 57 1054 817 1182 35

2 2 42 1136 495 713 31

3 1 41 953 178 380 32

4 2 35 980 185 372 27

5 1 Deep rolled 21 1521 4 174 17

6 2 20 689 239 353 15

7 2 Deep rolled 20 1719 53 139 15

8 1 19 658 262 362 14

9 2 Deep rolled 5 827 39 69 5

10 1 Deep rolled 5 629 56 97 3

.
The different values for the individual surface parameters of the 10 different surfaces

are due to the fact that two cubes were printed with different hatch distances, the surfaces
are located on different sides of the cube and were partly post-processed by deep rolling.
The surfaces 1, 3, 5, 8 and 10 are on cube no. 1, the surfaces 2, 4, 6, 7 and 9 are on
cube no. 2. The surfaces 1, 2, 3, 4, 5 and 6 are on the top side, i.e. parallel to the layer
orientation, and the surfaces 7, 8, 9 and 10 are on one side of the cube, i.e. perpendicular
to the layer orientation. Due to this distribution of the surfaces over the different sides
of the two cubes, they have different surface parameters. It can be seen, however, that
WSm and Ra of the surfaces arranged perpendicular to the layer orientation are lower
than parallel to the layer orientation.

4 Methodical Approach of the Pull-Off Experiments

The 10 different surfaces described in Chap. 3, the dry-adhesive microstructure also
described in Chap. 3 and three test masses were used for the experiments. The test masses
have a mass of 0.4 g (test mass 1), 1.25 g (test mass 2) and 2.6 g (test mass 3). For the
selection of the masses, it was assumed that the object that is to be handled in further
investigations with the dry-adhesive microstructures with a size of 5 mm×5 mm has a
thickness of 10 mm, a width of 5 mm, a depth of 5 mm and consists of 50% iron and 50%
aluminum. The object to be handled in the future will be manufactured using a sintering
process, therefore the packing density of the mixture is assumed to be 95%. The weight
of the object to be handled is 1.25 g (test mass 2) under these assumptions. In order to
investigate the influence of the change in weight, the weight was doubled (test mass 3)
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Fig. 2 Schematic representation of the experimentation

on the one hand and reduced to one third (test mass 1) on the other. Test mass 1 is also
the weight that the object to be handled would have on Mars.

For each experiment, a new dry-adhesive microstructure, as described in Chap. 3, with
dimensions of 5 mm×5 mm was used.

The test procedure is shown schematically in Fig. 2. In step 1, the surface of the cube
is positioned over the dry-adhesive microstructure attached to the test mass. In step 2,
the surface of the cube is pressed with a force of 20 N for 30 s onto the dry-adhesive
microstructures, which are attached to the test mass.

Afterwards, the cube is lifted with the adhering test mass, see step 3. For the determi-
nation of the adhesion time, the time until the detachment of the test mass was recorded,
as shown in step 4. If the dry-adhesive microstructures continued to adhere to the respec-
tive test mass for more than 30 s, the experiment was terminated. According to the DIN
standards for tensile tests, the experiments were repeated five times on the 10 differ-
ent surfaces, each time with a new, unused dry-adhesive microstructure. For each of the
10 surfaces, five adhesion times were determined from which the mean value for the
adhesion time was calculated. The experiments will be used to investigate whether the
dry-adhesive microstructures are suitable as a gripping object. In order to handle the
gripped objects, they should adhere to the dry-adhesive microstructures for 30 s if possi-
ble. With the help of the 10 different surfaces, a first assessment for the adhesion behavior
of the dry-adhesive microstructures can be performed.



140 M. Louisa Krüger and K. Tracht

5 Results

In the first part of the experiment, test mass 1 with a weight of 0.4 g was used. The
pull-off stress was therefore 15.7 mN/cm2. The test mass adhered for 30 s to eight of
the ten surfaces. In the second part of the experiment, test mass 2, which has a weight
of 1.25 g, was used. The pull-off stress in these experiments was 49 mN/cm2 resulting
in three times the pull-off stress compared to test mass 1. It can be seen that when the
pull-off stress is tripled, compared to test mass 1, seven of the ten surfaces adhere for
30 s. In the last part of the experiment, test mass 3, which has a weight of 2.6 g, was
used. The pull-off stress in these experiments was 102 mN/cm2, resulting in a doubling
of the pull-off stress compared to test mass 2. Here it can be seen that only three of the
ten surfaces adhere for 30 s.

The results of the experiments regarding the root-means-square Rq in relation to the
mean value of the adhesion time are shown in Fig. 3. The figure shows on the one axis
the Rq in blue, can be found in Table 1, for the 10 surfaces and on the other axis the
mean value of the adhesion time for the test mass 1 in green, the test mass 2 in orange
and the test mass 3 in red.

Figure 3 shows that test mass 3 adhered only to the deep rolled surfaces for 30 s.
On surfaces 1, 2, 3, 4 and 10, which are outlined in red in Fig. 3, test mass 3 adhered
with the help of the dry-adhesive microstructures only for less than 30 s. Moreover, test
mass 1 and 2 adhered to the surfaces with a higher Rq for 30 s and did not adhere to the
non-post-processed surfaces 6 and 8, despite a lower Rq value.

Fig. 3 Root-means-square roughness Rq and the adhesion time at the different pull-off stresses of
15.7 mN/cm2, 49 mN/cm2 and 102 mN/cm2 on surfaces no. 1 to 10



Analysis of Surface Properties for Process-Reliable Handling … 141

Fig. 4 Mean value of the adhesion time at a pull-off stress of 15.7 mN/cm2 and the surface param-
eters on surfaces no. 1 to 10

Figures 4, 5, 6 show on the one axis the mean value of the adhesion time (grey) and
on the other axis the different surface parameters of the SLM surfaces WSm (yellow), Wt
(blue), Rz (green) and Ra (red) for the experiments with the 3 test masses. In the first part
of the experiments, shown in Fig. 4, with the test mass 1 the dry-adhesive microstructures
adhere on eight of the ten surfaces. It is noticeable that WSm is less than 700 µm, outlined
in red in Fig. 4, for the two surfaces to which the test mass did not adhere for 30 s. No
correlation can be found for the other surface parameters in this part of the test.

In the second part of the experiment, shown in Fig. 5, it can be seen that when the
pull-off stress is tripled, compared to test mass 1, the dry-adhesive microstructures adhere
on seven of the ten surfaces for 30 s. The dry-adhesive microstructures did not adhere
only to the surface no. 4, 6 and 8, outlined in red in Fig. 5, where WSm is below 1000
µm. No correlation can be found for the other surface parameters in this part.

In the last part of the experiment, shown in Fig. 6, test mass 3, which has a weight of
2.6 g, was used. The pull-off stress in these experiments was 102 mN/cm2, resulting in
a doubling of the pull-off stress compared to test mass 2. Through this the dry-adhesive
microstructures only adhere on three of the ten surfaces adhere for 30 s, outlined in red
in Fig. 6. Figure 6 shows that the dry-adhesive microstructures did not adhere or only
partially adhered to surfaces with a WSm below 1150 µm, a Wt above 55 µm, a Rz
above 175 µm and a Ra above 17 µm.
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Fig. 5 Mean value of the adhesion time at a pull-off stress of 49 mN/cm2 and the surface parameters
on surfaces no. 1 to 10

Fig. 6 Mean value of the adhesion time at a pull-off stress of 102 mN/cm2 and the surface param-
eters on surfaces no. 1 to 10
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6 Discussion and Conclusion

From the experiments carried out, it can be concluded that the surface parameters have
an influence on the adhesion time and adhesion force, since the adhesion time on some
surfaces decreased with an increase in the test mass. It is noticeable in the experiments
with the pull-off stress of 102 mN/cm2 (test mass 2) that WSm is below 1150 µm for
the surfaces on which the dry-adhesive microstructures did not adhere for 30 s. With
a reduction of the pull-off stress, WSm below which adhesion no longer occurs also
decreases. This indicates that WSm has an influence on the adhesion of the dry-adhesive
microstructures. The influence of WSm can be attributed to the adaptation behavior of the
dry-adhesive microstructures, because this is limited due to the geometry of the mushroom
heads. It also becomes clear that the assumption made by Huber et al. [6] that the dry-
adhesive microstructures adhere badly to surfaces with a Rq in the same size scale as
the tip diameter of the dry-adhesive microstructures could be confirmed. This is very
evident on the surfaces no. 1 to 4. Both test mass 1 and 2 adhere to these surfaces for
the maximum 30 s. In addition, test mass 3 adheres to the four surfaces for at least nine
seconds. To the non-post-processed surfaces 6 and 8 with the lower Rq, all 3 test masses
adhered significantly worse or not at all. The reduced number of formed contacts reduces
the adhesion force and consequently less force is needed to release the contacts formed
between the mushroom heads and the surface [11].

The results of the experiments show that the adhesion time decreases with increasing
pull-off stress for surfaces with a low WSm value or high Wt, Rz and Ra values. At a
pull-off stress of 102 mN/cm2, the dry-adhesive microstructures did not adhere for 30 s
for surfaces with a WSm below 1150 µm, Wt above 55 µm, Rz above 175 µm and Ra
above 17 µm. In addition, these showed that the adhesion time decreases with increas-
ing pull-off stress for surfaces with Rq higher than the tip diameter of the dry-adhesive
microstructures. In addition, it can be seen that the dry-adhesive microstructures adhered
very well to the deep-rolled surfaces. When using the dry-adhesive microstructures as
grippers for handling objects, care should therefore be taken to ensure that the Rq is not
in the same size range as the tip diameter of the dry-adhesive microstructures. In addi-
tion, for best adhesion WSm should be as high as possible and Wt, Rz and Ra as low as
possible. When the surface parameters are observed, gripping is possible with these dry-
adhesive microstructures and the dry-adhesive microstructures can be used as a gripping
technology.
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Abstract

Additive manufacturing processes have the potential to economically address the trend
towards greater individualization and shorter product availability driven by global-
ization and digitization. In addition, future products will need to meet regulatory
requirements for reparability to prevent increasing resource scarcity. By repairing prod-
ucts, an extension of the product life cycle can be achieved and, in particular, material
resources can be saved. In the context of a shortage of skilled workers, future manufac-
turing processes must be as flexible as possible to meet a wide range of requirements.
In the field of electromobility, the high volatility of the market presents special chal-
lenges for production engineering. To meet all these challenges, a highly flexible
machine for the additive-subtractive manufacturing of highly functional polymer com-
ponents was developed. With the help of this process chain with inline process control
and an industrial robot for the integration of subcomponents, it is intended to make
fully automated post-processing, repair and modification of multi-material components
using the fused filament fabrication process possible.
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1 Introduction

There is an increasing demand for customized products, for which additive manufactur-
ing processes are particularly suitable due to their high flexibility. The fused filament
fabrication (FFF) process is characterized by comparatively simple machine technology,
low production costs and short production times. However, the main disadvantages are
the rough surfaces, insufficient dimensional accuracy and the need for support structures
in case of overhangs. This results in a high level of manual and time-consuming post-
processing effort and a loss in part quality. Especially for surface-critical applications,
this can exceed the manual effort of conventional manufacturing methods [1]. As a result,
the application is limited to prototyping, and the potential in the area of series production
of individual components remains unused. At the beginning of the COVID-19 pandemic,
for example, many protective masks were additively manufactured [2]. The raw material
cost of the FFF process is comparatively low since hardly any waste is produced. Under
these conditions, series production of individualized parts using 3D printing is in theory
economically feasible. However, the time and cost of manual post-processing is high [3].

Due to critical requirements many complex vehicle components are designed as func-
tional, hybrid polymer parts, which are, however, difficult to access for repairs of the
functional interior (e.g. electronics). This, though, contradicts the “right to repair”, which
is stated in a resolution of the EU Parliament as a requirement for manufacturers “…to
design their products in such a way that they last longer, can be repaired reliably, and
their parts are easily accessible and removable…” [4, 5]. The aim is a long, resource-
saving lifetime with the possibility of reusing and modifying individual components. To
achieve this in a resource-efficient manner, it must be possible to reclaim existing parts
and adapt their functions. In general, the FFF process is suitable as a primary approach,
but it must be extended to include additional process elements [6]. These include the
fully automated integration of inserts (load introduction elements, electronics, etc.) into
the printing process using a robot [7]. Subtractive pre- and post-processing significantly
improve dimensional and surface quality. In combination with a non-planar additive man-
ufacturing strategy, the potential of this process chain for the production of complex
structures has been demonstrated [8, 9].

Commercially available products are highlighted that offer a combination of addi-
tive manufacturing and post-processing steps are highlighted below. Combined printing
and milling systems already exist for large components, such as CEAD’s AM Flexbot
[10] and Thermwood’s LSAM [11]. These products have no sensors, which makes auto-
mated quality control and reactions to print errors impossible. The effector (extrusion or
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Fig. 1 Exemplary workflow for manufacturing, repair and upgrading of 3D printed parts through an
additive-subtractive manufacturing process combined with various pre- and postprocessing

milling) cannot be changed automatically. In addition, both systems only allow an ini-
tial printing and subsequent milling of the surface. Integration of other components or
connecting parts is not possible. The companies Rösler Oberflächentechnik GmbH [12]
and Additive Manufacturing Technologies Limited [13] offer a variety of machines for
automated post-processing of additively manufactured parts from powder bed fusion pro-
cesses. These machines can remove powder residue and support structures from parts
as well as smoothen their surfaces. Automated robotic part loading is available in some
cases. Support structures can only be removed sequentially and individually. Thus, only
partial automation is possible. As a result, due to increasing price pressure, customers
continue to prefer the less expensive mass-produced parts.

Automated additive manufacturing processes currently only exist as research projects
and for powder bed fusion. A few semi-automated individual modules are available [14].
A comparison with the state of the art clearly shows that a system for the fully automated
production of ready-to-use FFF parts does not yet exist. To achieve this functionality,
modules from different manufacturers would have to be combined at a high cost and part
handling would have to be fully automated.

In the context of extended functional integration and the repairability of additively
manufactured polymer components, a process chain as shown in Fig. 1 offers significant
advantages. The combination of different manufacturing principles enables the efficient
production of highly functionalized, customized, hybrid polymer components. Further-
more, an increase in the number of variants can also be realized after the manufacturing
process or during the life cycle, as the process enables modification or targeted repair
of used components. Based on the requirements and an existing 3D printer, fully auto-
mated post-treatment and additive repair are addressed in two new projects. In this paper,
the existing system is presented first, followed by a conceptual implementation of the
extended process chain and finally two use cases for post-processing and repair.

2 Basics

In the context of the increasing demand for individualized functional components and the
associated need for flexible production machines, this chapter presents a hybrid additive-
subtractive fused filament fabrication (FFF) process with a milling spindle and handling
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robot (2.1). This machine concept aims to maximize the degree of automation and min-
imize the use of manual activities by workers. In 2.2, the current workflow of digital
process planning is presented using the so-called “HybridPlaner”.

2.1 Additive-Subtractive 4 K-FFF-Process

As part of the “InnovationsCampus Future Mobility”, a novel additive-subtractive man-
ufacturing process for the production of function-integrated polymer components was
developed. The basis of this additive-subtractive manufacturing process is an FFF module
with four nozzles (multi-material printing—4K) and four axes of motion (x, y, z, C). An
AMB 1050 FME-P DI 230V milling spindle from AMB-Elektrik GmbH was mounted
on the extruder portal to reduce the manufacturing inaccuracy of about 0.3 mm which is
typical for the FFF process. This eliminates play or high process forces during the integra-
tion of functional components by increasing the manufacturing accuracy to 0.02 mm. The
machine also has a KUKA KR6 HA handling robot from KUKA GmbH for integrating
the functional components during FFF printing. Figure 2 shows the basic process flow of
the 4K FFF system.

In the first step, the basic structure is produced using the FFF process. The cavity, i.e.
the negative shape of the part to be integrated, is already provided in the CAD model and
is not filled with a support structure during the printing process. In a layer defined by the
user, the printing process is paused at the machine’s zero point and thus the measurement
of the cavity is started using a 2D camera. An external image processing program is
used to compare the target dimension with the actual dimension. The difference or the
remaining oversize is transferred to the control of the FFF module and converted into a
milling cycle (circular pocket, rectangular pocket, etc.). At the end of the milling cycle,
the pocket is checked again. If the pocket is too large, i.e. the dimension of the pocket

Fig. 2 Process flow of function integration
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is out of tolerance, the machine goes into standby mode. The user receives an e-mail
notification of the current machine status. If the cavity is within the specified tolerances,
the industrial robot is activated. The robot picks up the insert to be placed using a gripper
(suction gripper, parallel jaw gripper or similar) on the passive module provided.

The entire CNC code with printing code, milling commands and position data for the
robot are generated with the help of the so-called “HybridPlanner”—see Sect. 2.2. After
the insert is placed, the printing process is continued and thus the insert is completely
embedded in the FFF structure. Fig. 2 (right hand side) shows three components that were
produced using the 4K FFF process. These components are FFF parts with embedded
steel brackets as force introduction or fixing elements to other components. An Arduino
MEGA with an FFF-printed protective case is also shown. Furthermore, by processing
conductive filament as well as by integrating temperature sensors and threaded inserts
as connection points for the power supply, it was possible to produce complete sensor
circuits [9]. Such sensor circuits are used in [8] to measure the winding temperature of
an axial flux machine for condition monitoring.

2.2 Process Control and Process Planning

The developed 4K FFF machine is controlled by a Beckhoff programmable logic con-
troller (PLC) with a computer numerical control (CNC) extension. With the help of this
CNC extension, it is possible to process CNC codes containing the print and milling data
of the FFF component to be produced following DIN 66,025. The target positions of the
inserts in the FFF part, which are stored in the CNC code, are transmitted bit by bit to the
robot controller (KUKA KRC4) via a serial interface. The inline process control can be
realized during the printing process based on trigger points (variables) in the CNC code or
faults such as the well-known spaghetti effect can be detected at an early stage after each
printed layer [8]. For process planning of the individual process steps (printing, milling,
handling, image processing), the MATLAB-based application “HybridPlaner” was devel-
oped.. The development of the process planning tool is motivated by the fact that up to
now there has been no universal software for hybrid additive manufacturing planning or
software that is adapted to the system concept of the 4K FFF system [15]. The Hybrid-
Planer provides the operator with a graphical user interface (HMI) that allows him to
interactively plan the manufacturing process with all necessary steps. Once planning is
complete, the HybridPlaner automatically generates the corresponding CNC code. This
code is then exported and imported into the HybridPlaner, where it is immediately trans-
lated from the MARLIN-specific code into a DIN-compliant CNC code. This is followed
by the planning of the required imaging, milling and handling processes through a pro-
cess strategy defined by the manufacturing expert. Each added or planned production step
is automatically inserted by the HybridPlaner into the prepared CNC code of the FFF
process at the appropriate places. The result of the process planning and output of the
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Fig. 3 Basic principle of the extension of the base G-code with the sub-process steps

HybridPlaner is an extended file with the CNC code executable by the 4K FFF system.
Figure 3 shows the control code generation in the Hybrid Planner schematically using
exemplary code excerpts.

The software helps the user decide which layer of the part to plan a sub-process on by
providing a graphical visualization of the individual printing layers and a layer-by-layer
display of the CNC code. The actual planning of the various sub-process steps itself takes
place in separate, analogously structured program areas. In each of these windows, the
user enters all the data required to define the sub-process (geometry, process parameters,
machine commands, …) via an input mask, from which the control code is automatically
created and displayed for the user on the graphical user interface (HMI). At the same time,
the defined sub-process is graphically animated so that the user can understand, evaluate
and, if necessary, iteratively adapt the result of his planning. Challenges and limits of the
current process chain are:

• Due to the use of three different software tools (CAD, CUR, HybridPlaner), there is
still a high manual planning effort.

• Expert knowledge is required for all sub-processes.
• If the manufacturing processes to be planned become more complex, the planning

concept of HybridPlaner reaches its limits. If, for example, a complete component
contour is to be post-processed with the help of a milling process, the HybridPlaner
does not offer the necessary range of functions and the program-side support as CAM
solutions available on the market.
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• The existing robot module cannot be decoupled from the FFF module due to the pre-
vailing safety logic. In other words, the subsystems cannot be operated separately or
autonomously. This has so far made flexible use impossible.

3 Conceptual Process Extension of the 4 K FFF Process

With an increasing shortage of skilled labor, there is an urgent need for flexible and highly
automated production systems. In particular, the automated post-processing of FFF parts is
nowadays still dominated by manual tasks (loading and unloading of parts in the cleaning
bath, painting…). Also in the context of increasing resource efficiency, repairing parts can
extend the product life cycle and thus avoid cost- and material-intensive new production.
Based on these facts, the existing 4K FFF machine at the wbk Institute for Production
Science will be extended in terms of software and mechanics to enable automated repair
and post-processing of polymer components. The following points describe the concept
of the extended process chain and the intended control architecture.

3.1 Extended Postprocessing Workflow

A modular manufacturing solution will be built for the fully automated mass production
of individualized, 3D-printed components. Any combination of the individual steps is
possible, as intermediate postprocessing steps can also be realized. A robot kinematic
system on a 7th axis serves as the core handling element. Both the multi-material 3D
printer described above and a wide variety of post-processing modules can be docked
onto this linear axis module with a KUKA KR6 robot (see Fig. 4).

Among other processes, these modules include the following:

• Insert supply and in-process integration by a robot
• Support structure removal using an alkaline or water-based immersion bath
• Optical 3D quality part measurement
• Vibratory grinding for surface smoothing
• Laser ablation

Both the planning of the entire production run and the individual process steps have to
be converted into an automatic planning workflow based on the CAD data. As a result,
the user should only have to create the CAD model and retrieve the finished, fully post-
processed part. The current approach to realizing these concepts is shown in Fig. 4 as a
rendered CAD model.

It shows the existing multi-material 3D printer with an integrated milling spindle. It
also shows the central handling module with the attached robot. Standardized modules
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Fig. 4 Rendering of the
extended process chain. A
robot on a linear axis is used to
transfer the 3D printed parts
from the FFF printer module
between the various other
processing modules

can be attached around this core element. The modules have an electrical connection,
compressed air and an EtherCAT connection to the central switch. With a breadboard-
like hole pattern on the top plate, various postprocessing machinery can be mounted. A
simple storage solution for a variety of grippers or as well as a buffer for workpieces
during production can be realized too.

3.2 Concept of the Digital System Architecture

The following Fig. 5 shows the planned control topology.
The challenges and limitations of the previous system described in Sect. 2.2 are to be

made possible through a targeted change in the control architecture. The focus of this

Fig. 5 Control architecture with modules and module-specific structure of the control system
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consideration should be a system concept that is as flexible as possible, in which the
process chain is configured according to the required process steps.

Topology: In the intended process chain, all systems are connected to a star topology using
Ethernet. Starting from the central control module, all subsystems are connected in a star
topology using a switch. A major advantage of a star topology is the relative simplicity
of expansion and a high transmission rate. In addition, a failure of one component does
not lead to a failure of the entire system. Troubleshooting is simple compared to other
topologies.

Central control module: The central control module or, in other words, the process con-
trol computer primarily forms a human–machine interface to the existing PLSs of the
subsystems. Depending on the part and the required process sequence, the relevant pro-
duction process is to be started and monitored on the connected module. Furthermore,
user-friendly planning of the required part-dependent process steps is to be made possible
within the central control module and thus the control codes of all modules with required
iterations for inline process control are to be generated.

Subsystems: All modules (except image processing) contain their CPU or programmable
logic controller (PLC) with the necessary inputs/outputs to process the module-specific
tasks. In addition, each module has its safety logic, so that an integrated or autonomous
operation can be guaranteed. The control commands of the modules and their sequence
of processing are orchestrated by the central control module.

Image processing: The necessary steps for the inline measurement of the components
employing a 2D or 3D camera are supported by an external computer and image pro-
cessing software in MATLAB. The main task of this computer is the processing of the
image data including the interpretation of the measurement results and the decision on
the further sequence of the process. Such key points are integrated into the control code
of the subsystems by the central control module.

Increased system flexibility: Depending on the component, not all modules or subsystems
are required. Modules that are not required should be placed in a nearby park or operated
autonomously at another location. If it is necessary to connect the modules to form an
overall system, the module-specific safety logic must be linked. With the help of the
TwinSAFE Loader from Beckhoff, flexible linking of the safety controls via customizing
is to be ensured [16]. This means that with the help of a central safety controller (e.g.
FFF module), the safety controllers of the other modules are connected or disconnected
in a user-defined manner. This way of linking the safety logic ensures flexible and, in
particular, safety-compliant operation following the Machinery Directive 2006/42/EG.
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4 Use Cases

The following section presents two projects, which are based on the extended pro-
cess chain. Section 4.1 presents a process chain for automated post-processing of FFF
parts. Section 4.2 describes the concept of a process chain for the automated repair or
modification of broken components.

4.1 Automated Postprocessing of FFF Parts

Aiming at a fully automated generation of 3D-printed objects using FFF printing tech-
nology, the presented concepts are realized in the project Auto-FFF funded by the central
innovation program for SMEs of the Federal Ministry for Economic Affairs and Climate
Action (BMWK). Various use cases demonstrate the bandwidth of necessary processes for
the production of additively manufactured parts. These include challenges in the actual 3D
printing by adding functionalized structures and additional components. But also, in the
subsequent removal of previously required support structures and the finishing of surfaces
through processes such as grinding, dyeing or coating.

Due to the high manual effort involved in these very process steps, automation offers
significant cost and time savings. Up to this point, the contradictions between individuality
and automation have canceled each other out, but 3D printing provides a new and more
efficient market for individualized mass-produced products. However, to meet the quality
demands of consumers, the finishing processes should also be automated.

Figure 6 shows a total of four different use case parts. The housing components require
threaded inserts to fasten other elements. In addition, printed support structures must be
removed. A smooth and suitably colored outer surface of the housing is desired. The
necessary tolerances for the pin connections must also be complied with. The second use
case involves a rounded surface. Here, the staircase effect must be compensated during
post-processing to achieve the required tolerances as well as roughness values. In a third
use case of an RFID tag, different colored materials have to be printed simultaneously. The
RFID electronics installed between the two parts are inserted during the printing process.
In the last of the four use cases, a connector adapter is produced in large quantities of more
than 2500 units. Due to the geometry, support structures have to be removed subsequently.
In addition, a colored coating must be applied. The goal is the continuous automation of
manufacturing processes for the ready-to-use production of individualized parts and their
handling within the interlinked process steps.
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Fig. 6 Collection of parts from various applications with different requirements

4.2 Repair and Modification of Additively Manufactured Parts

The RESTORE project, which is funded by the InnovationCampus Mobility of the Future,
has the goal of developing the necessary fundamentals for remanufacturing process chains
for functional, hybrid polymer parts. Based on the vision of a sustainable and resource-
saving society, which would like to define the long usability of products through a right
to repair, the intention is to expand an existing component-flexible machine in terms of
hardware and software. In the future, this will enable a high degree of flexibility in the
remanufacturing of various components, as the required thermal, mechanical subtractive
and additive process steps of the machine will later be defined exclusively via digital
process planning. The product to be processed is to be opened, disassembled, repaired or
adjusted for the intended purpose by the machine and reassembled for further use (reman-
ufacturing). This remanufacturing strategy offers essential advantages in the context of
resource efficiency and reparability. By using the extended process chain, transport routes
are eliminated, handling operations are simplified and iterative and combined use of the
different manufacturing principles is made possible. Using a highly hybridized polymer
component in the form of an adaptable and repairable axial flux machine (AFM), a repair
process (e.g. the replacement of a defective motor winding) and a modification process
(e.g. insertion of a pole shoe with higher packing density and thus higher torque) are to
be demonstrated. Essential research contents of this project are:

• Creation of a development guide for components to be repaired
• Creation of a failure catalog and failure categories
• Enabling the machinery for the repair / modification process
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• Derivation of process strategies for damage-minimized disassembly/assembly
• Demonstration of technical feasibility based on the axial flux machine

To analyze and enable the remanufacturing process of the axial flux machine, all process
steps are analyzed based on a function plan according to DIN 2860. \* MERGEFORMAT
Fig. 7 shows the principle sequence of the process chain for the case of the replacement
of a defective pole shoe. The axial flux machine is first fed into the process in a fully
ordered manner and clamped in place. With the help of a laser process to be developed,
a minimally invasive opening of the electric motor is to be achieved. After removing the
housing cover, the defective pole shoe is cut out. After the seat of the pole shoe has
been prepared (e.g. milling process), the new pole shoe is inserted. Finally, the previously
removed housing cover is joined and the complete axial flux machine is assembled. Dur-
ing the entire process, inline process control data will be collected and analyzed so that
elements of the AFM are always correctly gripped and handled. The following challenges
are to be addressed within the scope of this research project:

• Development of suitable gripping and clamping technology
• Derivation of software-based data processing including all test steps
• Experimental determination of a minimum damage process strategy
• Proof of the technical feasibility of the system (repair and modification process)

Fig. 7 Exemplary flow chart according to DIN 2860 for the replacement of a defective pole shoe of
an axial flux machine
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5 Conclusion and Outlook

Additive and especially automated manufacturing of highly integrated components is play-
ing an increasingly important role in today’s world. In the context of a growing shortage
of skilled workers, increasing individualization and, in particular, the growing right to
repair products at the end of the product life cycle, production technology is facing major
challenges. In addition to the fully automated production of highly integrated components
(Auto-FFF), the automated repair (RESTORE) of components is also becoming the focus
of research and development. In two affiliated projects, a fully automated production of
FFF components with post-processing and the repair of plastic components are to be
made possible in the future based on an existing machine concept with flexible control
architecture (star topology). The next steps deal with the implementation of the existing
machine concept and the realization of a flexible control architecture.
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Abstract

One of several challenges while dimensioning components of handling systems is
the consideration of force and torque influences acting during operation in the cor-
rect order of magnitude based on the process used. With existing design approaches
dynamic loads in particular are usually not adequately taken into account and therefore
high safety factors are selected. However, this also increases the weight and usually
the costs. To reduce over-dimensioning, this paper presents a methodical approach
for dimensioning and structural optimization of components. The method combines a
multi-physical simulation and finite element analysis to improve the design of com-
ponents, considering the process-related forces and moments applied to the system
boundaries. These are calculated in the multi-physical simulation and transferred to an
FEM simulation, where they are used to optimize the component’s design and struc-
ture. The approach of distributed simulation helps to reduce the over-dimensioning of
components and improve the development process of assembly system components.
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1 Introduction

When dimensioning assembly systems, a large number of boundary conditions, such
as product-related material and process-related load variations as well as requirements
regarding the performance and kinematics of the handling system, must be taken into
account. Based on the process used, one challenge is to apply the correct order of magni-
tude for all forces and moments acting during operation. The loads result from static and
dynamic forces and moments, which arise from the interactions of the individual designed
assembly system elements. Due to a high process diversity, the prevailing dynamic loads
cannot be considered with existing design approaches. To avoid component failures, and
thus possibly the entire assembly system, high safety factors are selected. However, this
increases the weight of components and thus usually also the costs [1–3].

This paper presents a methodical approach to counteract this over-dimensioning. Using
a multi-physical simulation, unknown loads are determined within a framework of a dis-
tributed simulation in an early phase of the product development process, which are then
introduced into a Finite Element Analysis (FEA) in the domain of mechanics. With this
method, a stress-appropriate design can be achieved.

2 State of the Art

This chapter will give an overview of fundamental tools and methods which are used in
this paper.

2.1 Structural Optimization

During product development a variety of processes must be considered. In addition to
requirements acquisition and the design of functions, this includes dimensioning and
design of individual components. For this purpose, various process models and mechan-
ical correlations with specific safety factors exist for component design. In many cases,
the safety factors tend to be selected larger than necessary for the actual function. Topol-
ogy optimization can be used to support this. Here, weight and stiffness are optimized
on basis of defined boundary conditions and target values. This results in a proposal for
the component design with optimized shape contour [4, 5]. One goal is the optimal dis-
tribution of wall thicknesses and cross-sectional dimensions with a constant, unchanging
outer geometry of the construction space. Furthermore, material optimization supports the
selection of the corresponding material properties such as modulus of elasticity, transverse
contraction coefficient and density [4, 6].
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2.2 (Multi-)Physics-Based Simulation

For the development of mechatronic systems, there is a multitude of discipline-specific as
well as interdisciplinary process models, which are supported by simulation technology.
Both interdisciplinary and discipline-specific simulation methods are used, which differ
greatly in terms of the accuracy of their modelling. While interdisciplinary simulations are
used in an early phase of the product development process, domain-specific simulations
are used in a later phase of the product development process [7, 8].

In physics-based simulation, a physics engine is used to calculate the dynamic motion
behaviour of simulated objects and their mutual interaction [9, 10]. A physics engine is
a software library that enables the simulation of objects based on their geometric and
physical properties [11]. Deformable bodies and particle systems can be represented for
fluid simulations in addition to rigid bodies [12]. In this way, simulation objects are
animated using physical laws and calculation methods from computer graphics, whereby
a high level of detail is achieved through the mapping of physical properties and the
consideration of further environmental parameters, such as gravity [9, 10]. In mechanical
and plant engineering, physics simulation is predestined for virtual commissioning due to
its real-time-capable response behaviour [9, 13].

2.3 Finite-Element-Analysis

The FEA can be used in many ways in the product development process, whereby the
investigation objectives, and thus also the requirements for the model used, change con-
tinuously. If the dimensions and forces in the components are roughly determined for
a quick estimate at the beginning of the design, detailed and meaningful finite element
method (FEM) simulations ensure the strength of the entire product in a later phase of the
product development process. This saves costs by avoiding design errors in conjunction
with fewer physical prototypes. The basic idea of FEM is the decomposition of com-
plex geometries into a finite number of discrete elements, which can be described via
conventional systems of structural mechanical equations. The resulting total stress of a
component can be determined by suitable equilibrium conditions in the connecting nodes
between these elements [5, 14, 15]. A basic procedure for performing an FEA is described
by Vajna et al. [5]. The starting point is the definition of the problem to be investigated,
including all load cases, system properties, boundaries and its environment. In the subse-
quent step, the geometry of the real system is converted into an idealized model, which
must have the system properties relevant for solving the problem [5].
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2.4 Co-Simulation

Due to the increased complexity of mechatronic systems, it is necessary to consider the
entire mechatronic system and the interactions between individual modules and models.
Therefore, distributed simulation is in focus of research in recent years. Domain-specific
sub-models are made accessible to a joint simulation to analyze the behavior of an entire
system. Co-simulation makes it possible to link the discipline-specific simulation models
that have already been created during the product development process, which are very
precise in terms of mapping accuracy, and thus to consider all the interactions that occur
between the models of the overall mechatronic system. A central challenge, however, is
the unification of “models from different simulation disciplines into a multidisciplinary
overall model” [1], since the model data relevant in the context of co-simulation must be
exchanged via a uniform interface [1, 16, 17].

2.5 Distributed Simulation in Component Design

In Russwurm et al. distributed simulation is used to counteract the over-dimensioning
of gripper systems. The concept includes a co-simulation consisting of a multi-physical
simulation tool and a FEM simulation, a modelled development process and the real
system itself. The unknown loads of the handling process are determined by means of a
multi-physical simulation and introduced into an FEM simulation [1]. As Fig. 1 illustrates,
the simulation-based design process begins within a multi-physics simulation tool, which,
in addition to the handling device and the handling process, also depicts the gripper system
itself and the handling object in a highly abstracted manner.

multiphysics
simulation FEM-simulationprocess forces & 

torques

1. handling robot

4. griper system

3. handling object

5. environment

2. process

Co-simulation

Fig. 1 Co-simulation for component design with reference to [1]
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The process-related forces and moments are calculated within the multi-physical simu-
lation and are transferred to the FEM-simulation. There the previously unknown, dynamic
loads are used as boundary conditions for the system limits to design the gripper system.
An important component of the methodology is the real system, which is used as a tem-
plate for the system model and the system-specific data. This also enables the separate
validation of individual multi-physical and FEM simulations, but also in combination
within the framework of a co-simulation [1].

3 Research Objective

The state of the art has shown that simulation technology is widely used in the devel-
opment of mechatronic systems. Due to the successively increasing complexity of
mechatronic systems in recent years, it is no longer suitable to look at single domains,
but to have multidomain distributed simulations [16].

FEA is widely used in mechanical design. An idealized model is transformed into finite
elements by means of suitable element types, a specific material is assigned, boundary
conditions are defined and loads are introduced [5, 18]. In the context of gripper systems,
the latter include static, dynamic and process-related forces and moments that are applied
at the system boundaries [3]. Due to different types of handling objects in connection with
dynamic speeds and movements, a large number of different process forces and torques
occur during the assembly process. As explained in the initial situation, these loads cannot
be adequately considered with existing design approaches. As a result, high safety factors
are usually selected, which, however, increase the weight of the components and thus
usually also the costs.

To reduce the over-dimensioning of components, a methodical procedure for the design
and structural-mechanical optimization based on the approach described in Sect. 2.5 is
presented below. By considering the prevailing, process-related loads, the development
process of assembly system components is improved.

4 Distributed Simulation for Dimensioning and Structural
Optimization

In the following chapter, the concept and the approach of the distributed simulation will be
discussed, in order to subsequently list the methodical procedure for the stress-appropriate
optimization of mechanical components.
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4.1 Approach

The concept of distributed simulation for component design and optimization shown
in Fig. 2 is based on the approach of Russwurm et al. presented in Sect. 2.5. The
process-related forces and moments applied to the system boundaries of an object under
investigation are calculated within a multi-physical simulation and transferred to an FEM
simulation via a neutral data format. There, the loads are introduced as boundary con-
ditions at component level and are used for dimensioning and structural-mechanical
optimization. The first, multi-physical simulation is carried out as part of the function
definition and thus also forms the basis for interdisciplinary system development. In addi-
tion to determining the unknown loads at the system boundaries of the object under
investigation, the developed solution concept can also be virtually validated.

Due to the reduced modelling effort with a simultaneously high mapping fidelity and
the calculation of the forces and moments acting in joints between simulation objects at
runtime, the physics-based simulation technology is predestined for an initial, interdisci-
plinary simulation of the entire mechatronic system. At the beginning of development,
the simulation model comprises simplified 3D geometrics, which are further concretized
in the course of the development process. The simulation results are made available to
the designers and simulation experts via a central database system. In addition, executable
SysML process models enable a partially automated execution of the development process
[1]. The loads are then subsequently introduced into a domain-specific FEM simulation.
Based on the calculated analysis results, structural-mechanical optimizations are carried
out. Improvements in topology, shape, cross-sectional dimensions or material usage are

physics-based simulation finite-element-analysis

preprocessing
subsystem n

overall system

subsystem 1

subsystem 2

subsystem n

...

Co-simulation

processing
subsystem n

optimized subsystem

postprocessing
subsystem n

e.g.
process forces
process torques

processed
data

optimization
subsystem n

level of detailmodel scope

Fig. 2 Concept of a distributed simulation for component design and optimization
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then evaluated in a further iteration before being transferred to the physical simulation and
validated in the context of the entire mechatronic system. The integration of the mechan-
ical component is further achieved through virtual tests on the digital model, which has
been increasingly enriched along the development process.

4.2 Methodology

The conceived methodical procedure for component design and component optimization
includes the simulation procedure model of [19], the procedure for model creation for
physics-based simulation according to [10] as well as the procedural steps for carrying
out an FEA according to [5]. The method aims to improve product design within the
discipline of mechanics, in accordance with the concept from Sect. 4.1, and is divided
into four successive phases as Fig. 3 illustrates.

Initial Phase. Starting with the definition of an overall objective the functionality of
the system to be considered is described and the requirements for the optimization process

Data Processing

Initial Phase

Physics-based
Simulation

Optimum 
reached?

FEA and 
Optimization

Physics-based
simulation required?

Yes

Yes

No

No

Dimensioning and Structural Optimization of Components

Start ProcessEnd Control flowDecision

Fig. 3 Methodology for component design and optimization
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are defined based on sub-objectives. A specification list includes the design variables to
be varied, the requirements for the component and the load cases to be considered. In the
subsequent task definition, the target description is further specified and fully described.
The work contents include the definition of the required information and data as well as
the assignment of the work packages to the departments involved. The system analysis is
carried out based on the task specification, whereby the system under investigation is ana-
lyzed and abstracted according to the optimization objective. The results form the basis
for the final system boundary and interface definition. In this process, the system bound-
aries and interfaces between the physics and FEM simulation required for the distributed
simulation are defined.

Physics-based Simulation. In the physics simulation, a simulation model is first built
according to the initial phase. In a second step, the unknown loads are determined in a
simulation run and validated afterwards.

First, a collision model is derived, which is parameterized with physical parameters and
expanded into a kinematic model by defining joints and other design metaphors. Joints of
the kinematics model restrict the degrees of freedom of two model elements in relation
to each other and thus enable the mapping of fixed connections, linear or rotational axes.
In this modelling step, the object of investigation is cut free according to the system
boundary and interface description based on joints to its system environment. The forces
and torques acting in the joints between the simulated objects can thus be calculated by a
physics engine at runtime. The kinematic model is provided with behavioral models and,
in the last modelling step, a control strategy is implemented within the specific simulation
environment according to the Model-in-the-Loop approach.

Following the modelling, the loads in the previously defined joints of the object under
investigation are calculated in the context of a simulation run and validated afterwards.
Suitable methods for validation include the limit value test and the sensitivity analysis,
which are described in [20], or the calculation using rollover formulae or the comparison
with measured data.

Data Processing. The validated simulation results are exported from the multiphysics
simulation environment as comma-separated values and read into a database system.
Database operations are used to filter the simulation results. Finally, the processed data is
made available to the mechanical design for FEA and optimization.

FEA and Optimization. In this phase, a simulation model is built based on the initial
phase, which is calculated and all necessary variables are evaluated. Based on the analysis
results, the object under investigation is improved structurally.

In the first step of pre-processing, the free-cut geometry is converted into an idealized
model by using component symmetries and substitute models. After the assignment of the
specific material properties, a transfer into the finite elements takes place. The mesh is
generated either manually or automatically using a mesh generator. The element shape and
mesh density are to be adjusted to the analysis objective according to the task specification
as well as the system analysis. Singularities in areas of point-related supports or loads are



Dimensioning and Structural Optimization of Components … 167

avoided by coupling elements, which connect the support or load point of the free-cut
subsystem to the surrounding mesh. The object of investigation is then constrained by
defining boundary conditions according to the system boundary and interface definition.
Finally, the loads determined during the physical simulation are introduced into the FEM
model.

After the calculation of the simulation model, the analysis results are visualized as
well as assessed and validated. Especially in areas with high stress gradients or in areas of
force application, mesh refinements and modifications may be necessary. The simulation
results are then validated using suitable methods, such as comparison with an analytical
substitute problem or with measurement results. Based on the analysis results, optimiza-
tions are made to the component geometry. For this purpose, the determined stresses and
deformations are first used to verify the strength of the component. If the component
safety corresponds to the required minimum safety and the specified requirements for the
design are met, no optimizations are necessary. Otherwise, changes are made to the design
variables according to the specification list. By varying the design variables, changes are
made to the topology, shape, cross-sectional dimension or material. With the use of an
optimization algorithm, the computer rather than the designer makes improvements to
the components. The algorithm varies the design variables until the previously defined
optimum is reached [4].

Finally, a new simulation run is performed to evaluate the improved component. If
significant changes in component geometry or material properties are made during opti-
mization, these are transferred to the physics-based simulation and validated in the context
of the entire mechatronic system.

4.3 Validation Through an Exemplary Application

In the following section, the gripper jaws of a parallel gripper are optimized according to
the presented method. For the physics-based simulation, Siemens’ Mechatronic Concept
Designer (MCD) and for the FEA, Simcenter Nastran are used. The gripper system han-
dles objects with a mass of up to 100 g, and the objective function of the gripper jaws
represents a maximum weight of 30 g. The constraints are the interface to the gripper sys-
tem and the contact points to the object to be handled. The frictional connection between
the gripper jaw and the base system absorbs the static weight, dynamic motion and accel-
eration, and process-related forces and moments, and represents the system boundary of
the FEM simulation.

In the MCD, fixed joints were defined in the interface between the gripper base system
and the gripper jaw, on the basis of which the forces and moments acting during a simula-
tion run are calculated by the associated physics engine. The results of the physics-based
simulation were then exported, validated by a check calculation, and introduced into the
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Fig. 4 Object of investigation
with existing and optimized
gripper jaws

Exisiting gripper jaws
Material: EN AW 7075; 

Weight: 152 grams

Optimized gripper jaws
Material: PA 2200; 
Weight: 28 grams

FEM model as loads. The strain and stress distribution as well as the maximum defor-
mation of the gripper jaw are the results of the FEM calculation. In order to achieve the
defined objective function, the design variables material, cross-sectional dimension and
shape of the gripper jaws were modified based on the FEM results, as shown in Fig. 4.

The optimized gripper jaws were then evaluated in a new simulation run and virtually
validated in the context of the entire gantry system in the MCD. The target function of
30 g was achieved within the given constraints, successfully completing the optimization
process. The example application showed that the concept and methodical approach for
component design and optimization can be successfully applied to the optimization of
components of a handling system, in this case gripper jaws.

5 Summary and Outlook

The challenge in planning assembly systems is to consider the prevailing, process-related
loads in the right order of magnitude. Due to a high process diversity, these loads cannot
be adequately considered with existing design approaches. As a result, high safety factors
are selected, which increases the weight of the system components and usually also the
cost. In this paper, a methodical approach was presented on how to counteract this over-
dimensioning. Using a physics-based simulation, unknown loads are determined in an
early phase of the product development process within the framework of a distributed
simulation which then are introduced into an FEA. Through the methodical procedure,
components of a mechatronic system are dimensioned and optimized structurally within
four phases in the domain of mechanics. The use of AI methods is a promising approach
for structural optimization. Using optimization methods such as evolutionary algorithms
or particle swarm optimization, design parameters are varied under restrictions until a
target value, such as the weight or the overall stiffness of the component, is minimized
or maximized [4, 5]. With the help of the presented method, the over-dimensioning of
plant components of mechatronic systems is counteracted by a stress-appropriate design.
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A promising approach is the (partially) automated execution of the development process
based on a modeled process [1].
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Visualization of Forces andTorques
for Robot-Programming of In-Contact Tasks

Johannes Hartwig, Sabine Fischer and Dominik Henrich

Abstract

A variety of automation tasks require an accurate specification of forces and torques over
time and space. Traditionally, only experts can provide such specifications, contrasting
the need for intuitive robot programming in small and medium enterprises. Simulations
and visualizations are typical approaches to increase the usability of robot program-
ming frameworks. Thus, we extend our robot programming approach with force and
torque visualizations, enabling non-experts to verify and adjust programs for in-contact
tasks. In this paper, we contribute a comprehensive comparison of different force/torque
visualization techniques and discuss their applications in robot programming systems.
Furthermore, we evaluate visualizations of forces and torques generally as well as specif-
ically adapted to our programming concept utilizing two user studies. Vector arrows for
forces and curved arrows for torques showed promising results.
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1 Introduction

In industrial environments, experts usually program robot manipulators via a textual pro-
gramming language. This leads to a time- and cost-consuming programming process, where
users must be highly experienced in programming and executing the task. These issues limit
the acceptance of robotic systems in small and medium enterprises (SMEs) [1]. Therefore,
a fast and easily re-programmable robot system is needed to be profitable for small batch
sizes and flexible production. We can solve this by using the programming by demonstra-
tion paradigm with kinesthetic teaching because the user only needs to guide the robot,
which can generally be considered intuitive [2]. With this approach, it is traditionally only
possible to enter trajectories, but it is also necessary to allow program structures and adap-
tions to the robot motions. For this purpose, extended playback programming can be used,
which enhances the concept of playback programming by a graphical programming inter-
face allowing these operations [3]. After the programming process, feedback for the user
is also helpful. Here, the graphical user interface (GUI) with a robot simulation can help
non-experts verify whether the robot program will solve a task satisfyingly.

Some tasks require an accurate specification of forces and torques over time and space
(in-contact tasks). Such tasks are, for example, planing wood or tightening screws. To date,
many GUIs simulate only position-related robot motions. For easy use, the visualization of
in-contact robot tasks should extend theGUI to allow for verification before they are executed
on the real robot. The simulation is extended by visualization of forces and torques if a user
programs such motions. While some approaches exist to visualize forces and torques (see
Sect. 2), their usability and intuitiveness still need to be evaluated. Moreover, it needs to be
evaluated how and which visualization methods can be combined best to create an intuitive
representation of in-contact motions. In addition to visualizations, forces and torques can
be transmitted to the user by haptic signals or audio signals [4, 5]. Nevertheless, this work
is limited to visualizations since they can be directly integrated into the GUI.

In this paper, we evaluate supportive visualizations of forces and torques exerted by
the robot in our programming system through two user studies. The goal is to provide
the highest usability and intuitiveness for non-experts. Section2 gives an overview of the
different visualization methods of forces and torques. We then describe the foundations and
assumptions for our approach and embed the possible visualization methods within them in
Sect. 3. Thereupon, Sect. 4 discusses the user studies conducted and their results. Section5
summarizes the paper and discusses future work.

2 State of the Art

Forces and torques can be fully described by theirmagnitude, direction, and application point
or reference. However, different visualization methods are used in education and robotics.
The suitability of these representations in depicting the forces and torques of an in-contact
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motion depends on various factors, including which of the aforementioned properties they
aim to convey.

Forces are visualized in teaching various natural and engineering sciences in both school
and university. Different effects of visualization typeswere investigated in direct comparison
for educational applications. A study found that to illustrate Newton’s law, displaying an
animated depiction is better suited for force visualization than displaying the same as text
[6]. However, the transferability of this finding to robot simulations is limited due to the
different application areas and by the nature of the textual description, which does not occur
in any other study from education or robotics. Also, it has been shown that arrows animated
and displayed at runtime are better suited as visual force feedback when training surgeons
than a time-force graph displayed after completing the task [7]. However, due to the different
times of display and application domain, it cannot be concluded that arrows are also more
suitable for force visualization in robot simulations. Unlike for forces, there are no studies
evaluating different visualizations for torques. In terms of usability, both force visualizations
and torque visualizations have yet to be quantitatively evaluated.

In robotic-related applications, forces and torques are nearly always considered over
time. The visualizations are used here as a tool during the programming process and are
rarely reviewed or evaluated. There, we find different programming systems with a variety
of visualizations. They can be categorized by the way they represent time courses (single
chosen time step, progressive animation, several time steps simultaneously), the symbols
used (e.g., arrow, text, diagram), and the placement (e.g., on an object, in a separate GUI
section). Figure1 depicts such an overview for the reviewed force visualizations represented
as a tree [5, 8–23]. The torque visualizations [10, 11, 13, 14, 20, 21, 24–26] are illustrated
in the same classification in Fig. 2. In Sect. 3, the identified visualizations are reviewed
and applied to our general programming approach. Subsequently, these are evaluated for
their suitability for an intuitive robot programming system in Sect. 4, as there have been no
findings in this area.

3 VisualizationMethods

In order to determine which type of visualization is suitable for our approach, we first
outline the requirements of the robot programming concept, which is based on playback
programming [3]. This concept extends playback programming by enabling users to edit
the trajectory, simulate the robot’s motion, and add program structure. It shall be expanded
to support in-contact tasks. This concept is intended to be usable in a general, task-agnostic
manner. It does not use environment modeling, as it requires either a high level of online per-
ception or previous offline modeling by an expert. Therefore, the included robot simulation
models only the robot, not the environment. This circumstance eliminates all visualizations
that require an environment representation.
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Fig. 1 Classification of reviewed visualizations of forces in robot simulations. The representations
are split up by the categories (left to right): time courses, the symbols used and their placement

Fig. 2 Classification of reviewed visualizations of torques in robot simulations. The representations
are split up by the categories (left to right): time courses, the symbols used and their placement

Additionally, all parameters of the in-contact motion are known as a user directly demon-
strates it and modifies it using the GUI. Therefore, we can formulate these demonstrated
in-contact motions as hybrid force-/motion-controlled motions [27]. For simplification, our
formalization of in-contact motions omits the control part since we only want to visual-
ize them. Using the 6D-vector representation of forces and torques, we get the wrench
F(t) = ( fx , fy, fz, tx , ty, tz) at a given time step t of our desired in-contact motion in the
robots task frame C :

F(t) = S(t)Fposition(t) + (I − S(t))Fforce(t) (1)
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The wrenchFposition ∈ R6 generates the movement in the directions, which have no nat-
ural constraints by the environment to generate a force or torque (so they are not in-contact).
WrenchFforce represents the desired forces and torques.Matrix S(t) is the compliance selec-
tion matrix describing whether a dimension of the wrenches is position- or force-controlled.
For the forces and torques, only (I − S(t))Fforce needs to be visualized. Since we have
no modeled environment to use, e.g., for a physics simulation, we simulate all degrees of
freedom for Fposition of the motion in every time step t .

Combining the reviewed visualizations (see Sect. 2) and our requirements, possible visu-
alization methods are: an arrow at the end effector, arrows along the trajectory of the end
effector, a bar chart along the trajectory of the end effector, or three bar charts aligned in
their GUI section, which plotted the forces along the world coordinate axes over time. Both
curved and vector arrows are applicable for torques, while forces were only represented
via vector arrows. The magnitude of the forces and torques is scaled using the maximum
magnitude. The direction depends on the direction of the resulting force vector over all
dimensions for the arrows, and for the curved arrows, the rotation axis of the resulting
torque (using the right-hand rule). For the diagrams, we need no direction as the dimensions
are represented separately. The application (or pivot) point is the origin of the task frame.We
choose either a single time step or sampled points on the robot’s trajectory for the temporal
courses. We refrain from adding text and colors to the representations since they can always
be added later. Moreover, an animation has been found to be more effective in conveying
the information compared to a textual representation (see Sect. 2).

4 Evaluation

4.1 Pre-study

We used an online questionnaire based on the System Usability Scale (SUS) [28] to gauge
the usability of different visualizations for forces and torques. To allow for an assessment of
the chosen visualizations (see Sect. 3) without fully incorporating them within the GUI of a
robot simulation, each of themwas represented by two picture series. Thus, the questionnaire
showed snapshots of a linear movement with a constant force or torque in one direction (see
Fig. 3) and what attaching the second of four screws along a circular trajectory would look
like.

Since we are specifically interested in the visualizations, we modified the statements of
the SUS to refer to the visualization instead of the system throughout the questionnaire.
Furthermore, “I found the various functions in this system were well integrated.” was omit-
ted. Finally, the questionnaire was translated into German. The overall SUS score is robust
against these kinds of modifications [29].

In the online questionnaire, 32 participants rated the visualizations, out of whom 21
identified as male and the rest as female. Their age ranged between 19 and 79 years. Most
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Fig. 3 Visualization snapshots for a linear movement with constant torque
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Fig. 4 Box-plot of SUS scores of the force/torque visualizations in the pre-study

participants were non-experts. About 40.5% of the participants reported having no experi-
ence with robots. Further 43.8% reported having used robots at least once but not frequently.

Figure4 shows the resulting SUS scores of force and torque visualizations. Similar visu-
alizations are ranked similarly based on their median scores for both quantities. Notably, the
visualizations that reach the highest median scores use an arrow at the end effector. Based
on a one-way repeated measures ANOVA the SUS scores of the force visualizations differ
significantly (p ≈ 0.0001). A Tukey HSD test shows that the SUS score of bar charts along
the trajectory differ significantly(pad justed ≈ 0.0002) from the SUS score of vector arrows
at the end effector. There is also weak evidence that the SUS score charts along the trajectory
differ from those of charts over time (pad justed ≈ 0.07) and from those of vector arrows
along the trajectory (pad justed ≈ 0.08). Similarly, the SUS scores of the torque visualizations
differ significantly based on a one-way repeated measures ANOVA (p ≈ 0.0000). A Tukey
HSD test shows that the SUS scores of curved arrows at the end effector differ significantly
from the SUS scores of bar charts along the trajectory (pad justed = 0.0), vector arrows
along the trajectory (pad justed ≈ 0.0001) and bar charts over time (pad justed ≈ 0.0002).
Furthermore, there are statistically significant differences between the SUS scores of bar
charts along the trajectory and of vector arrows at the end effector (pad justed ≈ 0.002) as
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well as between the SUS scores of bar charts along the trajectory and curved arrows along
the trajectory (pad justed ≈ 0.002).

Other than the described significant results, only tendencies can be derived based on the
surveys for the individual aspects, the representation of the temporal courses, the symbols
used, and their placement. This is also due to the sample size (N = 32). Overall, the survey
showed a clear tendency to prefer arrows over diagrams as symbols for both forces and
torques. Concerning the symbol used, the visualization selected for forces via vector arrows
at the end effector is consistent. This observation also fits with the results of the study from
Sect. 2 on visualization of forces in surgical procedures [7]. For the curved arrows, which
should be used to represent torques based on this survey, only one proof of feasibility has been
provided so far, in which these arrowswere localized differently [11]. The two visualizations
rated highest by participants on the SUS, vector arrows at the end effector for forces and
curved arrows at the end effector for torques, were based on progressing animations. They
received significantly higher scores than visualizations that also use arrows but visualize
the complete time course at a glance. These results suggest that animation is best suited for
visualizing temporal sequences for robot programming systems.

4.2 User-Study

We conducted a second user study on a real robot system to further investigate the usability
of force and torque visualizations to represent in-contact motions. To this end, we integrated
arrows at the end effector into the GUI of our robot simulation (see Fig. 5). We used vector
arrows for forces and curved arrows for torques as our findings from Sect. 4.1. As these
represent only a single time step in the animation, we added continuous line charts over time
for both forces and torques in a different section of the GUI to evaluate if a simultaneous
overview of the whole movement helps the users. We chose to use line charts over bar charts
after receiving feedback from the online questionnaire that suggested they could provide
better performance. Thus, we evaluated three visualization combinations using only arrows
in animation, line charts, or both. All methods display all forces and torques exerted by the
end effector simultaneously.

The user study consisted of three sections, one per combined force/torque visualization.
First, participants were asked to recreate two in-contact motions displayed in the GUI by
hand guiding a Franka Emika Panda robot. Together these two motions consisted of four
parts with different force/torque components, namely no forces and torques, a force along the
x-axis, a force with components along both the x- and the z-axis, and a force along the z-axis
in combination with a torque around the z-axis, all with respect to the world coordinates.
The order of these parts and the sense of direction of the forces/torques varied between
sections. For each replication attempt, we recorded the poses of the robot end effector and
the forces and torques measured between the flange and end effector using an additional
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Fig. 5 Force/torque visualization in our robot simulation with arrows and line charts

force/torque sensor. At the end of each section, participants answered the SUS questionnaire
[28] translated to German but otherwise unmodified.

Half of the 12 participants identified as female, and the other half as male. Their age
ranged from 20 to 28 years. Most participants were non-experts. Seven participants reported
having no experience with robots. Another three participants reported having used robots at
least once but not frequently.

The recorded forces and torques revealed that participants only applied forces and torques
correctly in 60.6% of the in-contact sections where forces/torques were displayed. At about
45.7%, the correct reproductions rate is also relatively low for the torques around the z-axis.
In some cases, participants applied forces and torques along the correct axis but in the wrong
direction. As shown in Fig. 7 this happened for all combinations of forces and visualizations
but was also more prevalent for torques than for forces. The rate of correctly recreated
forces and torques differed between visualization methods. Only displaying arrows at the
end effector produced the highest rate overall and in terms of the single forces/torques tested.
This rate is also higher for tasks displaying charts and arrows than for only line charts. This
observation indicates that arrows are better suited to visualize the forces and torques of
in-contact motion than charts.
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Fig.7 Correctness of the forces and torques applied by hand guiding the robot based on the visualized
in-contact motions excluding replications where the transmission of measured forces/torques was
interrupted

Considering the absolute SUS score (see Fig. 6), it is high for arrows and can be rated
as acceptable [30]. Thus, the perceived usability is to be rated high. On the other hand,
the connection between actual usability and intuitiveness needs to be further investigated
because of the comparatively low correct execution rate, especially for torques (see Fig. 7).
Here, it should be noted that the participants had no feedback on task completion. In addition,
the experiment showed that the execution of the task is also motorically challenging.

An analysis of the SUS scores of the visualization methods confirmed this trend. A one-
way repeated ANOVA test showed significant differences between the SUS scores of the
three force/torque visualizations (p ≈ 0.036). However, a pairwise comparison of the SUS
scores of these visualizations using a Tukey HSD test did not reveal statistically significant
differences. Nonetheless, as shown in Fig. 6 there is a clear trend that visualizations including
arrows perform better than the visualization only using charts. Interestingly, less information
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(arrow only, single time step only vs. both (charts and arrows)) yields to similar results. This
leads us to the design decision for our programming concept: For the visualization, we use
arrows in the simulation and add an expert mode with line graphs.

5 Conclusion

Through two user studies, we evaluated supportive visualizations of forces and torques for
robot programming systems. As a result, we provide a visual method with the highest usabil-
ity and intuitiveness for non-experts shown by our studies. Users perceive the visualization
as highly usable, but the task performance shows that intuitiveness can still be improved.
Future work may include integrating these visualizations in a skill-based visual program-
ming framework (e.g. [31]) to validate our conclusions. Furthermore, we could investigate
the gap between perceived usability and task completion if we repeat the experiment and
provide the participants feedback on whether the task was successful. Finally, utilizing a
less mathematical representation of forces and torques, e.g., using intuitive words (up-down,
left-right) instead of axis labels, the intuitiveness of our approach could be increased even
further.
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A Layered Pipeline for Natural Language Robot
Programming with Control Structures

Sascha Sucker and Dominik Henrich

Abstract

Natural language is an intuitive interface to supplement programming in modern automa-
tion settings. However, most natural language frameworks are specialized and not univer-
sally applicable. We contribute a novel layered pipeline that transforms the instructions
of laypersons into robot programs with non-linear control flow and that facilitates reuse.
The instructions are analyzed regarding grammatical features. From this, the syntactical
analysis derives programs with nested control structures and references to physical parts
within a scene to be manipulated. These programs are semantically interpreted during
online execution in a concrete scene—i.e., the control structures are evaluated, and part
specifications are grounded to physical parts. With that, a fully specified skill is created
and executed by a robot system. Since only the input/output interface of each pipeline
stage is defined, they are adjustable independently of each other. Our experiments demon-
strate how industrial robots in diverse domains can be verbally programmed using the
pipeline.
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1 Introduction

Shorter innovation cycles and small-batch production pose significant challenges for automa-
tion [4]. One response is to increase the accessibility of robot programming [17, 18, 24].
We envision future programming to feel equally natural as instructing human co-workers.
Inspired by the main human interaction method [23], we follow the approach of natural
language programming (NLP). However, the few currently existing NLP frameworks in
robotics are limited to specific applications and are thus not universally applicable.

Therefore, we aim to advance NLP for industrial robots (Fig. 1). Compared to mere robot
commanding our notion of programming differs in the utilization of control structures, thus,
allowing the control flow of the program to be adapted online. We distinguish between
the typically used control structures: Sequences, selections, and loops. The latter is further
subdivided into number-, condition-, and set-controlled loops. Other typical control struc-
tures are not explicitly considered, as they often can be composed of the control structures
above (e.g., switches or post-test loops). To facilitate a high degree of flexibility and quick
adaptations to the desired domain, the approach must be modular. Thus, the programming
system should be divided into independent sub-components connected with clearly defined
interfaces. This can be achieved using a pipeline architecture. The transformation of the
spoken instruction into robot movements traverses different layers of abstraction—hence,
resulting in a layered pipeline.

We present a layered pipeline for natural language robot programming (Fig. 3). Our
contribution is twofold: (i) We transfer the concepts of natural language programming using
control structures to the context of industrial robots. (ii) Owing to the modular design,
individual pipeline stages can be adjusted with little effort, facilitating reuse and quick
adaptation to the desired domain.

Fig.1 Natural language (a) is transformed into programs with control structures (b). Consecutively,
the robot applies operations to the current scene (c)
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Fig. 2 The dependency tree encodes grammatical connections between words in a sentence. These
dependencies include determiners (det), adjective modifiers (amod), objects (obj), obliques (obl), and
conjunctions (conj). Coreferences specify groups of words referring to the same thing

Fig. 3 The layered pipeline transforms spoken commands into fitting robot movements: Such com-
mands are converted to text, whose grammatical dependencies are analyzed. These are parsed into
a program with control structures. The program is interpreted for a scene to create skills, which are
executed by the robot

2 RelatedWork

Acommonmethod of robot commanding is through the usage of skills [14], e.g., with graph-
ical [18] or natural language programming. Regarding NLP, the instruction is interpreted by
determining the skill from the verb and deriving parameters from its valences, i.e., modifiers
of the verb [6, 15, 21, 24]. Since the execution’s control flow is not adapted, this approach
alone does not allow the creation of complex programs. Nevertheless, we build upon this
approach in order to define the operations embeddedwithin the control structures (Sect. 3.1).

The morphology and grammatical dependencies of a naturally instructed sentence can
be analyzed to derive control structures: For example, conjunctions of main clauses can be
converted into sequences with the help of feasibility calculations [9]; selections are derived
from the conditional member clauses [20]; condition- and amount-controlled loops can be
generated from functionwords like “while” or frommentioning the number of repetitions [8,
11]. Set-supervised loops can be programmed by defining the set of parts to be manipulated
[5]. However, these approaches only focus on a few distinct control structures.

In contrast, analyzing the dependency tree of the instruction is a promising approach
to derive all relevant control structures (as shown in [7, 22]). Dependency trees represent
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the syntactical make-up of an instruction by connecting words based on their grammatical
relation (cf. Fig. 2) [10]. Starting from a root word, dependencies (e.g., subject, adjective,
conjunction) are established to other sentence constituents. Through this, grammatical com-
position can be analyzed uniformly. Coreferences identify references between mentions of
the same identity [3], e.g., in Fig. 2 ‘them’ refers to ‘bottles’.

In this paper, we expand on the work of Landhäußer et al. [7] and Weigelt et al. [22]
in the context of flexible robot programming. So far, their approach has only been exem-
plarily applied to two specific robotic systems (humanoid/mobile robot). It neither includes
a conceptual pipeline for natural language robot programming nor provides an adequate
interface to cover diverse robot domains. Additionally, the grounding of underspecified part
specifications to concrete parts (as discussed in our previous work [18]) is implemented
prototypically only. This work addresses these problems to enable natural language pro-
gramming for arbitrary robot systems utilizing dependency analysis.

3 Approach

The goal of our layered pipeline is to transform spoken instructions into robot movements
which perform the desired manipulation of parts within the scene (Fig. 3). This pipeline sub-
divides into abstraction and concretization stages. The former converts the spoken instruc-
tions into a program. Consequently, the abstraction includes Automatic Speech Recognition
(ASR), Dependency Parsing, and Syntactical Analysis. We regard those stages as abstrac-
tion since information is primarily stripped from the instruction—ASR removes the explicit
octave of the speech, and syntactical analysis may extract equal program statements from
different sentence structures. The concretization stages interpret the program, thus trans-
forming it into the desired robot motions for a concrete scene. To further increase modu-
larity, the concretization has two stages: During Semantical Interpretation, the program is
gradually interpreted online yielding robot skills, which the Robot Execution stage converts
into concrete trajectories. Hence, the program is transformed to increasingly more explicit
representations.

In more detail, the instructions are transformed by this pipeline as follows: The ASR
stage transcribes the spoken audio signal into text. This text then is parsed with regard
to its grammatical dependencies (Sect. 2). Program code is synthesized by exploring these
dependencies and matching keywords to the local vocabulary during the Syntactical Analy-
sis (Sect. 3.1). The instruction provides an implicit execution flow that must be transformed
into concrete control structures with associated robot operations and part specifications. The
resulting program is scene-independent, allowing it to be used with different task variants,
e.g., by not having to precisely define the position of the individual parts in advance. Accord-
ingly, the program is executed by providing a scene state during the Semantical Interpretation
(Sect. 3.2), wherein the underspecified part specifications and conditionals are grounded to
physical parts. The specific robot skill is then determined based on the grounding and the
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previous program state. Utilizing the skill definition of Pedersen et al. [14], hardware inde-
pendence is guaranteed during this stage. Finally, the skills are transformed into concrete
motion sequences that achieve the desired manipulation of the scene.

Both ASR and Dependency Parsing are studied extensively within computational lin-
guistics. Thus, optimized methods are readily available. Robot Execution mostly follows
the approach of executing skills [14]. In this paper, we thereforemainly cover the Syntactical
Analysis and Semantical Interpretation.

3.1 Syntactical Analysis

The Syntactical Analysis converts dependency trees into programs (Fig. 4). We require such
programs to represent the instructed parts, operations, and control structures. Based on
this, the program is divided into declaration and procedure sections. The declaration lists
all named part specifications P̃ and assigns unique labels to each of them. We call each
declaration list entry a variable, distinguishing between atomics and compounds. Atomic
variables always refer to one part specification, whereas compounds link several atomic
or other compound variables with one common operator (‘and’, ‘or’). Depending on the
domain, part specifications p̃ ∈ P̃ can include features such as the type pt , number pn ,
color pc, or location pl (see Sect. 3.2), resulting in the tuple

p̃ = (pn, pt , pc, pl). (1)

The procedure section contains the control flow and operations that access the declared
part variables. We group the operations and the control structures into the superordinate
term statement. Each operation is defined by its type, part variable to be manipulated,
and other instructed modifications that describe the process in more detail. Programs are
created by analyzing the dependency tree. Starting from the root node, the dependencies
linking nodes within the tree are transformed into program constituents based on their

Fig.4 Programs are synthesized from instructions utilizing their grammatical dependencies (a). The
control structures connecting statements are derived from a table of grammatical dependencies and
function words (b)
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mark (e.g., ‘if’ within a subordinated conjunction). The operation is identified by the verb
node and its dependencies [21]. These include the parts to be moved (accusative object)
and other specifying parameters (e.g., adverbs or obliques). A part specification is created
if a dependency relates to a nominal node whose identifier is assigned to a part type in
the language model. By analyzing its connected dependencies, additional part features are
extracted (e.g., adjectives, numerals, or compounds).

A table of dependencies contains the control structures between statements with asso-
ciated function word markings (Fig. 4). This method is reasonable since only few distinct
function words exist (e.g. ‘if’, ‘while’, ‘until’) and they are rarely altered [2], resulting in a
table with few entries. Several statements are linked to a sequence employing chained con-
junctions of main sentences with the marker ‘and’ (coordinating conjunction dependency).
If the user instructs several sentences, the determined partial programs are likewise strung
together as one sequence. However, humans rarely structure instructions concisely without
ambiguities or contradictions so that the desired instruction sequence does not necessarily
correspond to the one spoken [13]. Therefore, the feasibility of the possible orderingsmust be
considered [9]. Selections are identified by the dependency subordinated conjunction (sconj)
and the associated marker ‘if’. The condition is derived from the subordinate sentence and
its positive case from the main sentence. If there is additionally a parataxis dependency on
the main clause (e.g., with an ‘instead’ marker), the subordinate clause is considered the
negative case. Conditional loops are determined analogously to the selections using, e.g.,
the marking ‘while’, whereby the main clause corresponds to the contents of the loop body.
Repetitions of an operation (“Press it five times”) are identified using an oblique dependency
resulting in an amount loop. Set-loops are not derived directly from this table since they
are inherently encoded in the part specifications by defining the required number of parts
(“Move four cubes”). The operation performs similarly for all specified parts resembling a
set-loop.

Occasionally, a part should bemanipulatedmultiple times in succession. This can be taken
into account by analyzing the coreferences as follows: Only references between nominals
related to parts are considered, though one compoundmay also combine multiple references
to such nominals.We obtain this set of part-related nominalsN by analyzing the dependency
tree and the local vocabulary, where each id refers to the word at the corresponding position
in the instruction. We use the set of coreference chains K, where one coreference chain
k = (kmsm, kref) contains two word id sets: kmsm (the most specific mentions) and kref (all
references to kmsm). We define the word id set of all atomic mentions

A = {w ∈ N ∣
∣ (∀k ∈ K : w /∈ k.kref)} (2)

as a subset of N , whose ids are not referenced in any coreference (k.kref). Every atomic
mention is transformed into an atomic variable with corresponding part specification (Eq.1).
Compounds link atomics or other compounds via one conjunction.Accordingly,∀kc ∈ Kc ⊆
K with
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Kc = {k ∈ K ∣
∣ |k.kmsm| > 1} (3)

one compound must be formed by linking the appropriate atomics or compounds of the
k.kmsm. The remaining conjunctions of atomics and compoundswithout coreferences should
also be usable as contiguous variable in the operation. For example, a sentence ‘Move the
bottle and lid to the left’ should result in two atomic (‘bottle’, ‘lid’) and one compound
variables. Therefore, such conjunctions must also be linked within a compound variable.
Following the outlined stages, we can transform natural instructions into programs with
nested control flow.

3.2 Semantical Interpretation

In this stage, the program is interpreted within a scene resulting in robot skills with concrete
parameters. For this purpose, the program is processed sequentially, and the part spec-
ifications in the current program stage are grounded (Fig. 5). Operations are converted to
concrete skills utilizing grounding as introduced in our previouswork [18]. Grounding refers
to assigning physical parts to part specifications that are associated to atomic variables. If a
groundingwas already found for one variable and is referenced, the existing grounding result
is reused, allowing repeated manipulations. The parts are grounded dynamically during the
execution, i.e., only a subset of parts in the scene are grounded at one execution stage. This
is for two reasons: (i) The scene state and, thus, future assignments may change; and (ii) the
parts specified in the body of a selection must only be present if its condition resolves.

The operation is converted to a concrete skill utilizing grounding [18]. The current world
state P̂ = { p̂0, p̂1, ...} is the set of the part states in a given scene. One state encompasses
the relevant and identified features of the part (e.g., geometrical shape, color, or position).
In contrast, part specifications P̃ define boundary conditions that part states must satisfy
in the context of an operation execution. To use the concept from [18] we convert every
specification into pn equal part templates with the same properties. Such part templates
P = {p0, p1, ...} are defined equal to the specifications without the amount pn . Therefore,

Fig.5 The program is interpreted and consecutively transformed into precise skills, partially ground-
ing the part specification on demand. Here, after the first operation (move) the grounding for ‘A0’ is
reused to interpret the selection
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we utilize the function γ : P → P̂ , which maps all templates injectively to a part state,
where each mapping must suffice the function σ : P̂ × P → { True, False}. Function σ

return whether a part state p̂ satisfies the boundaries defined by part template p. Thus, for
each part template p, exactly one state p̂ must be found that satisfies the boundaries of p.
This general construction allows grounding to be performed on arbitrary domains. Since a
local grounding is performed in this case, the states can be assigned to the templates in a
greedy manner. Grounding allows skills to be filled with concrete parameters.

For example, a template p = (pt , pc, pl)might contain information about the geometric
type pt , the color pc, and location pl (based onEq.1).A corresponding state p̂ = ( p̂t , p̂c, p̂l)
is analogous in structure. Hereby, named features (such as type or color) can be described
as an entry within a taxonomy. Such a taxonomy captures “is-a”-relations between a set
of nodes T . Leaf nodes T̂ ⊂ T denominate concrete features which part state may exhibit.
When ascending from leaf nodes upwards towards the root node, encountered inner nodes
encode increasingly abstract descriptions. Thus, such inner nodes may occur exclusively in
similarly abstract part templates. An example of a taxonomy of part types in the palletizing
domain might include the term ‘box’, which covers products ranging from small tea boxes
to large packages. The set of part locations L = Ls ∪ Lu includes well-specified affine
transformations (Ls) and underspecified constraints on the part transformation (Lu). For
example, an underspecified location may describe an area in scene space in which a part
should be present. Each location l ∈ L is associated with a location function is_at : p̂ × l →
{True, False}, which outputs whether the pose of p̂ matches the location l. Analogously
to named features, part states may only exhibit locations ls ∈ Ls , while templates underlie
no such restriction. In this domain, the satisfies function σ would correspond to

σ( p̂, p) = is_atype( p̂t , pt ) ∧ is_acolor( p̂c, pc) ∧ is_at( p̂, pl). (4)

The program is executed utilizing a call stack analogous to high-level programming
languages. Statements are pulled successively, where operations are transformed into skills
and control structures manipulate the call stack depending on their type. Sequences put their
statements in reverse order on the stack, making the first statement in the sequence the next
pulled from the stack. Selections push either the positive or negative case based on their
condition evaluation. If the head of a loop resolves, the loop is pushed again along with
its body. Thereby, the body is pulled next, and the loop head is rechecked afterward. The
resulting grounded skills can be executed on any suitable robot system.

4 Experimental Validation

We designed and modeled four benchmark tasks to highlight specific aspects of natural
language programming using our proposed architecture (Fig. 6): In Task T1,‘labeled’ is an
additional binary feature of part states corresponding to a taxonomy with an agnostic root
node and two leaf nodes. The subordinated conjunction with ‘if’-marking is transformed
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into a selection with the ‘labeled’ condition and positive/negative branches. This task shows
that the definition of parts can be adapted by adding or removing features. With Task T2, an
electrical connection is completed within an assembly benchmark toolkit [19]. One arbitrary
conductor and one resistance conductormust be inserted in a pre-assembled electrical circuit.
The general concept of our part types allows part states with unique naming. Therefore, the
goal locations of the conductors can be uniquely identified by directly addressing the plates
(e.g.,‘P0’ and ‘Q0’), bypassing the possibly ambiguous grounding of part states. However,
this task also highlights the drawback of local grounding: Based on the type taxonomy,
‘resistance’ is the child of the ‘conductor’ type. For example, the resistance may be mis-
takenly grounded for the first operation, leaving no matching part for the second operation.
Task T3 shows the instruction of a for-loop within a laboratory domain. Due to our general
concept, skills more complex than pick-and-place can be defined (e.g., ‘shaking’ and ‘emp-
tying’ the measuring cylinder). This relates both to the required robot movements and the
applied manipulation to the parts (e.g., a ‘mixed’-feature may be increased during shaking).
Task T4 displays a condition-loop in a service domain by instructing the cleaning of a white-
board and the extension to operations with force-control. Our prototype could transform the
benchmark instructions into correct programs that were successfully executed on our robot
system (Fig. 6). Each task is situated within its unique domain and utilizes different control
structures—thus, demonstrating the flexibility and adaptability of our approach.

Fig.6 Four benchmark tasks highlight the system’s capabilities. Thefirst row shows the instruction(s),
which are transformed into programs (second row). The third row displays a robot executing the
instruction in the context of a corresponding domain
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5 Conclusion and FutureWork

In this paper, we contributed a modular pipeline for natural language robot programming
by laypersons. We achieved this by analyzing the grammatical speech patterns within the
implicit instructions and transforming them into programs with explicit control structures
(Sect. 3.1). Thus, we synthesized operations and part specifications embedded within con-
trol structures from language. By grounding these specifications, we can parametrize the
operations to be suitable for industrial robots (Sect. 3.2). We showed the high adaptability
of our pipeline by customizing it for diverse domains (Sect. 4).

Our approach may be extended in future work: (i) Currently, interpretation errors are
propagated through the pipeline without mechanisms to seek user feedback. A dialog com-
ponent may resolve this error propagation. (ii) Additionally, we defined the input/output
within the pipeline to be human-readable. Thus, intermediate results may help by error
detection and correction. (iii) The local grounding may lead to additional errors (Sect. 4)
and must therefore be extended to a global grounding approach [18]. (iv) Furthermore,
behavioral programming can be incorporated into natural language such that the program-
ming more closely resembles the training of human co-workers. (v) Finally, we plan to
compare the usability of our prototype with other programming systems.
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Experimentable Digital Twins in the Loop

Jorge Luis Jiménez Aparicio and Jürgen Roßmann

Abstract

Digital twins (DTs) have become prominent in the digitalization era due to the advantages
they bring to fields of application like Industry 4.0. In this contribution, we briefly go
over the role of experimentable DTs in a V-model-based development cycle of a system,
which includes XiL methods. We also provide a proof of concept (in the form of two
application examples) of their use in the model-in-the-loop development stage, where
the controller model of the system is implemented in real-time capable hardware.

Keywords
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1 Introduction

Digital twins (DTs) offer several advantages in the Industry 4.0 era, where a DT follows
the life cycle of its physical twin to provide better support and greater insight for tasks
like analysis, optimization, maintenance, upgrading, and updating, among others. Here,
we use the definition introduced in [16] for the so-called “Experimentable Digital Twins”
(EDT) interchangeablywith a DT. Virtual Testbeds (VTBs) [14] are advanced 3D simulation
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environments that represent all required parameters of the application to simulate a realistic
behavior. These VTBs are enhanced with the use of DTs, as it allows an even more accurate
description of the agents in the simulated environment.

Before having a functional physical twin, and its corresponding DT, all products or
systems have to go through a development cycle. A popular model-based development
cycle is the V-model, which was first introduced for software development in [4], was later
adopted for mechatronic systems in the VDI 2206 guideline [21], and has continued to
evolve to be applied in diverse sectors. One iteration of this model includes development
steps where elements of the system are tested in a loop that includes parts of a greater
system, or components of the planned target system itself, to have a faster and cheaper
overall development process. These are commonly known as X-in-the-loop (XiL), where
normally X stands for model, software, or hardware.

DTs and VTBs could be implemented in this development cycle to further increase the
benefits inherent to it. This applies generally to many types of development cycles, in which
an improved design, early detection of issues, increased efficiency, and better collaboration
can be achieved [15, 19] when compared to development cycles that rely solely on physical
prototypes.

In this contribution, we aim to analyze the feasibility of integratingDTs into the V-model-
based development cycle of a product, which also includes XiL methods. To achieve this,
we provide a brief overview of every XiL iteration with DTs and present two application
examples as the proof of concept for the use of DTs with model-in-the-loop (MiL) devel-
opment, along with the use of real-time capable hardware as part of the life data exchange
schema.

2 State of the Art

The are several approaches of modeling DTs, most commonly including physics-based,
data-driven, hybrid, and reduced-order modeling [2, 9, 12]. However, the majority of these
are not based on the V-model, and only a few take into account XiL methods. For instance,
the proposed big data-driven model in [17] follows a cyclical circle pattern.

The work in [10] focuses on creating a high fidelity twin of hardware/software interaction
in a MiL setup. However, the framework is limited to only MiL from the XiL methods and it
is not based on the V-model for development. Furthermore, the work does not involve real-
time capable hardware, which is typically seen in in hardware-in-the-loop (HiL) setups, such
as the one in [7].

Another study, proposed by the authors in [18], introduces a twin-driven product design
framework that employs DTs in the V-model. However, the stages of the V-Model in this
framework are more oriented towards overall concepts such as market analysis, customer
requirements, and sales among many others; rather than product development with the use
of XiL methods.
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In the publication [22], DTs are defined as a combination of models and data that creates
a virtual copy of a system. The authors explore the use of DTs in engineering dynamic
applications and provide an overview of integrating them into the V-model development
cycle. They propose a “W-model” for product design, where the initial stage is done virtually
with a virtual model, and the DT is only introduced in the later stage of development. From
a virtual prototype, they start building a DT. In contrast, our perspective advocates the use
of DTs from the outset of the development cycle. We believe that developing DTs from the
beginning provides increased benefits such as improved collaboration, early issue detection,
and more efficient designs.

The work presented in [20] introduces the Hybrid Testbed as a novel holistic approach to
integrateDTs andVTBs into aXiL-based development cycle. The authors propose amodular
and scalable framework that includes real data to improve the accuracy and effectiveness
of the system. Although our work differs in the sense that we use the V-model as the
basis for the development cycle and propose the use of DTs at a more granular level, we
share the same goal of achieving a seamless transition from the design stage to the final
product. Consequently, our work could serve as a proof of concept for the use of DTs and
VTBs in a model-in-the-loop (MiL) setup. Overall, the concepts proposed in [20] align with
our approach and provide valuable insights into the integration of DTs in the XiL-based
development cycle.

3 Overview of theModel

The V-model is a well-knownmodel-based development cycle used for developing products
and systems. It consists of two parallel branches, one for design and one for testing. As
shown in Fig. 1, the DT can be integrated into several stages of the V-model as a central
component. This means that the DT should be included in these development stages of the
model. There are mainly two types of development that can be applied in this context. The
first type is for the development of a final product, which is considered as a whole once it is
created. Here, the DT should be created before or, at the latest, together with the physical
twin. The second type is for the development of a product that is part of a larger system, for
example, designing the steering wheel of a vehicle. In this case, DTs of the larger system
or its components can already be employed during the creation of the product’s DT. In both
cases, VTBs with DTs can be used to enhance the development and testing process.

In the following, we give an overview of the various XiL methods defined in [1, 3, 5, 8,
11] and their alignment with our approach of using DTs and VTBS.

Model-in-the-loop (MiL):All components involved are executed in the formof simulation
models in development computers. These components are usually not identical to the target
system. If a new element of a larger system is being developed, using the DT to represent
said system can already provide more accurate integration results of the model and speed
up its development. If a new system is being developed, this would be the first step to create



198 J. L. Jiménez Aparicio and J. Roßmann

Fig.1 V-model diagram of a product with DTs integration. DTs are integrated into all XiL methods
for development, together with VTBs for testing

a DT of the target system. Our example applications shown in Sect. 5 are based on this part
of the development cycle. Software-in-the-loop (SiL): Software (e.g. a control algorithm)
is designed and developed with the target hardware in mind. It is usually executed on a
development computer and connected to the real process or parts of it. Here, the software
can be implemented in a DT of the target hardware (e.g. an embedded system) for a more
accurate behavior. This arrangement could be connected to aDTof the larger target systemor
a VTB representing the real process.Hardware-in-the-loop (MiL): This improves on SiL by
implementing the developed software on the target hardware and testing it with a simulation
model of the real process running on a development computer. Here too, the larger system
should be represented by its DT or the real process can simulated in a VTB. Product-in-the-
loop (PiL):Amore generalized analogy of the specific term used in the automotive industry
Vehicle-in-the-loop (ViL). Here, The entire target system is tested and validated. The DT of
the developed product is now part of the larger system’s DT and they are tested as a whole.
Testing can be done with the help of VTBs, which in turn can have more DTs. If the final
product is not part of a larger system, the DT is finalized here and can keep being updated
together with the physical twin during its life cycle.

4 Methodology for theMiL Implementation with Real-Time
Capable Hardware

In anMiL setup, the DT is used to represent the behavior of a physical system or component
in a virtual environment. This virtual environment typically includes otherDTs, components,
and systems with which the component or system being modeled interacts. By replacing
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Fig. 2 Concept for the architecture implemented to enable MiL with DTs and VTBs and real-time
capable hardware. Examples of the simulation software (VEROSIM) and hardware (Scalexio) are
given. Communication between them is handled by an UDP protocol to support real-time communi-
cation

the physical system or component with its virtual representation, the DT can be integrated
into the MiL setup, enabling simulation and testing of the system or component’s behavior
in a controlled environment. This methodology allows for a more efficient and accelerated
development process, reducing the need for physical prototypes and field testing.

In this section, we describe the concept used to implement the application examples in
Sect. 5. Our goal was to develop a modular and reusable architecture for MiL simulations
in VEROSIM, our physically accurate 3D simulation software, by incorporating real-time
capable hardware. As shown in Fig. 2, this architecture utilizes specific real-time hardware
with its standard connection port, but it can be adapted toworkwith other real-time hardware.
TheDT in development is simulatedwithinVEROSIM togetherwith otherDTs and theVTB.

To enable communication between the DT and the hardware, we have implemented
an interface module in VEROSIM, which can be customized to handle different I/O data
structures and port connections. We chose to utilize the UDP transport protocol due to its
ability to provide the necessary speed for real-time applications, despite its lower reliability
compared to the TCP protocol [13]. While there may be a risk of data loss during transfer,
this can be mitigated by implementing a more robust controller for the system.

5 Application Examples

This section presents two application examples that demonstrate the use of DTs inMiL. The
first one involves a turntable system where we control the angular velocity based on user
input. The second involves the Gemini VIII spacecraft, where we control the rendezvous
and docking with the Agena target.

Following the architecture shown in Fig. 2, we used the real-time capable hardware
Scalexio from dSPACE to run the controller of the target system. The controller model is
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created inMatlab/Simulink and loaded into the Scalexio. As stated before, we used the UDP
connection protocol for the real-time communication between the Scalexio and VEROSIM.
Finally, a DT of the target system was running in VEROSIM, whose controlling parameters
were given by the Scalexio. Depending on the application, this DT is also deployed within
a VTB for testing and validation.

Before setting up the connection with the Scalexio for the application examples, we
conducted tests with a simple plant and controller in Matlab/Simulink, with VEROSIM
serving as an echo server. The tests revealed no difference in performance compared to
running the system within Simulink. However, when we performed the same test with
the Scalexio as the controller, we measured a significant behavior change, likely due to
information loss inherent to the UDP protocol and minor communication delays. This can
be seen in Fig. 3. As a result, we had to make adjustments to the controller parameters when
implementing the application examples to compensate for this. We achieved this after some
iterations of the parameters, which we rapidly changed and tested within the explained setup
thanks to the flexibility provided by the use of DTs instead of physical prototyping.

Fig. 3 Step response of a PID controller with a plant in Matlab/Simulink. Reference step response
(blue), response with the Simulink controller (orange), and response with the Scalexio controller
(yellow)
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Fig. 4 Turntable in the 3D
simulation software VEROSIM

5.1 Turntable

The turntable system consists of a turning plate mounted on a square mount (see Fig. 4).
Our model includes a laser sensor that measures the presence of an object on the plate. This
allows the calculation of an angular velocity error, which is the input of the controller. The
Scalexio has a PID controller that will output the torque force to be applied by the turntable’s
motor to reduce the angular velocity error to zero. The target angular velocity is set by the
user.

The turntable setup is shown in Fig. 5. To the left, the behavior of the target’s angular
speed (cyan), the object detection (orange), and the torque response (yellow) are shown.
A small delay in the response of the torque can be observed, likely due to delays in the
data transmission. Nevertheless, the PID can successfully control the angular velocity of the
turntable. This setup still had room for improvement in performance but served as a first
step to test the combination of the Scalexio and a MiL development stage.

5.2 NASA’s Gemini Program

As part of NASA’s Gemini program [6], the first rendezvous, docking, and extravehicular
activity mission was conducted. This mission planned to launch, rendezvous, and dock the
Gemini VIII spacecraft with the Gemini-Agena target vehicle (GATV). Figure 6 shows the
DT of the Gemini VIII used for this test, together with the DT of the GATV, present in the
VTB. Components for sensor and rigid body simulation as well as for orbital dynamics are
used within the VTB to simulate a close-to-reality scenario for the DT under development.

The external guidance, navigation, and control (GNC) system was provided by one of
our industry partners, Jena Optronik. It was implemented in Matlab/Simulink and simulated
the space environment and Lidar measurements for a standard rendezvous and docking
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Fig. 5 Simulation of the Turntable system in VEROSIM. Left is the user interface where the target
angular velocity can be set and some system variables are shown: target’s angular speed (cyan), object
detection (orange), and torque response (yellow). Right are the properties of the interface module
where the IP, port, and I/O values of the UDP connection are displayed

Fig. 6 DTs of the GATV (left) and GEMINI VIII (right)

mission. From this GNC, we were able to extract the necessary control system to implement
in the Scalexio, which is depicted in Fig. 7. The control system is composed of the UPD
communication blocks, a PD controller, a saturation block, a PWM generator, and low pass
filters. The only differences between this version and the one loaded in the Scalexio, are the
UDP communication blocks from Simulink, which are replaced by UDP blocks provided
by dSPACE for compatibility with the Scalexio.

As the controller was initially designed for a chaser spacecraft docking to the Interna-
tional Space Station (ISS), it required adjustments in the hyperparameters, primarily scaling,
to control the thrusters of the Gemini VIII properly. Further modifications were necessary to
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Fig.7 Simulink model of the controller extracted from the GNC system provided by Jena Optronik.
The controller was complemented with UDP communication blocks. The main component is con-
tained in a black box named “Begrenzung”

Fig. 8 Initial position of the GATV and GEMINI VIII’s DTs in the VTB in VEROSIM (left). Final
position of the rendezvous and docking maneuver (right)

account for the time delays during communication. However, due to the constant communi-
cation of the DT with the control’s model, the modification process was done with increased
efficiency.

In the left section of Fig. 8, the initial position of the Gemini VIII and the GATV is shown,
with a distance of 21.25m between them. The controller receives the current position and
velocity error of the Gemini VIII with respect to the target and outputs the x,y,z thrust force
vector. This is received by the Gemini VIII’s DT, which operates the thrusters accordingly.
Although the controller was not thoroughly optimized, the spacecraft successfully reaches
the target, as observed on the right section of Fig. 8, where the distance has closed to 0.71m.
This helps demonstrate the successful use of DTs in an MiL setup with the use of real-time
capable hardware. Finally, this particular experiment highlights the benefits of using DTs
in product development instead of physical prototyping. Running these experiments with
physical prototypes would be extremely expensive and dangerous, if not impossible.

An additional approach of a mix between MiL and HiL was also conceptualized. Here,
an embedded system specialized in space application (Jena Optronik’s DevBoard) handles
the movement of the Gemini VIII and gives its pose information to VEROSIM, where the
VTB with the DT of the GATV is implemented. The pose is given to the GNC inside the
Scalexio and aThrust vector is returned toVEROSIMand passed on to the embedded system.
Although this configuration is left for futurework, it ismentionedhere as an additional benefit
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to using DTs in MiL/HiL. This approach is useful for developers to test their GNC models
running in the Scalexio together with the DevBoard in a HiL setup.

6 Conclusions

This contribution has shown a proof of concept for the integration of DTs at the MiL
development stage of a system, together with the use of real-time capable hardware to run
the controller of said system. This could be extended to other stages of the XiL development,
where other parts of the system can be tested with the help of DTs andVTBs. The integration
of DTs increases the efficiency, behavior accuracy, and predictability of the performance of
the final product increasing the inherent benefits of development with the V-model. This is
especially important in fields of application where running real-life development, testing,
and validation can be very expensive and dangerous (e.g. in space).

A limitation to this approach is the necessity of DTs of other VTB’s components (e.g.
sensors) or a larger system (e.g. vehicles) to have closer-to-reality results. The compatibility
of such DTs could be a problem if the development does not follow a scalable, modular
approach like the one presented in [20].

This study is in its initial stages and only examines the use of DTs in the MiL stage,
as demonstrated by the two examples presented. Further research is required to assess the
potential benefits of integrating DTs and VTBs into other stages of the V-model and XiL
development cycles. This future work should also determine the applicability of DTs in each
stage and identify which stages stand to benefit the most from their use.
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Abstract

In this paper, we investigate the suitability of existing point set registration algorithms
for the task of pose estimation of industrial parts. Numerous algorithms with different
characteristics have been developed already. However, no comparative analysis regarding
the performance in the context of industrial parts have been conducted yet.We implement
a comparative study by applying various point set registration algorithms to an industrial
part and varying the point cloud density. The results of our study provide insights into
the performance of different algorithms and shed light on the best practices for point set
registration in the context of industrial parts.

Keywords

Point set registration • Pose estimation • Computer vision

1 Introduction

The advancement of automation technology in the industrial sector has led to a grow-
ing demand for high-precision 6-degree-of-freedom (6DoF) pose estimation. The accurate
determination of the pose of objects, such as industrial parts, is crucial for a variety of appli-
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cations, ranging fromquality control and inspection to roboticmanipulation and autonomous
navigation.

6DoF pose estimation [1] is a complex process that involves several critical compo-
nents, including feature detection, image-to-image correspondence compuation using epipo-
lar geometry, 3Dpoint triangulation, and point set registration.Of these, point set registration
plays a vital role in determining the pose of the object.

Point set registration is a fundamental task in computer vision, which aligns two or more
point sets by minimizing the distances between their corresponding points. In the context
of 6DoF pose estimation, the point sets represent the 3D model and the scene, and the
registration process is used to determine the transformation that maps the model to the
scene. This transformation provides the 6DoF pose of the object in the scene [2].

In addition to its importance in 6DoFpose estimation, point set registration is also relevant
for other tasks, such as simultaneous localization andmapping (SLAM). In SLAM, amobile
robot or device builds amap of its environmentwhile simultaneously determining its position
within that map. Point set registration plays a crucial role in this process by aligning the
model of the environment with the observed data from the sensors [3].

As a result of the growing importance of point set registration, there are numerous algo-
rithms available with different strengths and weaknesses. For example, some algorithms
may provide accurate results in real-time, while others may have better accuracy but are
computationally expensive. So far, there has been no comprehensive comparative study that
analyses the performance of different point set registration algorithms for industrial parts.

This paper aims to fill this gap by providing a thorough analysis of the strengths and
weaknesses of various point set registration algorithms. The study focuses on the use of
these algorithms for industrial parts, considering factors such as accuracy and computational
complexity. Examined algorithms include Coherent Point Drift (CPD) [4], FilterReg [5],
TEASER++ [6] and RANSAC [7]. The paper is structured with sections dedicated to a
review of related works, the presentation of the proposed methodology, an evaluation of the
results, and a conclusion summarizing the key findings and insights.

2 RelatedWorks

Point set registration is a fundamental problem in computer vision and robotics, and its solu-
tion is crucial for many industrial applications such as high-precision 6DoF pose estimation.
In recent years, many algorithms have been proposed to solve the problem of point set reg-
istration. In this section, we will briefly summarize the most commonly used algorithms,
including the algorithms Iterative Closest Point (ICP), the Coherent Point Drift (CPD),
FilterReg, TEASER++, and the RANSAC.

The ICP algorithm [8] is a popular iterative method for point set registration. It con-
sists of two main steps: finding the closest points between two point sets and updating the
transformation between them. The method iteratively repeats these steps until convergence,
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producing an accurate registration result. It has a high requirement for the initial position of
the two point sets and is therefore often used for fine-tuning after the application of coarse
registration algorithms.

The CPD algorithm [4] is a non-rigid point set registration method that is well-suited for
dealing with deformable shapes. It employs Gaussian mixture models to model the proba-
bility density functions of the point sets, allowing it to handle non-linear transformations.
The optimization process involves finding the parameters of the Gaussian basis functions
that minimize the distance between corresponding points in the two point clouds.

The FilterReg algorithm [5] is a novel point set registration method that utilizes a filter-
based optimization framework, which iteratively refines the correspondences between points
in the two point clouds by taking into account both the similarity between points and their
spatial arrangements in the two clouds.

The TEASER++ algorithm [6] is a recent point set registration algorithm that is designed
to work well for RGB-D scenes. It leverages a hierarchical optimization framework to
produce fast and accurate registration results. It is a global registration algorithm, i.e., it
relies on ICP for fine registration.

The RANSAC algorithm [7] is a popular algorithm for robust estimation in computer
vision. In the context of point set registration, RANSAC can be used to identify inliers in
a noisy point set, allowing for robust registration even in the presence of outliers. It is also
used in combination with ICP.

In the field of point set registration for industrial parts, various benchmark datasets have
been introduced to evaluate the performance of different algorithms. These benchmark
datasets contain 3Dpoint clouds obtained from real-world industrial parts and corresponding
ground truth poses.

Bellekens et al. [9] provide a comprehensive survey of existing algorithms for rigid 3D
point cloud registration. The authors evaluate and compare different algorithms based on
accuracy and computational efficiency, using several benchmark datasets. But they don’t
analyze the effect of the point cloud density specifically.

Another benchmark is the FAUST dataset [10], which provides a benchmark for eval-
uating point set registration algorithms on human body scans. This dataset has been used
to evaluate the performance of different algorithms in handling complex and large point
clouds.

Finally, the ETH dataset [11] is another benchmark used to evaluate point set registration
algorithms in the context ofmobile robotics. TheETHdataset includes point clouds of indoor
and outdoor environments. But it doesn’t focus on industrial parts which are characterized
by feature-poor metallic surfaces and lead to sparser point clouds.
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Fig. 1 Original reference point cloud with different density levels

3 Methodology

Point set registration is a fundamental problem in computer vision and robotics that involves
aligning two or more point sets to a common reference frame. The objective of point set
registration is to find the optimal transformation that maps one point set to another, so that
they become geometrically aligned. The transformation could be a rigid transformation that
involves rotation, translation, and scaling, or it could be a non-rigid transformation that
involves non-linear deformations. Here, we focus on rigid transformations without scaling
represented by the homogeneous transformation T = (R, t) with R ∈ R

3× 3 and t ∈ R
3.

The original point cloudwas generated using a high-precision 3D scannerATOSCompact
Scan from GOMMetrology and contains 37585 points. To examine the effect of point cloud
density on the registration quality of different algorithms,we decrease the density of the point
cloud to 60, 30 and 5% of the original amount of points (Fig. 1). The density is decreased by
uniformly removing points from the total point set across the whole geometry of the part.
The created point subset is then fitted into the original point set by the registration algorithms
for analyzing their performance behavior.

In this paper, we focus on the performance of four well-known point set registration
algorithms, CPD, FilterReg, TEASER++ and RANSAC, applied to a metallic 3D-printed
turbine blade.

4 Evaluation

The results of the evaluation of the four point set registration algorithms, namely CPD,
FilterReg, TEASER++, and RANSAC, are shown in Figs. 2 and 3. The point cloud from the
GOM scanner was matched with a point subset created from it, and the registration results
were analyzed for different densities of the point cloud, including 5, 30, 60, and 100%.
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Fig. 2 Registration results of CPD, FilterReg, TEASER++ and RANSAC with 5, 30, 60 and 100%
of the original points. In the CPD, FilterReg and TEASER++ plots the blue point cloud represents
the complete reference point set. In the RANSAC plot it is represented by the red point set

Fig.3 Inlier RMSE of CPD, FilterReg, TEASER++ and RANSAC for different synthetic point cloud
densities. The results for the density levels at 5, 30, 60 and 100% are shown
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Table 1 Runtime of CPD, FilterReg, TEASER++ and RANSAC with 100% of the point set

CPD FilterReg TEASER++ RANSAC

Runtime (s) 40173.4 61.8 522.0 204.7

The Root Mean Square Error (RMSE) is used as a metric (Eq.1),

RMSE =
√∑n

i=1

(
xi − x̂i

)2
n

(1)

where n is the number of corresponding points and (xi − x̂i ) is the Euclidean distance
between corresponding points after registration. In the optimal solution, the distance between
the corresponding points is 0 after complete registration.

The results show that CPD achieves very low RMSE values for all densities of the point
cloud, making it the most robust algorithm among the four (Fig. 3). However, its runtime of
40173.4 s is significantly slower compared to the other algorithms, making it less suitable
for real-time applications (Table1).

FilterReg, on the other hand, was the fastest algorithm with a runtime of only 61.8 s.
However, its registration quality was the worst among the examined algorithms, which is
evident from its relatively high RMSE values.

TEASER++was very fragile when the density of the point cloud was low, but it improved
rapidly when more points were available. With 100% point cloud density, TEASER++ was
already able to outperform CPD and FilterReg.

RANSAC was even more sensitive regarding sparse point clouds and needed the largest
number of points to return good registration results. It even outperformed TEASER++ by a
small margin at 100% density.

In addition to the simulated data, the evaluation was also conducted with real data, where
the target point set was not acquired by downsampling the original set from the scanner,
but instead was retrieved via reconstruction with the tool CloudCompare [12] and images
from 20 megapixel grayscale cameras (Fig. 4). The observations from the simulated data
were confirmed by experiments with the real data, where CPD again showed its robustness
against sparse point clouds, while TEASER++ and RANSAC struggled with it (Fig. 5).

5 Conclusions

In this study, fourwell-known point set registration algorithms, CPD, FilterReg, TEASER++
and RANSAC, applied to a metallic 3D-printed turbine blade have been analyzed by varying
density levels from 100 to 5%. The results show that CPD has the lowest RMSE values but
a significantly slower runtime compared to the other algorithms. FilterReg is the fastest
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Fig.4 Registration results of CPD, FilterReg, TEASER++ and RANSAC with real data. In the CPD,
FilterReg and TEASER++ plots the blue point cloud represents the complete reference point set. In
the RANSAC plot it is represented by the red point set

Fig. 5 Inlier RMSE of CPD, FilterReg, TEASER++ and RANSAC with real data. The real data
point clouds are provided by reconstructions from camera images. CPD outperforms the other three
algorithms clearly

but has the worst registration quality. TEASER++ improves rapidly when more points are
available but struggles with sparse point clouds. RANSAC is even more sensitive to sparse
point clouds and needs the largest number of points to return good results. The evaluation
was conducted with simulated and real data, and the results confirmed that CPD was the
most robust against sparse point clouds, while TEASER++ and RANSAC struggled with
it. Future work can examine other characteristics of registration algorithms by creating data
sets with very specific manipulation operations on them. This targeted analysis of datasets
will allow an isolated view of relevant properties of the algorithms.
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A New AI-Based Approach
for Contextualization and Prediction
of Human Activities in Industrial Robot
Applications
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Abstract

Human activity prediction in industrial environments with content semantics using 3D
point clouds can ensure human safety and process efficiency. This work aims to train
and optimize context-based AI models to develop a framework for anticipating human
group activities and estimating human motion. Main Contributions of this work: 1.
Design of multi-layer structure of various DNN Classifiers to segment, detect and
track dynamic agents (e.g., humans, robots, or AGVs) 2. Training of context-based
sequential relational anticipation model to predict human activities and positions in the
early stage 3. empirical experiment with 60 subjects for collecting datasets of human
actions and activities in on industrial setting. All these procedures are merged in the
proposed framework and evaluated in six scenarios of one industrial Use-Case.

Keywords

Early action prediction • Intention anticipation • Motion trajectory estimation

1 Introductions

In order to satisfy the future challenges of industrial production, flexible production lines
are required that can react situationally to changes in the process chain and product diver-
sity. Depending on the order situation, agile machine systems have to be changed to new
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production processes in the shortest possible time, which poses a significant challenge in
terms of safety and control technology. One solution to ensure high efficiency and adapt-
ability is to design a production line with fenceless workstations that allow collaboration
between humans and robots [1]. This approach to workplace design places high demands
on safety and control technology. The control system must safely recognize the human in
the robot’s workspace and predict the human’s future intentions. Fulfilling this condition
requires methods that can reliably predict human activities and movements at a very early
stage. Activity prediction of this kind would allow the human to work very closely with
the robot during certain product steps without the risk of collision. Conversely, there is
no loss of machine utilization, as the system can increase speed again when an allowable
safety distance is reached [2]. By ensuring safety, interactions such as teaching a heavy-
duty robot can be enabled by gestures in close proximity to the robot without the need
for complex operator releases. The no-code approach allows the human to teach the robot
directly by guiding, pointing, or demonstrating without requiring knowledge of complex
programming languages [3, 4].

This paper proposes a new AI-based approach for contextualizing and predicting
human activities in industrial robot applications. Our approach aims to predict complex
sequential actions based on partially observed images by observing the relationships and
interactions between dynamical agents such as production workers, robots, or AGVs. To
ensure that the action sequences are captured across the entire surveillance space, we use
up to four sensors that capture the scene from various perspectives. Our contributions can
be summarized as follows:

1. Design of multi-layer structure of various DNN Classifiers to segment, detect and track
dynamic agents (e.g., humans, robots or AGVs).

2. Training of context-based sequential relational anticipation model to predict human
activities and positions in the early stage.

3. Conducting and Evaluation of empirical experiments with 60 subjects for collecting
datasets of human actions and activities in on industrial setting.

All these procedures are merged in the proposed framework and evaluated in six scenarios
of one industrial Use-Case with robots.

2 Related Work

Most publications on human action prediction refer to the detection of temporal or spa-
tial changes in 2D color images using neural networks [5–7], which usually include the
detection or classification of the action in the early stage. The paper [7] presents a method
that predicts human interaction using deep temporal information from videos. Flow cod-
ing is used to represent low-level motion information, and a deep convolutional neural
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network is used to extract deep temporal features. To ensure that the two-stream network
also anticipates hard-to-predict actions in the early stage, an additional memory module
that records the sequence and provides the prediction is used in the approach [8]. Unlike
traditional two-stream architectures, the two-stream model in the paper [9] leverages both
modalities to train both input gates jointly and both forget gates in the network rather
than treating the two streams as separate entities with no information about the other.

The work [10] improves the training of deep temporal models to better learn activity
progression for activity detection and early detection tasks. Conventionally, when training
a Recurrent Neural Network, specifically a Long Short-Term Memory (LSTM) model, the
training loss only considers classification error. The recognition value of the correct activ-
ity category or the recognition value distance between the correct and incorrect category
should not decrease monotonically if the model is to observe more activities. For this, a
novel ranking loss is designed that directly penalizes the model when such monotonici-
ties are violated and is used together with classification loss in training LSTM models.
While many works are concerned with predicting raw RGB pixel values, the approach
[11] focuses on predicting motion evolution in future video images. To this end, dynamic
images (DIs) are constructed by grouping moving pixels into a sequence of future images.
Training a convolution-based LSTM will predict the next DIs based on an unsupervised
learning process. The associated activity becomes predictable with forecasted DI. In some
approaches, the environment is also included. To this end, a multi-stage LSTM archi-
tecture was developed to leverage context-aware and action-aware features [12]. It also
introduces a novel loss function that promotes the model to predict the correct class as
early as possible. To infer the appropriate action or activity from the static scene, the
developers train a particular classifier in the paper [13], which predicts the action based
on unique environment structures. The weakness of this approach is that the scene struc-
tures should significantly differ to get an accurate action prediction. An extension of these
approaches is the additional detection of object interactions during action [14], including
the complete environment for predicting walking paths and activities [15]. In contrast, a
unique approach considers temporal and spatial changes of random events in the image
[16], which are not directly related to the action of the human. No specific people or
objects are tracked, and the observation includes the whole scene of interaction. Very
often, the approaches refer to pure recognition of a completed activity. However, in some
cases, the recognition is also used to predict future actions that are directly related to the
current action. By hierarchically dividing the activity into two levels, future activity can be
predicted based on the combination of simple actions [17]. Another long-term prediction
approach involves observing sports group activities to predict future positions and plays
[18]. The work [19] describes a joint prediction approach where both activity features
(motion-based) from previous activities and object features present in the scene are used.
The system is able to infer the corresponding action and derive its start time.In addition
to the above drawbacks, detecting and tracking multiple people in a video is a significant
challenge in crowded and cluttered scenes. None of the approaches uses a 3D multi-modal
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sensor system approach to predict group activities. Furthermore, the approaches focus on
non-industrial areas where individuals’ actions are mainly predicted without explicitly
considering the interaction with the environment or other dynamic objects.

3 Approach

Industrial environments are very complex, especially where humans and robots collaborate
on a task in a confined workspace. The sensor system must be able to infer future actions
and activities based on the movements of various dynamic agents such as humans, robots,
or AGVs. Our approach is to train a Sequential Relational Anticipation Model (SRAM)
based on the partial observation of the interaction and activities of several active agents
from various sensor perspectives. As a motivation, we use a model for predicting volley-
ball moves in the context of single-player movements [20]. Our work aims to apply this
group activity prediction approach to human–robot cooperation scenarios in an industrial
context.

Figure 1 shows the general architecture of our approach. A multi-modal sensor system
is provided for the action sequence acquisition, which observes the scene from different
perspectives in real-time. Based on color images and point clouds, proper segmentation
and tracking of humans and dynamic objects is performed based on a multi-layer structure
of various DNN classifications [21, 22]. The observed tracklets of the single dynamic
agents are passed to the Sequential Relational Anticipation Model and used to predict the
group activity. By partially observing the interaction between the single dynamic agent,
the future group behavior in activity and position is predicted.

Mul layer-Structure 
with DNN Classifiers SRAM 

(Sequen al Rela onal 
An cipa on Model) 

Posi on Predic on

Object
Detec on

Human
Detec on

Observa on
EncoderTracking Sequen al

Decoder

Sensor 2

Sensor 1

Sensor 3

Sensor 4

tracklets

Observed
Frames

Group Ac vity Predic ons

par al observa on 
of the interac on 
and ac vi es of 
several ac ve agents (humans, objects, robots, agvs)

Fig. 1 Overall architecture of AI-based method for contextualization and prediction of human activ-
ities in industrial robot applications
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3.1 Data Preparation

A prerequisite for training context-based AI classifiers is that a sufficiently large number
of contextual datasets containing industrial actions and activities are available. In our
work, an automated annotation tool [23] is used to automatically label human actions
in multimodal datasets consisting of color images and 3D point clouds with low time
and resource requirements. The core of the tool consists of a multi-layer structure of
various DNN classifiers that ensure that human motions and actions are reliably detected
in industrial environments. In addition, it is possible to process synchronous data from a
multi-sensor system that views the scene from multiple perspectives. The fusion of the
single sensor data increases the confidence of the hypotheses. It ensures that the human’s
action is tracked over a larger workspace with more complex structure.

The results of the automatic annotation process can be seen in Fig. 2. The annotation
tool can locate, track and classify human and dynamic objects in the sensor data. The
reliable classification of the human is done using the image data from the camera sen-
sors (Right image), which view the scene from multiple angles. Various AI-based human
pose classifiers [21, 22] are used, whose hypotheses are tested using a plausibility filter.
Subsequently, in the 3D workspace (Left image), the humans or objects are segmented in
the form 3D bounding box of environment structure based on the 3D point clouds of 4
sensors. The results of the annotation tool included human action labels in addition to the
3D and 2D bounding boxes.

The objective is to use the automatic annotation tool to create a new data set with a
structure similar to [24]. It is essential for this that the action sequence is completely cap-
tured from all sensor perspectives. Each annotated action frame of a perspective consists
of 41 images, where 20 images are captured before the target frame, and 20 images are

Fig. 2 Automatic annotation tool results—(Left image) 3D workspace with 3D point clouds and 3D
bounding boxes for human (red) and object (blue); (Right image) 2D sensor view with 2D bounding
boxes for human (red) including action marker and object (blue)
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captured after the target frame. In contrast to [25], dynamic objects such as robots and
AGV’s are included in addition to the acting humans to represent the group activity.

3.2 Group Activity Prediction (SRAM)

The SRAM approach captures the interactions of multiple individuals with observational
encoders and anticipates their future relationships through a sequential decoder (shown in
Fig. 3). The approach differs from existing action prediction methods [26, 27] that can
only predict the action of a single person. Compared to group activity detection meth-
ods [26, 28, 29], the SRAM method performs sequential prediction of group activities
concerning future positions and activity representations. Activity prediction is also facil-
itated by explicitly predicting the future positions of individuals. A sequential decoder
allows the prediction of group representations across multiple roll-off phases, even with
very few observed frames, which is a significant performance improvement over other
approach. This decoder is guided by a sequential reconstruction loss that mimics how a
partial observation gradually approaches its complete observation. An adversarial loss that
ensures that the generated full observation features can no longer be distinguished from
the correct full observation features.

The selected sequential Relational Anticipation Model for predicting group activity of
employees and dynamic objects is to be learned based on the annotated action sequences.
The prerequisite is that a sufficiently large number of action frames of the respective
action class are available. To ensure the large number of data, extensive subject tests were
carried out, described in the experiments section.

In our work, we generated a large number of valid annotated 2D and 3D datasets
of industrial actions and activities using the Automatic Annotation Framework and a

Fig. 3 Based on the initial frames, the SRAM method models the relational dynamics of a group.
It predicts a group activity by predicting the future group activity representation and their positions
for the unobserved frames (Illustration adapted Fig. 1 from [20])
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multi-sensor system, which were used for training the Sequential Relational Anticipation
Model. After completion of the training, the final model was integrated and tested in our
processing pipeline, as shown in Fig. 1, for 3D workspace monitoring.

4 Experiments

A large amount of data with various actions and activities in an industrial context is
needed to train the Sequential Relational Anticipation Model in our work. For this pur-
pose, a large number of subject experiments have been conducted in the past in which
humans performed various actions in an industrial environment in an uncontrolled manner.
The scene was captured by a multimodal 3D sensor system from several perspectives dur-
ing the experiments. The color images and point clouds of the 3D sensors were acquired
synchronously in time and combined into a data set. The experimental scenarios range
from very simple to very complex and include various actions related to the environment
structure. Table 1 gives an overview of the test scenarios with corresponding action types
and subject number.

4.1 Experiment Setup

The HRC cell at Fraunhofer IWU, corresponding to the standard of a robot cell without
a protective fence from industrial production, was selected for recording the sensor data.
The front of the cell is open and allows barrier-free access for humans and objects (shown
in Fig. 5—Left). The large open area inside the cell ensures that the four sensors are
optimally aligned with the action scene and are not obscured by machine parts and plant

Table 1 Test scenarios with corresponding action types and subject number

Nr Title Action types Subjects

1 Person walks into robot cell Standing (static), walking 1

2 Person walks with item Standing (static), walking, setting up
ladder

1

3 Person pushes a transport cart Standing (static), walking, pushing
transport cart

1

4 Person place a object Standing (static), walking, place object 1

5 2 persons walk into robot cell Standing (static), walking 2

6 2 persons hand over an item Standing (static), walking, handing
over item

2

7 2 persons with a transport cart Standing (static), walking, Pushing
transport cart

2
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Fig. 4 Activity Overview—First Row: (Left) single Person walking, (Center) setting up a ladder,
(Right) single Person pushing transport cart; Second Row: (Left) two Person walking, (Center) hand-
ing over an item, (Right) two person pushing transport cart; Object (blue bounding box) and Human
(red bounding box)

structures. The sensor layout is shown in Fig. 5 (Right) and ensures that the acting human
is recorded from several perspectives.

4.2 Prediction and Annotations Results

With the help of the automated annotation framework, it is possible to generate many
datasets for our work to train the Sequential Relational Anticipation Model. The advantage
is that the scene is captured from multiple sensor perspectives, increasing the number of
valid sequences. Annotation of actions and activities showed that simple actions such as
walking and standing are the most common, as opposed to complex activities such as
setting up a ladder or pushing a transport cart. The prediction results of the trained model
in Fig. 4 show that a SRAM can be used to predict actions and activities related to the
group relationship of humans and objects.
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Fig. 5 (Left) Front view of HRC-Cell at Fraunhofer IWU, (Right) Sensor layout with 4 sensors

5 Conclusion

The proposed AI-based approach for contextualizing and predicting human activities in an
industrial context is intended to help optimally control processes in production facilities
in a predictive manner and ensure human safety during human–robot interactions. To
implement and evaluate this approach, the following contributions were made to our work:

1. By designing and implementing a multi-layer structure of multiple DNN classifiers, it
is possible to reliably segment, recognize and track humans and other dynamic objects
in the sensor data. Result correlation in 3D and 2D space ensures that the group action
sequence is captured over the entire workspace and duration.

2. Our work focused on training the Sequential Relational Anticipation Model to pre-
dict group activity in an industrial context. This approach includes the movements and
states of other dynamic agents, such as robots and AGVs, in addition to human inter-
actions. The advantage is that the prediction incorporates the interaction of all dynamic
agents, and no other hybrid prediction is required.

3. The empirical experiments with more than 60 subjects to collect data sets of human
actions and activities in an industrial environment allowed us to guarantee a reason-
able basis for training the Sequential Relational Anticipation Model and to ensure the
verification of the framework. The different complex scenarios allowed us to provide
a valid number of action sequences.

A weak point of the SRAM is that the group activity must always have a fixed loca-
tion reference. Transferring the learned model to other scenarios is challenging due to
the position reference of the single dynamic agents. To learn new group activities, new
data sets must be recorded and annotated. This paper aims to stimulate the development
of new methods of activity prediction in an industrial context and lead to innovations
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in data-driven computer vision in the coming years. By exploring such for the indus-
trial application domain, new possibilities for autonomous control of machines and robots
in production processes will be opened. In addition to reducing floor space by design-
ing hybrid workstations of human–robot cooperation, action prediction approaches also
reduce cycle time interruptions and enable higher machine utilization.
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Cost Modeling as Decision Support in Early
Planning Phases of Agile Assembly Systems
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Abstract

Production environments and systems are transforming, driven by changing economic
concepts, consumer demands and ecological guidelines. Linked to this, concepts for
small-scale production systems in urban areas are evolving. These systems attempt
to incorporate flexibility and individuality in both processes and products in range,
variety and amount, enabled by growing technical possibilities. Therefore, small scale
urban production systems are affected by other framework conditions than large-scale
mass producer, in particular shortened planning phases due to frequent replanning,
redesign, and reconfiguration. This requires constant adaptation to changing situations
and basic planning tools. As such a cost model is proposed to support decision-making
in early planning phases. The functionality of the model is investigated to achieve suf-
ficient output accuracy with a reasonable amount of input. The input contains general
information about the product, the processes, and the assembly equipment and is col-
lected exemplarily in a case study while the output suggests different options, e.g., on
assembly layout arrangements, machine selection, or depth of performance.
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1 Introduction

Alike the requirements for assembly, the technological possibilities are constantly evolv-
ing. For realization in practice, planning tools have to adapt as well, to make economic
representation of processes feasible. Cost modeling is used to estimate whether a project
is economically viable. At the same time, with the goal of reducing costs, it can provide
a basis for decision-making. Many existing approaches to model cost use a broad and
accurate data basis, for example the precise determination of process times, to achieve
accurate results for detailed planning. With shortened planning times in versatile sys-
tems, this effort is no longer economically viable and more flexible planning methods are
advantageous. Therefore, this paper examines the relevant factors for cost estimation in
flexible and agile as well as partially automated assembly environments.

Section 2 introduces the aspects the cost model tries to incorporate, by addressing the
technological and structural developments in assembly and the influences on cost model-
ing. Section 3 is a short outline of methods for production cost estimation, documenting
which approaches are researched and used for modeling. For comprehensibility, Sect. 4
presents the proposed model including the mathematical basis and cost factors. Section 5
applies the model in a case study and discusses the results. The case study is selected
based on available research equipment and is therefore a pre-consideration for practical
experiments. Finally, Sect. 6 elaborates the results and limitations of the model and how
this deducts the need for further research.

2 Urban and Agile Assembly System

Current technological developments and the production change driven by sustainable
transformation affect a shift of paradigm in assembly systems [1, 2]. In this section,
the framework conditions for small scale urban assembly systems are presented as influ-
encing factors leading to the paradigm shift. Concluding their effect on cost-estimation as
one planning tool and the need for new approaches in planning flexible, changeable and
adaptable systems in the context of urban and agile assembly activities.

Consumer demand and requirements. The enormous pressure for sustainable transfor-
mation in the face of the climate crisis requires a rethinking of the widespread method of
mass production. Apart from the legislative means that force companies to take respon-
sibility, the increased interest of consumers focus on ecological sustain products and
production methods. This is connected with the consumers want for products that are
better tailored to their individual needs and are durable in the sense of operability but
also usefulness. [X].

The result is the increasing demand for individuality, while production volumes are
decreasing, targeting small-scale production. Furthermore, the variant diversity of new
products is decreasing because of less rapid technical innovations and the aim for better
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repairability, and spare part availability is increasing. Finally, this requires more versatile
systems that offer a broader range of processes, for example disassembly.

Processes and value creation. According to the sustainable transformation, the concept of
circular economy is inevitable to reduce, reuse and recycle. Converting the linear “take-
make-dispose” economy into a closed loop includes new processes and organization in
manufacturing [4]. Consequently, processes like disassembly are gaining importance and
structures like reverse logistics need to be established, thus creating new value streams.
Since used products are afflicted with many uncertainties about product variant, quantity,
usage, or defect this requires flexibility. More flexible systems can deal with fluctuating
production volumes or continually varying processes in depth and time, enabling more
individual treatment and adaptability.

Planning and organization. Agile manufacturing is an innovative methodology, address-
ing the need for more flexibility and responsiveness toward uncertain and turbulent market
requirements. It is often associated with lean or flexible manufacturing, whereas agile
manufacturing is a proactive approach to deal with uncertain situations. Overall, it is
assumed that the current challenges of the manufacturing sector can be overcome by
introducing modular product structures, digital transformation, and by transforming sys-
tems and organization according to agile methods to remain competitive and increase
productivity [5].

Technology capabilities. The recent development in manufacturing towards “Industry
4.0” is associated with digitization and technologies such as the internet of things, cloud
computing, cyber physical systems, or big-data analytics. This is supposed to enable real-
time connection between systems, machines, tools, workers, customers, and products,
increasing production flexibility with reconfigurable machines and allowing profitable
personalization and flexible automation [6]. Due to digitalization, it is possible to cre-
ate collaborative manufacturing systems that can react in real time to changing conditions
at the site, in the supply network, in customer requirements, and thus working flexibly
and adaptively [7].

Urban Production. Urban production is a redefinition of the production site due to
increasing urbanization and the coexistence of production site and the city, following
current trends towards sustainable living and digital working [8]. Companies therefore
focus on designing customer- or market-oriented processes to add more value to products
or services. This implies a stronger involvement of customers in the development process
of the product also called co-creation or co-design [1, 9]. Decentralizing companies or
manufacturing sites offers scope for rethinking and developing organizational structures
and processes, for example, to improve innovation cycles for new products. In the past,
the price of the product and productivity were decisive for the development of a basic
idea of a company. Today, also the product quality, flexibility, the ability to change and
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learn, as well as knowledge and services are decisive. Processes and structures must be
consistently aligned with the market and adapted constantly. [10]

Paradigm shift towards agile assembly systems. Since industrialization, production
methods and paradigms have changed. From craft production, in which products were
produced locally at high cost and at customers request, to mass production, in which
large quantities of products were produced at low cost, but with limited variants, to
the current trend of mass customization, which follows the demand for higher product
diversity. Through product family planning and modular products, different assembly
combinations enable economic efficiency via an economy of scale at the component
level. Currently, emerging technologies are creating a new paradigm the personalization
of products tailored to the individual needs and preferences of consumers [1].

In line with production methods, production and thus assembly systems have adapted.
In mass production, dedicated assembly systems were designed for a single task to achieve
the highest possible throughput rates. For mass customization, systems need to be more
responsive to changes in structure, resources, and product capacity and therefore recon-
figurable assembly systems (RAS). As an extension the flexible assembly system (FAS)
consists of machines capable of performing operations on a random sequence of parts of
different types with little or no changeover time or effort. In summary, a RAS is a manu-
facturing system with custom flexibility and a FAS is a manufacturing system with general
flexibility. The on-demand assembly system extends even further, being able to respond
quickly to personalized consumer needs, and therefore requires configuration and recon-
figuration in a cost-effective manner, which is possible through cyber-physical systems
and agile manufacturing methods [1, 2].

Effect on cost estimation. The described changes in assembly systems and framework
conditions show, that the requirements for flexibility, adaptability and fast reactivity are
increasing, as well as the inclusion of more complex and variable processes. Resulting
in shorter planning phases due to frequent and continuous adaptation of processes and
operating resources. The reduction of planning times directly affects the functionality of
planning tools. Considering the time effort, rough but reliable indicators gain significance
compared to the prediction accuracy. In early planning phases, the precise prediction of
process times as an indicator of efficiency and driver of cost per unit becomes less relevant
especially in relation to preparation and setup times.

Therefore, cost estimation as a planning tool should not only depend on process times.
The estimation has to incorporate a range of influential factors and provide transparency
regarding cost origin to support decision-making. Furthermore, the amount of input must
be limited, so that the model can easily be adjusted, remaining responsive to changes.
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3 Methods of Cost Estimation

Cost estimation is particularly interesting as pre-calculation in early planning phases,
providing a basis for decision-making and identifying a scope for actions and targets [11].
Cost estimation procedures are often methodologically systematized into qualitative and
quantitative procedures [13]. A overview of relevant procedures is presented and assessed
regarding their suitability for the framework described in Chap. 2.

Qualitative procedures. Qualitative procedures for cost-estimation indicate whether a
solution is better or worse but without absolute values. These procedures rely on heuristic
rules, good-bad examples or cost-structures based on expert knowledge or about previous
productions. In general, they are rarely used or only in combination with quantitative
methods, due to the fact, that they do not allow specific or transparent derivation of costs,
hence thy are not discussed further [13].

Quantitative procedures. Quantitative procedures, on the other hand, represent a cor-
relation between manufacturing processes and materials used and the expected costs
[12]. These procedures can be classified into statistical/parametric (1), analogous (2),
generative-analytical approach (3).

Parametric approaches (1) are based on statistical methods by determining parameters
with significant influence on the production costs. These methods are characterized by a
fast calculation of results. However, the accuracy corelates with the number of parame-
ters and the work effort. Analog estimation methods (2) approximate costs using known
costs for similar and comparable products. Therefore, such methods require compara-
ble processes and products and are mostly used for minor product adjustments, as the
estimation accuracy is related to similarity. For analytical procedures (3) products and
processes are divided into units or features, thus also referred to as feature based. From
these units or features, individual costs are calculated and summed up to total costs. Due
to that, detailed knowledge about the processes or products is required, which can be
difficult in early planning phases and some methods only determine a part of the total
costs. Especially for the parametric, but also for the other approaches, machine learning
methods are already applied, for example neuronal networks. Since these methods require
an extensive database, they are not considered for the beginning, but for further research
and refinement of the cost model [12].

None of the described approaches fulfills the requirements entirely for cost estimation
in early planning phases in the described assembly framework. The analog methods are
unsuitable at the product level, since they cannot represent the degree of flexibility. On
the process level, it should be tested whether these methods are suitable for drawing con-
clusions from similar assembly operations, for example for recurring operations such as
automated screwing, factoring in the number of screws. The analytical and feature-based
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approaches are suitable because they draw conclusions about the cost origin and thus sup-
port decision-making, while parametric models enable analysis of cost relationships and
dynamic adjustment of fidelity.

Thus, to model the cost, logical cost blocks according to influential factors are speci-
fied. The separate costs are determined using parameterized methods, analytical methods
and existing methods that are tailored for the individual considerations, for example the
process costs according to Swift and Booker [14].

4 Description of the Model

The proposed cost model aims to resolve the contrast between accuracy of cost estima-
tion and effort of data acquisition, as an economical solution for the assembly of small or
single series. The goal is to achieve sufficient accuracy with relatively small effort. Fur-
thermore, the model strives to fully consider the mentioned framework conditions, thus
it should provide a basis for decision-making in small scale assembly systems as well as
for extensions, such as the representation of disassembly processes.

The costs are estimated by using a mathematical optimization model. Following the
principal equations illustrate comprehensibly the approach and the cost drivers but not the
complete model. The indices and quantities are explained with the respective equation.
Furthermore, variables are written in lower case and constants in upper case.

Total cost. The total cost (ctot) equation contains 10 cost blocks, which are described
individually below. The result is the cost per unit.

ctot = cprep + cmat + ctrain + cen + cspc + cproc + ctrans + cbuy + cdisp + cserv (1)

Target function. Further, the objective for the optimization is formulated. Since econom-
ically sensible decisions should be found, the aim is to minimize costs.

minc = ctot +
G∑

g=1

K∑

k=1

loakkg (2)

Prerequisite and assumption. With a predefined precedence of operations, an operation
or process sequence is deduced. Each operation i is assigned a unique position in this
sequence and a workstation k. The order in which the resources are used also determines
whether a station change occurs between operations and whether setup times are required.
The first station always requires a setup time. The consideration of setup times is relevant
because it is assumed that the operating stations are universally applicable. In addition,
each station k is assigned to a specific level of automation (loak), based on the feasible
types of processing, for example hybrid assembly with collaborative robot. The approach
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to determine the level of automation or mode of processing by costs was introduced by
Salmi et al. [14].

Preparation. The preparation costs (cprep) result from the costs for the modification of
the assembly layout (clayout) and for the setup costs at the individual stations (csetup), both
calculations take the lot size into account. The number of stations and their characteristics
as well as their spatial arrangement in different layouts can be predefined in the model.
The layout primarily influences the transport between the stations.

cprep = clayout + csetup (3)

Material. Material costs (cmat) arise for each operation i at the corresponding station k.
This equation is simplified, it contain a binary decision variable that is crucial to assign
each operation to exactly one resource, which is relevant for the logic, but not for the
understanding of cost determination.

cmat =
K∑

k=1

I∑

i=1

Cmati (4)

Training and Programming. Training or programming costs (ctrain) are incurring at each
station k for an operation i. These costs are particularly difficult to determine, since the
effort involved depends heavily on the experience of the employees, both in manual and
automated assembly. The ratio of training costs decreases with the batch size N.

ctrain = 1

N
×

I∑

i=1

K∑

k=1

Ctraink (5)

Processes. The process costs (cproc) are calculated, according to Swift and Booker, from
the process times (Tproc) and costs per time incurred at a station k (ck) for manual and
machine operation [14]. The division into manual or machine work, according to Salmi
et al., depends on the stations level of automation (loak) [15]. The operating equipment
costs (ck) include maintenance, personnel, operating life, working hours and employ-
ees experience. The process times (Tproc) are comprised of joining and handling times,
including additional factors for difficulties and special features of the operation [14].

cproc =
I∑

i=1

K∑

k=1

ckik × Tprocik (6)

Energy. The energy costs (cen) are calculated from the electricity costs (cE), the electricity
(Econ) consumption of the particular station k and the process time (Tproc).



236 H. Lickert et al.

cen =
K∑

k=1

Econk × CE

3600
×

I∑

i=1

Tprocik (7)

Space. The space costs (cA) are calculated from the space costs per time as well as the
space taken (Acon) and the process time (Tproc) of the particular station k.

cspc = CA × (

I∑

i=1

K∑

k=1

Aconk × Tprocik) (8)

Transport. The transport costs (ctrans) are calculated from the costs for transport (Ctrans)
and the transport times (Ttrans) from a station m (predecessor) to a station k in a certain
layout l. To consider the two options of outsourcing and disposal during transport, the K
stations are extended by K + 1 outsourcing and K + 2 disposal.

ctrans = Ctrans ×
K+2∑

k=1

I∑

m=1

L∑

l=1

(Ttranskml ×
I∑

r=2

xtranslkmrl) (9)

Outsourcing. Outsourcing costs (cbuy) are incurred for each operation i that is handed
over to an external service provider.

cbuy =
I∑

i=1

Cbi (10)

Disposal. Disposal costs (cdisp) are incurred for each operation i that is disposed of. This
alternative becomes attractive when the other costs of the processes, preparations exceed
the value of the order (V). If a product is disposed of in operation i, the model also
forces all subsequent operations to station K + 2 disposal. This option is only practical
for disassembly and related processes.

cdisp = (CD + V ) (12)

Services. Service costs (cserv) are calculated in the same way as process costs. The only
difference is that it was specified for all services d that they have to be executed manually.
Due to the complexity of the integration of such services, they were not represented
in the previous expressions, but they offer the first approach to represent processes of
disassembly in the model.

cserv =
D∑

d=1

K∑

k=1

ckdk × Tprocdk (13)
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5 Case Study

To apply the model, it was implemented in the optimization software Jump. Parallel a data
set was formulated for an exemplary assembly environment, oriented to existing operating
equipment at the TU Berlin. The exemplary assembly environment at the TU Berlin is
established for research and experiments in the field of urban circular cloud assembly and
therefore possesses a majority of the attributes mentioned in Sect. 2 [16]. In preparation
tests on manual assembly of smoke detectors were conducted.

The case study is intended to test the functionality of the model, the feasibility of
collecting relevant input data, and the comprehensibility and usefulness of the results.
Furthermore, it was examined whether the model makes different decisions based on the
input data regarding the degree of automation and process depth.

Assembly environment design. The data for the model regarding the environment are: 5
stations [incoming and outgoing goods, manual assembly, manual assembly with cobot,
miniature robot, robot arm] in 2 different arrangements [layout 1, layout 2] with the
automation levels [manual, hybrid, machine] and defined additional factors for [sensitiv-
ity and controls]. The observed process is the assembly of a smoke detector consisting
of 5 parts [housing and housing cover, printed circuit board (PCB) with photodiode, bat-
tery, smoke collector] with the operations [input and output of goods, connecting PCB
with smoke collector, connecting PCB with battery, inserting into housing, closing with
housing cover]. A batch-size of [100] pieces was assumed.

Data set. In addition, data and costs specific to the assembly environment or process
must be defined—cost and useful life of equipment, space and energy costs, duration of
process steps, material costs. Within the case study, realistic values were researched for
the location of Berlin. For example, the energy costs (cE) a price of 0,2664 e/kWh was
expected. Assuming that the qm costs 30e per month and operating times are 1760 h per
year, space costs of 0,0,000,568 e/m2*sec was expected. The space taken (Acon) for each
station was calculated from the machine dimensions adding areas for accessibility and
the electricity (Econ) consumption was captured during machine operation. This data is
known or captured in real environments, thus it is trivial to describe them in detail.

Result. The results are the total costs broken down by the described cost blocks as well as
the determined order of operations and assignment to a station. This includes the decision
which operations should be performed with which level of automation and about the
possibility to outsource the operation. The possibility of disposal is to be considered
reasonably only for disassembly (Fig. 1).

However, the determination of process times is not yet implemented in the model
and was therefore performed in advance. Also, the selection of stations according to the
degree of automation is only implemented exemplarily and does not reflect the decisions
complexity. It is based on the factors of the programming and setup times as well as the
batch size, since these times are only approximated, the quality of the statement is to be
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Fig. 1 Visual output of the model

doubted strongly. Nevertheless, it can be shown that such a decision can be made on the
basis of more accurate data.

6 Conclusion

The model represents a first attempt for a suitable planning tool for agile, automated, and
urban assembly environments. The logic blocks within the model, allow to trace the costs
origins and alter them during planning. Furthermore, the optimization goal to minimize
costs provides the opportunity to decide between different options. Recent options are the
assembly layout, process depth and degree of automation.

The assembly layout is based on the relation between the rearrangement effort and the
work piece transport in the respective layout. The case study included 2 layouts, which can
be extended. The decision about the process depth is based on the possibility to cancel,
dispose, or outsource processes. The decision about the degree of automation is based on
the preliminary work of Salmi et al. [15], which has to be modified for the assumed input
and according to recent technological developments in automation preparation. The other
limitations and the further planned research are addressed separately.

The usefulness of the data input has to be evaluated in practice. The experimental data
set is based on research, so it must be clarified whether the data used are also available
in practical applications and can be generated with an appropriate effort.

The determination of process times has to be integrated. Process times, as previously
mentioned, tend to be less important in terms of their accuracy, as they have a lower
influence on the total costs in small-scale assembly systems. Nevertheless, the simplified
(non-simulation based) determination of operating times of robots is a challenge as well
as the determination of joint processing times of humans and robots in collaborative
assembly environments [17]. While methods-time measurement is an established method
to predict times for manual processes, its equivalent for robots has not been applied in
practice and additionally requires quite accurate information about the individual process
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steps. Therefore, the estimation of process times with little information offers an important
field of research and needs to be further addressed.

Further aspects that are not jet considered have to be integrated. This includes the holis-
tic consideration of all assembly-related processes—assembly, disassembly, reassembly
and recycling processes in terms of circular economy as well as the determination of the
recycling path based on the cost model. In addition, ecological costs could be considered,
e.g., through life cycle assessment of CO2 emissions through production and crediting
them in the total costs. Furthermore, the question arises how social aspects can be taken
into account and whether further risk factors such as defect rates and scrap are necessary.

Further research needs to conducted. First, experiments are planned to check the
accuracy of the cost estimation. The assembly environment described in the case study as
well as the individual parts and products are available and preliminary tested for manual
assembly and disassembly. Next, these are prepared for automated processes. After that,
it is planned to expand the considered range of processes to be able to map important
decisions for circular economy business models.
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Towards Myoelectric Control for Industrial
Exoskeletons

Oliver Ott and Robert Weidner

Abstract

Physical support systems such as exoskeletons are gaining importance to support
workers in smart and connected factories by reducing physical strain. In order for
the exoskeleton to be integrated seamlessly with humans and tasks within the work
environment, it must be able to detect and adapt to human intentions. Compared
to conventional control, myoelectric control, i.e., control based on measured muscle
activity, enables improved human–robot interaction and more intuitive interaction with
humans. This paper explores how myoelectric control can improve the interaction of
industrial exoskeletons. For this purpose, the anatomical basics of electromyography
(EMG) for detecting muscle activity are presented, followed by existing myoelectric
control strategies. The insights gained are applied to the implementation of myoelectric
control for industrial exoskeletons. It is shown that EMG-based control benefits from
human adaptivity, making it particularly suitable in the case of variant movements and
changing conditions. Even though using electromyographic control for adaptation of
the exoskeleton includes efforts in terms of setup and calibration, the insights gained
into the physiological state of the human (e.g., muscle activity, fatigue) are crucial for
the adaptation to the user.
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1 Introduction

Digitalization and automation have led to a more intelligent and connected factory [1].
Consequently, the work environment is increasingly characterized by intensive human–
machine collaboration and interaction [1, 2]. There are, however, still a substantial number
of manual tasks involved in industrial processes [3], such as heavy lifting in logistics or
repetitive assembly tasks in unergonomic postures in manufacturing processes. Especially
the resulting physical strains on operators increase the risk of musculoskeletal disorders
[4]. For this reason, more and more attempts are made to provide physical support to the
human through technical aids [1], which, if used appropriately and in a targeted man-
ner, can contribute to preserving their health [5]. Exoskeletons have become increasingly
important as physical support systems for operators in industrial workplaces [1, 6, 7] to
reduce physical strain.

Exoskeletons are technical support systems worn outside the body and support the
human musculoskeletal system [8]. For implementation, diverse system approaches that
differ in functionality and morphological structure [3] are pursued and intended to rein-
force, simplify, stabilize, or complement movements [8]. In the industrial application, the
provided support should be adapted to the work context, characterized by the human,
the task, and the exoskeleton within the work environment [8]. However, it can be very
versatile according to the variability of these individual factors. At the same time, it is
crucial to support core activities (e.g., lifting and carrying, working at and above head
level) without interfering with secondary activities (e.g., walking, sitting down, bending)
[8].

Additionally, workers of the future factory must be highly flexible and adaptable due
to the variety of work tasks and the high degree of individualization of products [1].
This means that support systems and their interaction with the operator must also be able
to adapt to these changing conditions [9]. Ideally, the exoskeleton integrates seamlessly
with humans and is controlled intuitively like a natural extension of their body [10].
To accomplish seamless integration, detecting the user’s intentions is essential for the
exoskeleton’s control [11].

During the use of exoskeletons, the user’s intention is approximated by measuring their
physical interaction by observing executed movements, resulting forces, or moments [12].
Alternatively, by decoding the human body’s biomechanical signals of skeletal muscles,
i.e., electromyography (EMG), human–robot interaction (HRI) can be taken to a neuro-
muscular level [13]. A temporal delay in human neuromusculoskeletal physiology allows
the determination of the exoskeleton forces and moments required for support before the
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motion [12]. Consequently, this kind of HRI paves the way for an almost seamless integra-
tion of exoskeleton and human [14]. Despite the temporal advantage, using EMG signals
as a control input, i.e., myoelectric control, is not very common in industrial applications
[13].

For this reason, this paper aims to investigate ways to improve the interaction of
industrial exoskeletons through the use of myoelectric control. In this respect, existing
myoelectric controls are examined. Since myoelectric controls are mainly used in reha-
bilitation and assistance [13, 15], thorough research includes these areas. The existing
myoelectric control methods will be presented, and the general advantages and disadvan-
tages of the application of myoelectric control will be shown. The insights gained on how
myoelectric control can improve the interaction and adaptivity of exoskeletons will be
illustrated using the example of an existing industrial exoskeleton.

2 Myoelectric Control Strategies

2.1 Biomechanical Foundations

The human body consists of more than 400 skeletal muscles, which account for about
40% of its weight [16]. By contracting, these muscles generate forces exerted on the
musculoskeletal system via tendons and thus lead to movements. If there is an intention
of movement, an impulse is transmitted from the brain through the central nervous system
to the motoneurons, stimulating the skeletal muscles to contract. The resulting electrical
potential can be measured as an electromyographic (EMG) signal prior to the occurrence
of the movement itself [17].

EMG signals can be acquired using surface electrodes or intramuscular needle elec-
trodes [18]. The latter yield a more precise signal than surface electrodes [19] but require
an invasive procedure [20]. Therefore, surface EMG electrodes are more feasible, espe-
cially in an industrial context. They detect electrical signals by measuring the skin’s
surface tension (voltage) directly above the targeted muscle [18]. Consequently, the mea-
sured voltage is directly dependent on the position of the electrodes and, due to the
different physiology of individuals (e.g., fat content and sweating of the skin), varies
from subject to subject [10, 21].

The raw EMG signal cannot directly be used as an input to control machines or
other technologies [22] as it is contaminated by various noise signals and artifacts [23].
Hence, the first step involves filtering the signal [24, 25]. The control features can then be
extracted using methods such as root mean square (RMS) [22, 24, 26], wavelength (WL),
mean absolute value (MAV) [13], or zero-crossing rate (ZC) [17]. The EMG signal can
further be normalized by referencing each individual’s maximum voluntary contraction
(MVC) to compare measurements across individuals [17].
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2.2 State of the Art

In order to achieve seamless interaction, the exoskeleton has to be able to adapt to the
support context. An exoskeleton’s adaptation is generally triggered by an event, a mea-
sured value, or based on models [27]. For myoelectric control, the adaptation can be
measurement-based by the EMG signal passing a defined threshold or a proportional
adjustment relative to the measured value. It can also be model-based, using EMG sig-
nals or its features as an input variable for muscle models or in a set of measured data
for statistical models such as classification, regression (function), reinforcement learning,
or neuro-fuzzy approaches.

The following figure (Fig. 1) overviews the procedure for implementing myoelectric
control and existing myoelectric control strategies in exoskeletons, according to [13]. The
different approaches will be discussed in more detail in the following.

In threshold-based control, the pre-processed EMG value is used as a trigger to adjust
support. Here, the amplitude level or an extracted statistical feature is compared to a
predefined value [13]. By combining this trigger with a predefined finite-state machine,
support can be adjusted to the task. Threshold-based myoelectric control has the lowest
computational cost but can only initiate sequential tasks, supporting only a limited number
of motions at a time [13]. Once triggered, the exoskeleton will perform a predefined
movement routine. This routine supports the task with a given speed and direction of
movement, which cannot be changed at runtime [28].

In order to enable a continuous adaptation, the support can directly be linked to the
EMG signal or its features using a proportional transfer function. This adaptation aims to
artificially strengthen the muscle through the exoskeleton by coupling the support torque
to the level of muscle activation [21]. It exploits the direct correlation between muscle
activity and the amount of contraction [29]. By adjusting the gain of the measured EMG
signal to alter the torque of support, it can be adapted to the user and the task [21].

Fig. 1 General approach and overview of myoelectric control strategies in exoskeletons [13]
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It enables continuous control for simple motion tasks (e.g., flexion, extension), can be
easily implemented, and requires few computational resources. However, it cannot support
complex motion tasks involving multiple joints [13].

Muscle models provide another opportunity to adapt the support to the measured EMG
signal continuously. These models describe the functioning of the muscle based on the
joint kinematics and the measured muscle activity. Compared to proportional fitting, these
models enable a more accurate transfer function of muscle activity to the expected muscle
force by modeling muscle function. The most common application is the Hill-type muscle
model [13]. It understands the muscle–tendon complex as parallel and serial mechanical
elements such as springs. The force generated by the muscle is calculated based on the
current muscle length (geometric relationship) and its activation (derived from the EMG
signal) [30]. Other parameters, such as the spring stiffness of the tendon, vary from user
to user and need to be tailored to the user. Accordingly, optimization algorithms are
used to simplify calibration and adapt the parameters to the individual user [28]. Muscle
model-based control is generally effective and versatile in application, which supports its
application in industrial contexts. However, the control has a high computational cost, a
regular need for calibration, and is sensitive to unmodeled or external disturbances [13].
In addition, the Huxley model considers the stiffness distribution at the microscopic level.
However, it is rarely used for time-critical applications due to the high computational cost
of solving nonlinear partial differential equations [31].

Statistical models offer the possibility of adaptation based on trained algorithms
and a corresponding data set. In myoelectric control, these can be further divided into
classification algorithms, regression, reinforcement learning, and fuzzy logic.

Classification methods assign the extracted EMG features to the corresponding body
movements. This way, movements that need to be supported can be identified by the
occurrence of a specific activation pattern across an array of muscles and be supported
accordingly. Commonly, support-vector machines (SVM), artificial neural networks [17],
linear discriminant analysis (LDA), and K-nearest neighbors (KNN) are used [13]. Clas-
sification based on the available EMG features allows reliable assignment of movement
patterns. However, these patterns are fixed and discrete and cannot be used for continuous
motion control [25].

Regression describes forming a transfer function from a desired input variable to an
existing output variable using an available data set. This procedure can be used to contin-
uously estimate joint angles or joint moments based on EMG features. For this purpose,
different methods like linear regression, artificial neural networks, or Kalman filters can
be used [13]. These methods successfully match the EMG data to the corresponding joint
angles and moments [13]. However, they require a broad data basis.

In reinforcement learning, optimal policies for control are independently learned by
interacting with the environment. The derived control strategy is optimized by maximiz-
ing the reward function [13]. For myoelectric control, the kinematic states of the joint
and the EMG signal can be used to follow a given trajectory [32]. The deviation of the
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motion from the given trajectory can be chosen as a reward function. By training within
an unknown environment, the resulting control can interact with more complicated and
uncertain environments [13]. However, the approach requires a high computational effort
[33], and direct mapping to a multi-degree-of-freedom exoskeleton is limited [21].

Fuzzy logic enables the literal description of the desired action: if<premise> , then
<action>. The approach of the neuro-fuzzy modifier combines a neural network with
fuzzy logic [20]. During application, the fuzzy logic is fine-tuned iteratively using the
neural network [20, 22]. In myoelectric control, the premises could be provided by the
state of motion for each EMG signal. The motor actuation signal and gain can specify
the desired actions [22]. The neural network trains the fuzzy logic with each control
cycle, making it adaptive concerning different environments. However, the complexity of
the logic increases with increasing degrees of freedom, which makes implementing and
training the fuzzy logic more difficult [13].

2.3 Application to Exoskeletons

Seamless integration and intuitive control of an exoskeleton enable the system to become
a natural extension of the human body [10]. In addition to covering the entire range of
human motion, the system should also be capable of supporting the human if needed
without interfering with movements and tasks. The existing myoelectric control strategies
lay a foundation for enhanced human–robot interaction and improved adaptability with
respect to the support context compared to conventional controllers [13].

Nevertheless, according to [22], there are general difficulties in implementing a control
system based on EMG signals. The reproducibility of measurements is not given even
with comparable movements and the same user. The use of muscles for a movement
and thus also their muscle activity varies from user to user and especially between task
executions, even for the same user. In addition, various muscles are used for a particular
movement, with one muscle participating in different movements. The role of the muscle
during movement changes depending on the angle of the joint.

Therefore, repeated calibrations for changing users and tasks are necessary. This is
accompanied by a high setup time, including the placement of electrodes [12] and the
need to capture many muscle groups, especially in complex joints (e.g., the shoulder joint)
[13]. Further, depending on the joint, these muscles cannot be measured with non-invasive
methods due to a lack of access (muscles not directly below the skin) [10].

According to [34], both myoelectric and dynamic model-based control can significantly
contribute to the reduction of muscle activity when using an exoskeleton. Myoelectric
control, however, plays to its strengths, especially by being adaptive when the dynamics
of the task change. Due to the inherent dependence on the human motor command, this
control benefits from the human’s adaptability. The support can be adapted seamlessly to
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different speeds and handled weights, leading to a more symbiotic and intuitive function-
ing. On the other hand, intrinsic mechanical control relies on an external adaptation (e.g.,
manually by the user) to respond to external changes, such as a variation in the dynamics
of the task. If no adaptation is performed, the support will inadequately provide a force
that is too high or too low.

Consequently, EMG-based control is particularly advantageous in dynamic motion
sequences with broad variations. Here, the myoelectric-based system’s adaptation is
situation-dependent, adapted to the user and the respective task. In the case of consistent
activities, dynamic models can provide sufficient support. Furthermore, integrating EMG
sensors can provide additional information about the user’s physiological state. For exam-
ple, fatigue can be detected by an increasing envelope of muscle activity while muscle
force remains constant [17]. This data can support the further development of exoskele-
tons or be used as an objective assessment tool of support, for example. Therefore, sensor
fusions are being pursued to gain information and overcome individual sensor classes’
limitations. This process combines information from different sensor types to enable
improved and more intelligent control [24]. Especially concerning the collection and
fusion of physiological information, EMG-based technologies represent a central value
in developing future technologies [35]. Accordingly, integrating EMG sensors is gaining
importance as an extension of available sensors for more information and, thus, improved
adaptability of the exoskeleton. In the following, these findings will be transferred to the
characteristics of the work context.

3 Applicability in Industrial Contexts

3.1 Prerequisites

In the industrial context, adaptation focuses on the support context, i.e., the exoskeleton,
the human, and the task within the corresponding work environment (Fig. 2A). For the
exoskeleton’s adaptation to the user, the level of support, the application time of force, and
the movement dynamics are at least as relevant as the physical interface’s morphology.
The exoskeleton’s support should be adapted to the user with their physical constitution
(e.g., body size and stature), physiological changes during work (e.g., fatigue process),
qualifications, and the associated range of tasks. It should adapt to the work environment
and the requirements of the primary manual tasks (e.g., dynamics, posture, movement,
work frequency, weights, variance) and the work equipment used (e.g., tools) [6, 36, 37].

Considering these general prerequisites, the following elaborates on how myoelectric
control can contribute to successfully implementing exoskeletons in industrial contexts
and, more specifically, for the exoskeleton Lucy [38]. The exoskeleton has been designed
to support industrial tasks at and above head level. It uses pneumatic actuators to support
upper arm elevation, which adjusts pressure depending on the angle between the upper
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Fig. 2 Visual description of the support context’s interrelationships (A) and set of exemplary force
curves displaying the support (e.g., torque, force) over joint angle for different tasks (B)

arm and the upper body. The allocation of the required pressure, i.e., the level of support
force, depends on the measured angle defined by force curves (Fig. 2B).

3.2 Proposed Implementation

Today, the user can manually adjust the adaption to the task. Therefore, the user can
pick from a selection of predefined force curves (Fig. 2B). The force curves are defined
for specific tasks and differ in the progression of the applied force along the arm angle.
For example, in the repetitive task of overhead screwing, the user receives support only
for arm movements at and above head level (Fig. 2B, Task 1). However, the movement
of sorting boxes during logistics tasks requires support already at a lower arm position
(Fig. 2B; Task 2 and Task 3). The ongoing research on adaptation with respect to the
task enables the exoskeleton to select automatically force curves initiated by triggers
[27]. For example, classification algorithms can adapt the force curve for the detected
task. As described above, movement patterns can be classified very reliably using the
measured muscle activities. However, the effort for setup and calibration does not compare
to using already implemented sensors, such as angular encoders. These sensors allow
the estimation of the position and movements, providing an equally reliable basis for
classification algorithms. Long-term development should instead increase the focus on
the handled objects and tools. Consequently, the force curves are extended to include the
characteristics of the items. Forces and inertia caused by the movement of the objects
can be detected by accelerometers along the arm segments and described by dynamic
mechanical models. As a result, these mechanical models generate situation- and object-
specific force curves, which can be optimized and adapted to the user in the next step.

The current version of Lucy provides a control interface to adjust the level of sup-
port to the user’s needs. This manual adaptation scales the support force curve in its
height. Advancing adaptivity towards the user should include an automatic and individu-
alized adaptation of the force curve at runtime. For this purpose, data from the interaction
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between the user and exoskeleton, such as measured interaction forces and physiological
parameters (e.g., muscle activities and findings on fatigue), need to be used. It is proposed
to use continuous myoelectric control to adjust the control parameters to the human dur-
ing use. Therefore myoelectric adaptation is intended to fine-tune the control with a focus
on the individual user. On the other hand, muscle models are elaborated and highly accu-
rate but out of scope because of their need for repeated calibration. The scaling in the
level of support can already be done via the implementation of proportional myoelectric
control. This adjustment allows a low-computation approach while continuously track-
ing the person’s physiological state. Increasing muscle fatigue within an activity can be
detected and taken into account with proportional myoelectric control. Regression models
might be more suitable for complex motion sequences and a more accurate representa-
tion. However, the required model accuracy is directly related to the degree of desired
adaptation to the user. The latter is taken into account by weighting the measured myo-
electric input variables within the control. With a lower degree of adaptation to the user
and a correspondingly low weighting, the inaccuracies in detecting the EMG signals also
have a lower influence. Accordingly, the preparations for the EMG measurement can be
reduced in the spirit of industrial applicability. As a result, the force curves will consider
the dynamics of the items to be handled and the user’s needs. Moreover, the processed
data can be further used to improve the working environment in general.

At the moment, the data collected by the exoskeleton is primarily used for the imple-
mented control. EMG can contribute to this data’s meaningful use in future developments.
Exoskeletons can be optimized by combining movement data with information on work
processes and procedures, workloads, and workflow. Furthermore, it is possible to assess
the user’s posture at runtime ergonomically by fusing the measured muscle activity with
current movement data and providing feedback to the user. The exoskeleton can also be
considered a part of a connected manufacturing environment. There, information about
the physiological state of the human being could facilitate interaction with the working
environment.

4 Conclusion

Myoelectric controls have been analyzed to improve the interaction of exoskeletons
with their users in the industrial work context. State-of-the-art control strategies have
been presented, and possible applications for optimizing the interaction of the industrial
exoskeleton Lucy have been proposed. The resulting strategy enables the force to be
adapted at runtime optimized both to the dynamics of the handled item and to the user’s
needs via myoelectric control. The increased focus on the activity and the modeling of
the physical impact through the handled item’s dynamics allows for a good description of
the necessary support using dynamic models. For this application, dynamic sensors, such
as accelerometers, need to be implemented, while EMG sensors cannot account for their
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effort in setup and calibration. This contrasts with the individual adaptation of the support
to the user. To be able to record the physiological state of the person, EMG sensors are of
crucial importance. Through EMG-based control, fine-tuning the force curve to the user’s
physiological needs at runtime become possible. Therefore, the proposed control collec-
tively enhances the exoskeleton’s adaptation to the support context, essential to seamless
and intuitive interaction. Accordingly, future research concerns integrating EMG sensors
and implementing the control strategy as a proof-of-concept.
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Abstract

Human–robot collaboration (HRC) is an advancing field which integrates the skills of
humans and robots for realizing more flexible and efficient production lines. However,
one of the main challenges of HRC is ensuring human safety. This paper presents a
new approach for 1. modeling the most common hazards mentioned in ISO 12100,
2. developing a multilayer architecture for monitoring these hazards in a 3D environ-
ment as a digital shadow at present, and as a basis for safety-related digital twins in
the future. All the safety-related data can be collected and analyzed over time. Conse-
quently, possible hazard situations could be detected before they occur. The proposed
method considers the safety regulations and standards and makes the user able to
change the safety-related functions and sensors intuitively for dynamic processes and
agile environments. The approach has been successfully implemented and tested in an
industrial use case.
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1 Introduction

HRC has the potential to improve efficiency and productivity in various industries like
manufacturing, construction, healthcare, and transportation. However, the integration of
robots into human environments poses certain hazards and safety concerns. To ensure the
safety of human operators, hazard modeling and monitoring for human–robot collabora-
tion is crucial. This involves the use of computer simulations and modeling techniques to
predict the system behavior under different scenarios, such as system failure or abnormal
operation based on standards such as 15,066. These simulations can be used to identify
potential hazards and estimate the likelihood of a particular occurring hazard. This infor-
mation is of high importance to designing safety mechanisms and protocols to mitigate the
potential impact of the hazards. On the other hand, hazard monitoring for HRC involves
the continuous observation of the system to detect potential hazards and safety issues in
real time. This can be achieved through the use of sensors, cameras, and other monitoring
devices that are integrated into the HRC system. By identifying potential hazards early
on, authorities can take proactive measures to reduce the impact of the hazards and pro-
tect human lives and property. By connecting both monitoring and modeling of hazards,
the gap between the life cycles of the machine can be filled, which will enhance overall
safety and increases the HRC flexibility. Risks associated with human–robot collabora-
tion (HRC) applications, as well as other types of machines, can occur at various stages
of the machine life cycle, including the planning, operation, and maintenance phases. In
the planning phase, the risk assessment process is to identify and mitigate the hazards
described in ISO Standards 12,100 [1]. This requires engineering efforts, time, and exper-
tise to complete it. Therefore, research conducted in the past regarding risk assessment
has focused on developing methods enabling more efficient and adaptable processes. Inam
et al. [2] apply the HAZOP method with HRC, based on a set of questions to conduct a
risk assessment, which was simple, systemic, and flexible. However, it needs an expert to
provide the questions and it is utilizing the information in the planning phase without any
connection with the operation phase. Huck et al. [1, 3] show an interesting result to detect
and simulate the collision of humans with collaborative robots in HRC. Nevertheless, the
work focused on only cobots and one hazard which is a mechanical collision. This cannot
be applied to other scenarios as most HRC scenarios include different hazards. Moreover,
formal verification methods used by Askarpour et al. [4] evaluate the risk assessment for
HRC based on the SAFER-HRC method. A flexible method is developed to mitigate and
verify hazards in HRC but it presents a complex process and focuses on the planning
phase and cannot communicate with the operation phase. Kroys A et al., investigate the
possibility to model mechanical hazards in a 3D environment [5], which presents more
flexibility to the process through virtual reality along with HRC. The work has consid-
ered mechanical hazards, which are based on the collision of objects in virtual reality.
These considerations make the work specific to a use case and cannot be applied to HRC
in general. Hornung et al. [6] conducted an intriguing survey on the tools available in



Approach for Modeling and Monitoring Hazards Towards … 255

the market for risk assessment in HRC. The survey evaluated the tools based on their
flexibility and compliance with HRC and revealed that many of them do not adequately
support risk assessment for HRC applications. The authors noted that the users need more
expertise in safety to conduct risk assessments for HRC and emphasized the need for stan-
dardization and tools to simplify this process. On the other side, in the operation phase,
many methods and algorithms have been developed to ensure human safety in HRC. This
phase has many requirements such as real-time, flexibility, compliance with standards and
norms, and safety, which are needed to be fulfilled. The interesting work of Rashid et al.
[7] is to observe the minimum distance between the human and industrial robot in the
operation phase accurately with high frame rate sensors based on a switching mechanism
between two sensors. The results show an improvement in the productivity of the work
and enhanced safety overall. However, considering just the mechanical hazards from the
robot as a dynamic object is not enough to cover all the hazards in the HRC. Chin [8–10]
uses computer vision to improve the safety of humans in HRC using different sensors
such as RGB, Depth, and Thermal. Their algorithms detect the human position and safety
parameter or the hazard which leads to a flexible solution but most of the time is for
cobot application because of the delay from the algorithm. Despite the mitigation of the
hazards in planning but still, accidents occur in HRC because of the unawareness of the
worker or improper mitigations. In conclusion, improving the safety of humans in HRC
depends on mainly two key aspects, which consist of filling the gap between the planning
and operation phases and developing a reliable and efficient model for different types
of hazards. In this context, the paper presents an approach for modeling and monitoring
different types of hazards.

2 Proposed Approach

HRC can be used in different industrial applications which required various sets of differ-
ent risks. This paper presents a new architecture for modeling the hazards in two layers:
geometrical and behavioral. The first layer models the basic geometry of the hazards,
while the second one describes their behavior. This approach will be presented in this
section in more detail.

2.1 Geometry Layer (GL)

The common hazards in the field of human–robot collaboration are covered in this
approach. As the user starts in the risk assessment process to detect the hazards, an addi-
tional step could be added to model the hazards at GL. By using simple 3D shapes such
as Cuboid, Spheres, and Plans, the visualization part could be generalized to all hazards.
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Table 1 Modeling parameter for GL with an example

Parameters Description Example

Position x, y, z 25,125,21

Dimensions Width, height, depth 5,1.5,2

Type Static, dynamic Dynamic

Attached Attached to robot False

Shape Plane, sphere, cube Cuboid

As a final result of this layer, a table to model the hazards at GL in a generic form is
shown in Table 1.

2.2 Behavioral Layer (BL)

Each hazard has its behavior, and how it affects the human body depends on a variety of
factors, including material, distance, particular body parts, etc. The structure of the BL
and GL is connected in one direction, known as “Digital Shadow”. This is currently being
used for monitoring purposes, but it has the potential to be expanded to include two-way
communication, known as “Digital Twin”. The potential damage caused by these risks
can differ depending on the amount of time a human spends in contact or exposure to the
hazard. Thus, hazards can be classified into two categories: critical time and noncritical
time hazards. For non-critical time hazards, time is considered the main parameter, while
for critical time hazards, the distance between the human and the hazard is the primary
factor to be considered. The classification of the hazards relative to their categories is pre-
sented in Fig. 1. For example, damage caused by exposure to radiation, thermal, or noise
hazards can vary depending on the duration of exposure. This highlights the importance
of understanding and modeling the hazards in these applications to identify and mitigate
potential risks. Moreover, certain hazards are highly time-sensitive and require immediate
response, within milliseconds. These hazards can be critical and can cause severe damage
if not addressed promptly, highlighting the need for real-time monitoring and immediate
response mechanisms like electrical, mechanical, or even thermal hazards. This brings
the need to be proactive to such hazards by considering distance parameters as the real-
time term can vary from one application to another. This highlights the importance of
being proactive in addressing such hazards by utilizing distance parameters, as real-time
requirements can vary depending on the application. In the context of BL, the safety dis-
tance refers to the distance between humans and hazards, and it serves as a trigger for
the time accumulator, which is shown in Eq. 1. Additionally, the safety distance is used
to create flags for critical time hazards, such as electrical, mechanical, or other hazards.
For mechanical hazards related to robots, the safety distance is calculated according to
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Fig. 1 Multilayer architecture and hazards classification

ISO Standards 13,855 and is derived from the risk assessment. Furthermore, Eq. 1 con-
sists of different parameters in which S represents the calculated safety distance from the
robot perspective based on ISO Standards 13,855, Cd and Rs are to consider the shape
calculation cuboid or sphere respectively using enablers Ec and Er . The time accumula-
tor is utilized for non-critical time hazards and generates a flag based on the permissible
quantities identified in the risk assessment and hazard function.

Sd = Hd − S ∗ Es − Cd ∗ Ec − Rs ∗ Er (1)

f1 =
{
1, Sd ≤ D

0, Sd > D
(2)

Ws =
{
t = t + 1, Sd ≤ D

0, Sd > D
(3)

f2 =
{
1,Ws > ts
0,Ws ≤ ts

(4)

Additionally, the hazard function represents the fundamental behavior of the hazard
and it is based on time or distance. The accumulated time is triggered when the allowed
safety distance is violated. Then, time and distance are compared to the behavior function
to predict the risk and alert users through flags f 1 and f 2 Eqs. 2, 3, and 4. Furthermore,
because of the diversity in materials and how they respond, especially to thermal hazards,
modeling all hazards is challenging. Therefore, the BL takes into account several haz-
ards based on the common application of HRC. For critical time hazards e.g., Electrical
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and Mechanical, Eq. 1 is utilized to monitor the safety distance. In the following, the
considered non-critical time hazards and their modeling are presented.

Thermal hazards. Limited research exists on generic modeling for thermal hazards.
The ISO 17223 standards clearly define thermal hazards and outline a method for deter-
mining the behavior of the hazard by observing safety distances. Equations 3 and 4 are
used to monitor the time of collision between a human and a hazard and provide accu-
mulated time. ISO 17223 also specifies the types, conditions, and materials of thermal
hazards. To model this behavior in this approach, a suitable function and optimized con-
stants for fitting this curve are required. To investigate which function is suitable for such
an effect, a comparison between different functions has been investigated. In addition, an
interesting work from Hockett et al. [11] to model the thermal effect will be compared.
Figure 2 illustrates the comparison of different functions with values has been digitalized
from the original graph. Table 2 shows the root square minimum error of all functions
and indicates that the Hocket-Sherby is the best fitting for the thermal effect.

Fig. 2 Comparison between fitting functions for thermal hazards with ceramic material

Table 2 Thermal fitting
functions with their accuracy
and standard deviation (STD)

Function RMS

Quadratic 0.9726215

Cubic 0.9935867

Polynomial 4th 0.0757873

Hocket-Sherby 0.0104166
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Radiation hazards. There are two main types, ionizing, and non-ionizing. Ionizing
radiation is high energy and can ionize atoms, causing DNA damage and increasing cancer
risks such as X-rays and radioactive materials. Non-ionizing radiation has lower energy
and cannot ionize atoms, but can still cause harm like radiofrequency (RF) radiation and
electromagnetic fields (EMFs). Standards and regulations have been developed to limit
radiation exposure levels to ensure safety. The focus of this work is on non-ionizing radi-
ation types. Specific Absorption Rate (SAR) measures the rate of energy absorbed by the
body when exposed to a radio frequency and electromagnetic field. SAR is expressed in
W/kg and used to ensure RF energy levels are below safe limits based on DIN EN 12,198–
1:2008–11. Furthermore, threshold values are measured in specific conditions for example
time and distance. Radiation Standards for electrical, magnetic, and electromagnetic fields
were measured with a distance of 0.25 m and 6 min for frequencies above 100 kHz based
on DIN EN 12,198–1:2008–11. Radiation hazards could be monitored through Eqs. 3 and
4 with fixed time and distance as it is mentioned in DIN EN 12,198–1:2008–11.

Vibration hazards. Quantitative calculations of the vibration are divided into two
parts: the vibration of the hand alone or the complete body. The calculation methods
are described in EU 2002/44/EG in detail. The hazard is based on time and vibration
value; both values can be taken from the user through risk assessment. Finally, from the
standards 2002/44/EG, a threshold value is taken, and it will be classified based on that
if it is harmful or not and its mitigation as is shown in Fig. 3. To monitor these hazards,
Eqs. 3 and 4 could be used considering which part of the human is monitored along with
the accumulated time.

Fig. 3 Hazard function for vibration with time relation
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Noise hazards. Modeling noise hazard is by finding a relation between the level of
noise and distance. Furthermore, this will connect to the limit’s values from the user
to modeled function. Thus, a sound pressure level (SPL) can be taken as a measuring
value with the distance. Sound attenuation describes how the SPL changes with increasing
distance from the noise source. The sound attenuation formula is as follows:

SPL2 = SPL1 − 20Log

(
R2

R1

)
(5)

where: SRL2 Sound pressure level at the calculated point, SRL1 Sound pressure level at
reference point 2, R1 Distance from the sound source to point 1, R2 Distance from the
sound source to point 2. Figure 4 shows the relation between the distance and SPL2 which
is set to 125 dB. As it is shown, the referenced points are measured at a distance of 1 m
and then which is set to 125 dB. As it is shown, the referenced points are measured at a
distance of 0.5 m. The noise levels increase as the object becomes closer to the sources. To
have a full model of these hazards, exposure time needs to be calculated to be monitored
during the operation phase. The information about the noise level based on the distance
provides the information for the second layer of calculations based on Eq. 6, which is
based on the exposure time and is expressed as follows:

T = 480

2(L−85)/3
(6)

Fig. 4 85db noise level based on the distance from the source of the level
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Finally, with the example from Fig. 4, the exposure time will be changed from 480
min which is a complete shift of 8h, and, with 0.5 m, it will become~19.5 h because the
SPL2 increased to 98.86 dB. The time parameter is essential to monitor the noise hazards
during the operation phase. Here, risk monitoring is done by using 3D area modeling
based on Eqs. 2, 3, and 4 to identify areas where noise is higher than others and keep the
worker safe within the permissible limitations.

2.3 Hazards Monitoring

DynaRisk Framework serves as the basis for safety-related digital and encompasses var-
ious modules, with a focus on monitoring and modeling in this work. The modeling of
hazards has already been thoroughly explained. The monitoring module is particularly
important for ensuring safety and versatility in HRC applications, as illustrated in Fig. 6.
A real-time hazard monitoring system that utilizes a combination of mathematical models
and sensor data to assess potential hazards and alert operators of potential risks is shown
in Fig. 6. The system operates by first utilizing information from the BL, which includes
mathematical models of the hazards being monitored. In addition to the BL, the system
also utilizes information from the GL, which includes geometry data such as position,
size, and hazard type that provide information about the environment. This data provides
a detailed understanding of the location and the movement of potential hazards in the
physical environment. The algorithm then uses this information to set monitoring param-
eters in the “enablers” stage as shown in Fig. 5. This can include various types of sensors,
such as lidar, radar, cameras, or other types of enabler’s parameters, which activate and
deactivate specific settings for the hazards. Once potential hazards are detected, the algo-
rithm proceeds to the “check safety distance” stage, where it uses the information from
the BL and GL to determine the minimum safe distance required to avoid the hazard. If
the sensor data indicates that the safe distance is not being met, the algorithm proceeds
to the “time accumulator” stage. This stage takes into account the amount of time that
has passed since the hazard is detected and generates warning flags based on this time.
The warning flags alert operators to take appropriate action to avoid the hazard. In case
of critical-time hazards, the time accumulator is set to zero, and the flags are triggered
directly, to ensure that the operator is alerted immediately and takes the necessary actions
to avoid the hazard. This algorithm provides a robust and scientifically-based approach to
real-time hazard monitoring, by utilizing mathematical models and sensor data to accu-
rately predict and mitigate potential risks. It can be used as a basis for safety-related
digital twins, which can provide a detailed understanding of the performance of phys-
ical systems in real time. Further, the method considers different types of hazards and
sensors, which makes it more flexible to be implemented in different HRC scenarios.
Safety-related digital twins (DynaRisk) collect all workplace hazard data to give the user
a complete picture of all possible threats to workers in industrial environments.
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Fig. 5 Flow diagram shows the monitoring algorithm data flow

Fig. 6 Structure of DynaRisk framework and its modules
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3 Results and Discussion

To examine the feasibility of the proposed approach in mitigating hazards, a practical
scenario is developed and implemented within a simulation setting. The goal is to create
a safe and efficient collaboration between human workers and robots in the workplace.
The experiment involves the use of a KR-220 robot, a vehicle chassis as shown in Fig. 7.
The main goal of the scenario is to assist human workers to perform heavy physical
tasks in industry. To effectively model the scenario, a dynamic risk assessment is per-
formed for both thermal and mechanical hazards, as shown in the modeled environment
and physical world in Fig. 7. Based on the results of the risk assessment, three potential
hazards are identified: one thermal hazard originating from the robot controller cabinet,
and two mechanical hazards from the robot and the chassis. In addition, the human posi-
tion within the cell is captured through the use of a Lidar and camera sensor system. The
safety flags are activated based on the established distance during the planning phase.
The robot moves with its first joint in a range of 0°−180° due to restrictions from the
surrounding environment (walls). A human subject moves in the cell close to potential
hazards to test the accuracy of the safety distance and triggering process. The blue line
represents the dynamic mechanical hazard of the distance between the human and the
robot, and the blue area represents the duration of the triggered safety flag. The human
then moves near a thermal hazard, which is depicted in a green line and area.

Lastly, the human moves around the chassis of a car, which is represented by the
red line and area. Fig. 8 displays the fluctuations in distance and safety flags during a
single cycle of the scenario. The robot decelerates in response to triggered safety flags
and comes to a halt once it reaches a designated distance. Meanwhile, the car chassis
must be repositioned with each new cycle and the human remains in close proximity.
By maintaining a consistent safety distance, incidents involving other objects within the
cell are minimized, as the robot remains focused on its tasks. The performance of the
monitoring algorithm is evaluated by measuring the average time needed to execute the

(a) (b)

Fig. 7 Demo scenario: a front view cell. b side view cell
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monitoring section. This time can vary as each hazard has its own hazard function, which
can be computationally intensive.

4 Conclusion

This paper introduces a new method for modeling and monitoring safety risks in human–
robot collaboration (HRC). The proposed hazard model is comprised of two layers,
the geometrical and behavioral layers, and considers safety distance and time as cru-
cial parameters for hazard modeling. The model incorporates simulations to account for
different types of hazards including radiation, thermal, noise, vibration, electrical, and
mechanical hazards. The paper also provides evidence of the proposed solution’s effi-
cacy through an industrial scenario and evaluates the algorithm’s performance based on
the average time required to monitor the thermal and two types (static and dynamic) of
mechanical hazards. This new approach provides real-time control for HRC safety.
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Optimization Problems in Production
and Planning: Approaches and Limitations
in View of Possible Quantum Superiority
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Abstract

Modern production and process planning is characterized by complex and diffuse inter-
relationships of parameters, properties and control values. New materials, innovative
production technologies, differing degrees of automatability and application depen-
dency form a multidimensional problem space for optimization, which cannot be
efficiently solved by today’s technologies. Approximations in form of genetic algo-
rithms, different heuristics and simplifications exist, but lack applicability due to high
runtime and estimation errors. Quantum computers, quantum annealers and hybrid
algorithms show potential to offer added value and better performance over established
approaches for optimization, planning and production control, but are often incom-
prehensible for production engineers. Based on an analysis of industrial problems in
different domains and a definition of relevant problem cases, the potential of quantum
systems for optimization in production and planning is explored. An approach to close
the gap between classical and quantum optimization from an engineering standpoint is
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made by describing the transformation process for a real-world problem and discussing
performance indicators of model implementations.

Keywords

Production planning • Optimization • Quantum algorithms

1 Introduction

Globalized markets with international competition and shorter lifecycles of product vari-
ants put pressure on modern production companies to optimize production and process
costs. Reactivity in operations and in the planning of processes and production programs
is a significant lever for reducing the overall cost. Due to increasing digitization of pro-
duction, interconnected machines and digital interfaces for all partners in the supply chain,
countless pieces of information are available for decision-making. Owing to the sheer vol-
ume and the complex interrelationships, information can long since not be interpreted and
processed by humans. Instead, the modeling of individual problems using formal methods
is required to optimize relevant parameters [1].

Depending on the specific use case, the corresponding number of set parameters, the
dynamic input and output variables and the employed modelling formalism, both expres-
siveness and computation time of the chosen optimization approach vary vastly [2]. For
industry-relevant optimization problems, performance and capacity of common off-the-
shelf (mass-market) computing hardware is most often insufficient. Various heuristics and
approximation approaches exist on the level of modelling scenarios, and with regard to the
mathematical methods employed to perform the actual optimization. Yet, they come with
different advantages and drawbacks [3]. During the last years, quantum computers and
quantum annealers (despite still being at an early technological stage from an application
perspective) have reached sufficient maturity to explore possible approaches to prob-
lems inspired by industrial use-cases. In particular, quantum optimization methods can be
mapped to multi-order optimization problems in production as well as process planning
and control. In this paper, we gently introduce general principles of possible quantum
approaches, as they differ from known and widely used techniques in many important
aspects, and assess their potentials by highlighting advantages, disadvantages and pre-
dicted computational capabilities in contrast to classical approaches for industry-relevant
optimization problems. In Chap. 2, we describe classical optimization problems in the
field of planning and production, and exemplify how to mathematically model such prob-
lems. Chapter 3 reviews various established classical approaches to solve optimization
problems in production and manufacturing using approximation techniques or heuristics.
Chapter 4 then classifies and reviews possible quantum approaches before Chap. 5 shows
how to cast an exemplary optimization problem based on a real-world application into the
mathematical formalism that underlies two seminal approaches to quantum optimization.
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2 Standard Optimization Problems in Planning
and Production

Optimization problems in planning and production can be divided into different problem
classes depending on their time horizon and the sector in view. In the area of plan-
ning, available resources are distributed according to applicable constraints and demands.
Constraints can be process-related (e.g., assembly sequence), time-related (e.g., shelf
life), organizational (e.g., personnel availability) or technological (e.g., setup sequences,
maintenance downtimes). Optimization problems that have received consideration in the
literature stem from a wide range of aspects:

• Resource allocation [4]
• Scheduling [5]
• Capacity planning [5]
• Supply chain optimization [6]
• Layout optimization [7]
• Quality control [8]
• Maintenance planning [9]

In production optimization, more specific variants of the above general problem classes
must be considered; among many other examples, the following topics have been
considered in the literature:

• Optimization of cellular manufacturing systems [10]
• Flexible shop-job scheduling problem [11]
• Lot size optimization for production [12]
• Lot size and preventive maintenance [13]
• Robot path optimization [15]
• Energy optimization [14]

Solving all the aforementioned problems with numerical methods requires, of course, to
formulate them as mathematical models. Most of the underlying decision problems are
NP-complete, as they can be solved in polynomial time (increasing in the size of the
input, for instance constrains or variables) on a non-deterministic Turing machine. An
elaborate classification of the complexity of the associated optimization variants is known
[15], and many of them can be efficiently approximated at the expense of solution quality.
Some can be solved by linear programming (resource allocation and quality control) or be
formulated as convex optimization problems (robot path and energy optimization) under
certain conditions, which allow for efficient numerical solutions or approximation. Often,
seemingly small details in formulation and boundary conditions can lead to substantial
differences in computational complexity.
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3 Heuristics for Solving Optimization Problems

Genetic algorithms are well-known approaches [16] modelled on the processes arising in
natural selection and genetics. The approach represents a schedule as a series of numbers
(chromosomes) that correspond to a sequence of tasks, and uses genetic operations such
as selection, cross-over, and mutation to generate new solutions [17]. In each iteration
that applies these operations, the algorithm evaluates the quality of each schedule by
calculating the objective function and selects the best schedules to use for generating
the next generation. Over time, the algorithm converges to a near-optimal solution as the
best-performing schedules are recombined and improved through genetic operations. The
class of genetic algorithms is particularly useful in planning problems where the optimal
solution is difficult to find using conventional algorithms, such as problems with many
variants and a large number of variables.

Ant Colony Optimization (ACO) is an alternative optimization algorithm based on the
foraging behavior of ants. In planning problems, ACO can be used to find the optimal
solution for planning tasks by modeling the problem as a search for the shortest path
through a graph. The ants, represented as agents in the algorithm, construct solutions by
dropping virtual pheromones on the edges of the graph that represent paths between tasks.
The algorithm uses this information to update the probabilities with which the ants choose
particular paths, leading to exploration of the solution space and convergence toward the
optimal solution. The algorithm continues until a satisfactory solution is found or another
stopping criterion, such as a maximum runtime, is met [18].

More approaches to solve optimization problems that have been considered in the
literature include:

• Particle Swarm Optimization [19]
• Bees Algorithm [20]
• Water-Flow-like-Algorithms [21]
• Multiagent models [22]
• Multivariant Bayesian control methods [23]
• Petri Nets [24]

All of these algorithms trade a decreased possibility of reaching the optimal solution (or
deterministically reaching a non-optimal solution) for a runtime improvement over com-
peting deterministic algorithms. However, for large problems with a significant number
of variables and parameters, execution on sufficiently powerful and cost-appropriate hard-
ware the runtime may still be in the order of hours or even days, which can be too costly
for many scenarios of practical interest.

Recently, quantum algorithms (pure, hybrid or annealing approaches) have been
devised [25–27] that are known to exhibit possible computational advantages over
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classical approaches for certain optimization problems, given widely accepted complexity-
theoretic assumptions. While actual quantum advantage on real machines—that suffer
from noise and imperfections perturbing computational operations as well as the infor-
mation represented in quantum bits, feature very limited availability of resources, and
are therefore referred to as noisy, intermediate-scale quantum (NISQ) machines—has not
been observed so far except for specially crafted, artificial problems [28] they are nonethe-
less seen as potential future solutions to optimization problems of practical interest [29].
Given that possible advances in hardware or improved algorithmic insights make it hard
to predict when actual quantum advantages will be available, it seems reasonable to con-
sider how problems can be cast such that they allow us to process them on future quantum
machines, and identify quantum computational primitives that could find deployment in
production logistics and manufacturing tasks.

4 Potentials of Quantum Inspired Algorithms
in Optimization of Planning and Production

In the past years, many approaches to quantum computing based on entirely different
physical principles—from superconducting circuits via trapped ions and neutral atoms
to optical techniques—have matured from foundational physical experiments to commer-
cially available systems that are accessible to non-experts via remote cloud access, for
instance via commercial offerings by Amazon, IBM, and other vendors. Many quantum
algorithms have been devised [30]. Unfortunately, while it is possible to prove compu-
tational speedups over the best possible (or known) classical approaches for some of
them, these advantages do not yet manifest on currently available NISQ systems. Other
algorithms are explicitly adapted to the limitations of NISQ systems, and can be exe-
cuted by them with reasonable quality; unfortunately, it is still unclear if and under what
circumstances they can outperform any of their classical alternatives.

There are many physical implementations of quantum computers that utilize differ-
ent quantum degrees of freedom to represent and transform information, and even their
basic approach to computation differs (applying gates, applying measurements in certain
orders, or transforming systems in appropriate ways). Yet, they can exploit non-classical
features like entanglement, superposition, and interference that are widely believed to
provide improved computational power over classical approaches [31]. Most quantum
algorithms that can be applied to scheduling problems operate by encoding the constraints
and objectives of the scheduling problem into a specific mathematical objective function,
whose variables can be encoded into quantum states. The variables are binary, and for-
mulas can contain up to quadratic contributions in the variables. Additionally, it is not
possible to specify explicit constraints that apply to the objective function–these need to
be implicitly included in the formula. The resulting optimization problem (choose val-
ues for the variables that minimize or maximize the objective function) is then called a
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quadratic unconstrained binary optimization (QUBO) problem—we provide an example
for this class of problems below.

QUBO problems are amenable to solving by quantum annealers, such as those devel-
oped by D-Wave Systems [32, 33]. These devices are special-purpose quantum optimizers
designed to find an assignment of variables that corresponds to a global minimum of a
QUBO formula. Intuitively (and roughly speaking), the method relies on the physical prin-
ciple that sufficiently slow (“adiabatic”) transformations of physical systems that start in
an energetic ground state remain in the ground state; by choosing an initial system whose
ground state can be determined and prepared, and by slowly transforming it into a system
that represents the problem of interest, a ground-state solution to the latter can be inferred
[34] (note that efficiently finding minimum energy states of physical systems is a clas-
sically intractable problem as well). Exact performance guarantees for annealing are not
available except in special cases, and determining advantages over classical heuristics is,
especially under the influence of noise and imperfections, an open research topic; nonethe-
less, also quantum annealing is believed to outperform classical optimization approaches
in the long run.

Another example of a quantum algorithm that can be used to solve QUBO problems
(albeit it also extends to more general tasks) is the quantum approximate optimization
algorithm (QAOA). It has been applied to problems such as job shop scheduling, resource-
constrained project scheduling, and task scheduling [35]. It is a hybrid quantum–classical
algorithm, meaning that it combines quantum computing with classical computing to
find an approximate solution to an optimization problem. The algorithm uses a certain
problem-specific sequence of parameterized quantum gates to evolve the initial state of
a system towards a state that encodes the optimal solution. After sampling the outcome
(which is given by a statistical distribution, and makes multiple computational runs and
measurements necessary to estimate the probability distribution), a classical optimization
procedure is used to update gate parameters such that the next computational run delivers
results closer to a desired optimum. This combination of quantum and classical computa-
tions is iterated until convergence to a sufficiently good result. While exact performance
guarantees for QAOA are not yet known except for very special cases [36], it has been
established that classically simulating the algorithm is impossible (again, based on reason-
able complexity-theoretic assumptions), and the strong belief prevails that QAOA will lead
to performance advantage on sufficiently reliable and scalable quantum hardware. Other
quantum algorithms, such as Grover’s algorithm, have also been proposed for scheduling
problems, albeit these rely on perfect quantum hardware, and only deliver a quadratic
speedup for exponential search spaces [37].
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5 Casting a Real World Problem for Quantum Algorithms

To illustrate the steps required to cast optimization tasks in form of a QUBO problem, let
us commence with a specific example, a job shop scheduling problem that is based on a
real-world scenario.

Suppose a company in the toy industry picks and places approximately 1.000 individual
single orders (J) on three flexible assembly lines (M) in one shift (28.800 s, T). Each order
consists of a number (varying between 1–5) of individual articles to be picked. Due to
the cost structure and lead time promises to customers, the orders should be processed as
fast as possible across all three lines (goal function).

Additionally, the following constraints are given:

• Every job must start and run exactly once.
• Only one job can be running on each line at any given time.
• The order of operations within a job is irrelevant to its makespan.

To formulate the QUBO, the use case has to be cast in binary variables. For the specific
use case, this can be achieved by using the equation detailed in [38]:
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Line (2) of the equation describes the completion time of all operations. The additional
terms represent the different constraints (one start (3), precedence (4), no overlap (5) and
max make-span (6) constraint), each weighted by penalty coefficients (p1–p4). Note that
while manually determining QUBO representations may be a somewhat challenging task,
automated means of appropriately transforming various constrained optimization problem
formulations that domain experts may be better accustomed to have become available, for
instance quark [39].
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To solve the formulated optimization problem using quantum algorithms, further trans-
formation steps are required. The QUBO must be mapped to the physical quantum
computer or annealer, for which automated approaches are available on quantum annealers
[40] and gate-based quantum computers [41]. Typically, this process induces significant
overhead in the number of required qubits.

This process of mapping the optimization problem to the physical quantum systems is
where the gap between today’s optimization in planning and production and quantum
potentials persists. For instance, current-generation quantum annealers feature several
thousand qubits, yet only scale to problems with 10s or hundreds of variables. It is
needless to say that such small-scale problems can at the moment also be solved using
performant hardware and deterministic algorithms in acceptable time.

Hybrid approaches to optimization, like the D-Wave Leap Hybrid solver, divide prob-
lems into sub-parts, and combine part solutions obtained by the quantum computer. That
way, they can scale to substantially larger problem instances, albeit introducing additional
overhead–both in splitting and recombining the problem, and in the time required for
communication. Their approximated solutions are similar in quality to heuristics in stan-
dard approaches [42, 43], although a close and nuanced look is required to characterize
performance and achievable qualities. It has been shown that hybrid solvers can come
close to a satisfiable solution in industry relevant optimization scenarios [44].

Supported by the continuing momentum of developments and progress in the field of
hybrid approaches, one can assume that the solution of optimization problems on a larger
scale may become possible in the future through quantum systems.

6 Conclusion and Outlook

Classical, hybrid and quantum approaches each have their strengths and weaknesses when
it comes to solving optimization problems in production and planning. Deterministic
approaches and heuristics are well-established and often provide exact or near-exact solu-
tions to problems. These methods are often used in production and planning where there
is little room for error.

Quantum approaches, such as quantum annealing and QAOA, offer the potential for
significant speedups in solving certain optimization problems, however the technology is
still in its early stages. Nevertheless, an increasing number of examples, like [45], show
the applicability of quantum technologies to real problems in production and planning.

In order to solve more problems with larger numbers of variables and high complexity
efficiently, quickly and optimally in the future, we expect the use of quantum technolo-
gies to become a viable option. Even if practical applications have not yet materialized,
we believe that it is worthwhile to start investigating the use of novel computational
approaches to problems in our domain.
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Development and Testing of an Elbow
Exoskeleton Prototype with Pneumatic
Actuation for Industrial Tasks

Samet Ersoysal, Benjamin Reimeir, and Robert Weidner

Abstract

Despite the increasing use of automation and digitalization in industrial workplaces,
workers still have to handle heavy loads and have to perform strenuous, repetitive,
long-term assembly tasks at head level or above, which may lead to degenerative
musculoskeletal disorders. The growing trend towards wearable support systems has
already resulted in a large number of exoskeletons being in research or commercially
available. However, most of the support systems for industrial workplaces focus on the
back and shoulders, but not the elbow joint. In a preliminary study, we presented a soft
passive elbow exoskeleton, which was limited to static tasks, although dynamic support
is necessary for most industrial tasks. Building upon that work, this paper presents an
elbow exoskeleton that can be coupled to an existing shoulder exoskeleton. The devel-
oped prototype is designed to support the elbow flexion with a pneumatic actuator for
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industrial applications. The functionality of the prototype was tested on three male
participants in one static and two dynamic tasks. The laboratory tests have shown that
the exoskeleton reduced the mean muscular activity of the brachioradialis and biceps
brachii in all tasks. Based on the results, the developed exoskeleton may potentially
support the elbow flexion in industrial tasks, but further testing is needed to evaluate
its biomechanical effects on the user.

Keywords

Exoskeletons • Support systems • Elbow • Wearable technologies • Human–machine
interaction

1 Introduction

With the implementation of industry 4.0 technologies and the increase in automation, the
need for physical labour has been reduced. These technologies are making great progress
and some of the physical tasks that humans perform are being gradually replaced. How-
ever, they cannot be applied to all industrial sectors because of technical difficulties [1].
A high level of flexibility in the systems is required because of the increasing personal-
ization of products to customer requirements, which is why humans cannot be completely
substituted due to their cognitive and physical abilities [2, 3]. Therefore, humans will
continue to play a key role in the future of the industry [4]. Nevertheless, workers in
production halls, logistics centres, and construction are exposed to high levels of physical
and/or cognitive stress by performing demanding, repetitive, and long-term tasks which
can be a risk factor for musculoskeletal disorders (MSD). Industrial companies are facing
challenges from MSDs as well as demographic changes, which is why wearable sup-
port systems, known as exoskeletons, have gained traction. In various studies, the use of
exoskeletons reduced muscle activity during industrial tasks, which may possibly prevent
musculoskeletal disorders in the upper and lower extremities, and the back [5–8]. The
high acquisition costs of exoskeletons, however, prevent them from being widely used in
companies.

In [9] we presented a soft passive exoskeleton, which supports the flexion of the elbow
joint. The developed prototype is limited to static tasks, whereas dynamic support is often
needed in industrial workplaces, too. In addition, due to the soft structure, tensile forces
imposed by the actuator cause shear forces on the skin, harming the soft tissue and elbow
joint of the user. Based on these considerations, a novel active exoskeleton with rigid
structures is presented, which can be coupled to an existing shoulder support system
Lucy [7].
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2 State of the Art

The main purpose of an exoskeleton is to support and stabilize vulnerable areas of the
body, such as the back and joints of the extremities, and reduce the physical load. In
addition, they can improve the endurance, performance, and work capacity of the user
[2].

2.1 Classification Characteristics of Exoskeletons

Exoskeletons can be classified into various features. The main classifications are based
on supported body regions and morphological structure (including actuation technology).
In general, they are grouped into upper extremity systems (shoulder, elbow, wrist, and
fingers), back systems (upper and lower back), lower extremity systems (ankle, knee, hip,
and foot), and full body systems [1]. Regarding the morphological structure, these systems
can be divided into rigid vs. soft textile-based as well as end-effector vs. anthropomorph-
designed systems [10]. Moreover, exoskeletons are often distinguished in passive, active,
or semi-active systems.

Passive exoskeletons have no external energy supply and support the body segments
with mechanical components such as gas springs or spring elements. These absorb and
store the energy generated by the user’s movements and support them during a counter-
movement in the opposite direction [11]. Despite their ease of design and development,
they can only be adjusted manually by the mechanical preload in order to adjust the force
curve or support level. Active exoskeletons have a power supply, actuators, and a con-
trol unit and are therefore more complex than passive systems. With these systems, the
desired support level can be determined by sensors or adjusted by the user and realized
with various actuation technologies. The used sensor technology is essential for a har-
monic human–machine interaction, as it provides information about the user’s pose or
intention and the exoskeleton’s state. In order to ensure the safety of the user, sensors can
be used to detect the interaction of the exoskeleton with the environment [12]. In addi-
tion, actuation technology has a significant effect on the performance and dynamics of an
exoskeleton. Different types of actuation technologies, such as pneumatic, hydraulic, and
electric have their advantages and disadvantages and play a major role in the acceptance,
usability, and portability of an exoskeleton [13].

According to a study, only half of the considered industrial exoskeletons addressed the
upper extremity [14]. It is shown, that most of them support the shoulder and only a few
of these systems target the elbow joint. Elbow exoskeletons are rarely developed as a sole
system and are usually an extension of shoulder support systems, since the shoulder is
involved in most industrial tasks. In addition, any further distal extension is challenging
as more degrees of freedom have to be considered.
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2.2 Analysis and Musculoskeletal Disorders of the Elbow Joint

The elbow joint is the connection between the humerus in the upper arm and the radius
and ulna in the forearm. It consists of three partial joints and has two degrees of freedom
(flexion/extension and pronation/supination), which allow a wide range of motion for the
forearm. In the development of an exoskeleton, flexion and extension can be simplified
as a hinge joint. The three flexor muscles in the elbow joint are the brachialis, the bra-
chioradialis, and the biceps brachii. Extension of the elbow joint is made possible by the
triceps brachii. In most cases, the active flexion of a healthy individual is in an angular
range between 0° and 145°. For daily activities, the range is between 30° and 130° [15].

Both the joints and the muscles are burdened with high stress in daily life and in
industrial workplaces. As a result of their complexity, they are more likely to get injured,
resulting in reduced mobility and long-term pain, such as arthritis, lateral/medial epi-
condylitis, or biceps tendon rupture [16]. The major causes of musculoskeletal disorders
of the elbow joint are carrying and handling heavy objects, and working with power tools
in manufacturing and assembly halls [14, 17]. These tasks, along with exposure to vibra-
tions and repetitive motions, are the most widespread main causes leading to work-related
MSD [18].

An analysis of existing industrial exoskeletons, as well as diseases of the elbow joint
show that there is a need for exoskeletons to support the elbow. In particular, there is a
need to support elbow flexion against gravity during dynamic activities and to stabilize
the elbow joint during static activities.

3 Main System Requirements

In the development of exoskeletons for industrial applications, the requirements for the
systems have been specified to some extent. However, due to the wide variety of appli-
cation scenarios, these cannot be generally clarified [17]. In order to provide the proper
support, the interaction, the task, the technology, and the environment must be considered.
The first important step towards ergonomic design is a good model of the kinematics and
dimensions of the human limbs [19]. Therefore, human anthropometry plays an essential
role in the development of human–machine systems.

3.1 Requirements of the Morphological Structure

The developed elbow exoskeleton is an extension of the shoulder exoskeleton Lucy. Lucy
is an active and rigid exoskeleton that uses pneumatic actuators to support anteversion or
flexion of the shoulder joint in industrial tasks [7]. The elbow system should be provided
with an easy coupling by the upper arm structure and must not interfere with the basic
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components, such as the kinematic structure and the control of the existing system. The
developed system should support flexion and relieve the elbow joint and the elbow flexion
muscles. Furthermore, it should accommodate the occurring loads and load peaks without
restricting other movements such as extension, pro-, and supination.

Basically, it is important to consider the number of joint axes, the length of the kine-
matic structure, and the type of control for required functionality and optimal ergonomics.
The weight and inertia of the exoskeleton should be as small as possible to improve com-
fort and mobility. Low mass is also an important aspect for mobility and also brings
advantages when safety requirements are considered. Since long-term use of the system
is possible, it should be adaptable to different anthropometries and have a skin-friendly
and comfortable interface to prevent the user from experiencing fatigue and pain. In addi-
tion, the exoskeleton should cover a large range of motion of the arm so as not to hinder
the human in the main and secondary activities. Natural human movement can be made
possible with passive degrees of freedom, but this increases the complexity of the sys-
tem. Efforts should be made to reduce the complexity of the system to a minimum, thus
increasing reliability and reducing development and production costs [20].

3.2 Requirements of the System Control

In designing an active exoskeleton, the support level or the control of the system must be
considered. As a prerequisite for the acceptance of the exoskeleton, an optimal interaction
between sensors and actuators is necessary to recognize the situation and intention. The
support should only be provided if needed based on the user’s movement during the
task. Furthermore, the support level should be adjustable during the task and it should be
possible to turn the system off at any time. In addition, the user should have control over
the system and be able to extend the forearm without applying great force.

4 Exoskeleton Design

In [9], we presented four different design strategies for exoskeletons that support the
flexion of the elbow joint. Regarding to the modularity or the integrability of the system to
the shoulder exoskeleton Lucy, a cable-driven support system seems to be beneficial. The
concept of the functional prototype is a combination of a cable drive, a direct drive, and
a system with a lever principle (see Fig. 1). Here, the cable is not attached to the forearm
interface as in the soft and passive concept but is wound onto a winch mechanism at the
elbow joint to convert a linear motion into a rotational motion. The cable is encased in a
Bowden housing, with its endpoints attached to the actuator and the upper arm structure of
the shoulder exoskeleton. The winch is made of additive manufactured elements connected
to the upper and lower arm interfaces. The radius of the winch or the attachment point of
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Fig. 1 Overview and central elements of the active elbow exoskeleton

the cable acts here as a lever arm, allowing torque to be generated. With this approach,
the advantages of the concepts presented in [9], such as reduced weight at the distal end,
redirection of the force to more stable body regions, and continuous torque throughout
flexion, remain. Furthermore, the proximal forces or shear forces in the interface are
redirected by the rigid structures to avoid discomfort and injuries. In this concept, the
control unit and the actuator can be placed on the back structure of the shoulder support
system where the existing elements are not affected.

The dimensioning of the actuator is based on the average weight of a CEP (courier,
express, and parcel shipment) of 7.4 kg [21], which yields a necessary torque of 12.7
Nm. Using a simple lever and moment equation, the necessary force of the actuator can
be determined. A lever arm with a length of 40 mm is chosen to avoid a voluminous
structure at the distal end and thus not hinder the user in various activities. With the
torque requirements and with the desired range of motion (flexion of 0–145°), a required
force of 317 N over a path of 101 mm is obtained. According to the shoulder support
system, the same drive technology is used, which leads to the selection of a pneumatic
cylinder DSNU-S-25–100 with a theoretical force of 294.5 N and a torque of 11.8 Nm at
6 bar.

In order to control the support force, pressure sensors are used to detect the supply
pressure and the system pressure in the pneumatic cylinder. The elbow angle can be
measured by using a rotary potentiometer. The user can power the system and adjust
the support level with a control interface attached to the shoulder strap of the shoulder
exoskeleton.
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To meet the requirements for comfort, design, position, and clamp of the interfaces
were considered. Due to its flexible characteristics, the interface can be adjusted to the
forearm of different users. In addition, its position is adjustable on the forearm structure
to align the rotation axis of the exoskeleton and the elbow joint.

5 Evaluation of the Exoskeleton

The evaluation aims to demonstrate whether the exoskeleton supports the elbow flexion
of the user in industrial tasks. For the evaluation of exoskeletons, different subjective and
objective approaches exist. However, despite the high number of exoskeletons in research,
there is no standardized method for evaluating exoskeletons. In various studies, different
industrial tasks are performed in different postures with and without a support system to
evaluate the effects of the exoskeleton on the user [22]. The most widely used method
in the evaluation and assessment of exoskeletons is electromyographic analysis (EMG),
which measures muscle activity [23]. Therefore, the preliminary test of the developed
exoskeleton is an EMG analysis.

5.1 Study Design

Based on the common use cases in the industry which can be a risk factor for MSDs, one
static and two dynamic application scenarios were considered (see Fig. 2). The tasks were
performed with three healthy male participants (age: 26±1 years; height: 184.3±3.8 cm;
weight: 75±3 kg; right-handed). The exoskeleton was worn during the support (first
trial) and no-support (second trial) condition to ensure a comparison of the elbow angle.
Between the trials, a pause of at least five minutes was taken to allow the muscle groups
to recover. In order to avoid falsifying the evaluation of the developed elbow system, the
shoulder support was left off.

For the static task, a dumbbell weighing 5.75 kg was held in the right hand for 30 s
to represent carrying heavy packages over long distances. To achieve maximum leverage,
an elbow angle of approximately 90° was maintained by each participant. In the first
dynamic task, the participants had to perform six repetitions of biceps curls with the
same dumbbell in the right hand to replicate repetitive loading. In order to standardize
movement speed and to indicate the start of the flexion/extension movement at the top and
bottom position, an acoustic signal was provided at 50 beats per minute. In the second
dynamic task, repetitive loading and unloading of packages from shelves were replicated.
The participants had to lift a package weighing 10 kg from a shelf with both hands and
place it on a higher shelf. The lifting task was performed three times by each participant.
To ensure data comparability, the distance to the shelf had to be the same and the task
had to be completed in a given timeframe.
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carrying

5.75 kg

repetitive liftingrepetitive loading

Fig. 2 Schematic representation of the carrying, repetitive loading, and repetitive lifting tasks

First, the tasks and the operation of the exoskeleton were described to the partici-
pants. After that, surface electrodes were attached to the elbow flexors biceps brachii and
brachioradialis, the antagonist/elbow extensor triceps brachii, and the shoulder muscles
deltoideus anterior and deltoideus medialis. This was done to investigate the effects of
the exoskeleton on other upper extremity muscle groups in addition to the elbow flexor
muscles. At the beginning of each study, the maximum voluntary contraction (MVC) of
the observed muscle groups was measured for each participant in order to normalize the
EMG signal to a reference value.

It turned out that the cable attachment on the winch could not withstand the high
forces of about 294.5 N at a maximum support level. Therefore, the evaluation had to be
performed with 4 bar supply pressure and a support level of 50%, which corresponds to
a torque of 3.9 Nm.

5.2 Results and Discussion

Figure 3 shows one participant’s EMG signal during the repetitive loading task, where
a lower biceps brachii muscle activity with support (50%) and without support (0%) is
illustrated (reduction in mean muscular activity of -13.4%). However, a higher muscle
activity on the antagonist triceps brachii (growth in mean muscular activity of +40.8%)
can also be observed when the participant extends the forearm, whereas the shoulder
muscles did not show any change in muscle activity. Similar behavior was observed with
the EMG signal of the other participants. In Fig. 4, the mean muscle activities and the
relative difference in all tasks is visualized. The figure shows that a reduction of the
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Fig. 3 Illustration of muscle activities during the repetitive loading task with six repetitions with
support (50%) and without support (0%)
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Fig. 4 Visualization of the mean values and the standard deviation of muscle activities in various
tasks with support (50%) and without support (0%) for each participant

muscle activity of the elbow flexors by the exoskeleton occurs in all tasks, but an increase
can also be seen in the elbow extensor.
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Based on the results of electromyography, it can be said that the developed exoskeleton
provides a support torque on the elbow, which can be seen in the muscle activities of the
flexors. Although the exoskeleton supports the flexion of the elbow, the additional strain
on the triceps caused by the extension may have negative effects on the user. This effect
could be reduced or avoided by optimizing the control system and improving the situation
detection. For the initial evaluation of the exoskeleton, electromyographic analysis was
well suited but not sufficient. It should be considered that the sole determination of muscle
activity can lead to misleading statements about the overall benefit of the exoskeleton. To
evaluate an exoskeleton effectively, further methods, such as biomechanical and physio-
logical measurements should be utilized [22]. In addition, the evaluation of the prototype
should be done with a wide variety of participants with different anthropometric char-
acteristics. Finally, the studies should be conducted in field studies under real working
conditions rather than in optimal laboratory environments, since they only represent a
fraction of the real workloads that occur.

6 Conclusion

Despite the elbow joint’s proneness to injury and its stress in many industrial activities,
few elbow support systems exist. In comparison to the soft passive exoskeleton presented
in [9], dynamic activities with a higher support level could be achieved with the presented
prototype. In addition, support torque across the entire flexion of the elbow could be
provided with the winch concept. Furthermore, the rigid structure solved the problem
of proximal forces caused by the cable’s tensile force. Nevertheless, rigid systems face
the challenge of aligning the rotation axis of the exoskeleton and the elbow joint, which
in turn can lead to displacements and shear forces between the interface and the skin.
As a result, a rigid exoskeleton does not provide the same range of motion as a soft
exoskeleton. Additional passive degrees of freedom would be needed to allow natural
human movement. However, this would significantly increase the complexity and weight
of the exoskeleton. Due to the concept of the winch mechanism, the weight at the distal
end was significantly reduced compared to the other active mechanisms, such as direct or
indirect drive presented in [9].
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Abstract

The use of robotics for prefabrication in timber construction is becoming increasingly
important. Novel, modular, reconfigurable, and transportable manufacturing systems
allow rapid adaptation to project-specific requirements. However, continuous reconfigu-
ration of the system is a major challenge. Accurate calibration is a critical requirement for
robotics. Typically, this requires expert knowledge and specialized measurement hard-
ware. This issue arises in specific applications like timber prefabrication, where the avail-
ability of robotics experts is limited, and frequent reconfigurations necessitate calibration.
To this end, this paper presents a camera-based calibration method for the described use
case. The proposed method focuses on automatic calibration without the need for expen-
sive measurement equipment or highly skilled personnel. The proposed method uses
AruCo markers to determine the relative pose between the platforms. The automatic
calibration process is performed by detecting the AruCo markers in the field of view
of the camera of each robot and using them to estimate the pose of the platforms. The
experimental results from a simulation evaluate the achievable accuracy and demonstrate
the feasibility of the proposed method.
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1 Introduction

The construction industry faces major challenges due to a shortage of skilled labor and the
prevailing low level of automation on the one hand, and the increasing demand for afford-
able housing and the reduction of emissions and resource consumption on the other [13].
Industrial robots can increase productivity and are increasingly present in timber prefab-
rication. A novel modular, reconfigurable robotic system from the Cluster of Excellence
“Integrative Computational Design and Construction for Architecture” (IntCDC)1 adapts to
project-specific requirements [14]. The system is transportable and enables prefabrication
close to the construction site, overcoming the transportation constraints of components and
encouraging the use of local construction resources. The new approach facilitates the flex-
ible configuration of robot cells from the system modules. However, precise calibration of
the robots in relation to their environment is a fundamental requirement for effective and
efficient task performance. With the IntCDC prefabrication system, the need for calibration
after each reconfiguration presents a challenge. This involves determining the relative posi-
tions and orientations of the platforms, which cannot be placed precisely due to their size and
weight. Unlike conventional robot cells, which only require calibration at the initial com-
missioning or after modifications, the considered system requires regular calibration due to
its dynamic setup at different locations. In addition, the systems use case is project-specific
timber construction on-site or at local, mostly small timber construction companies, where
the availability of robotics experts and specialized measurement equipment such as laser
scanners is limited. Thus, the IntCDC system needs an automated calibration process that
does not require expert knowledge of robotics or metrology. Hence, this application requires
a calibration procedure that is as accurate and automatic as possible.

The modular manufacturing system shown in Fig. 1 currently contains 40 and 20 ft long
platforms equipped with industrial robots and have linear axes throughout their length.
Additionally, a heavy-duty automated guided vehicle (AGV) connects the cells and increases
the workspace. In this work, we use the cell layout shown in Fig. 1 consisting of one 40 ft
(FP1) and one 20 ft (FP2) fabrication platform. We organize the remainder of this paper as
follows. In Sect. 2 we review and discuss related work in the field of robot calibration. In
Sect. 3, we present our method for the calibration of the IntCDC prefabrication system. This
is followed by Sect. 4, where we evaluate the performance and achievable accuracy based
on a simulation. We conclude and discuss our work in Sect. 5.

2 RelatedWork

Calibration is necessary to enable accurate and safe operation of industrial robots. This
includes the absolute calibration of the robot arm itself and the calibration of the robot to

1 https://www.intcdc.uni-stuttgart.de/.

https://www.intcdc.uni-stuttgart.de/
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Fig. 1 IntCDC prefabrication system

the environment. The absolute calibration of the robot arm is necessary to compensate for
manufacturing tolerances and hence deviations from the idealized kinematics. Calibration
with the environment aims to define a common coordinate system within a robot cell and is
especially importantwhen several robots interactwithin the same environment. This requires
a common coordinate system that must be defined and calibrated. There are several methods
described in related work about robot calibration. The use of laser trackers for robot cali-
bration is common practice. The methods in [7, 9, 15] use this type of measurement device.
Due to their high accuracy, they allow precise calibration. However, expert knowledge is
required to successfully employ laser trackers. Also, these devices are expensive and are not
widely available, especially in the use case considered here. Other methods use mechanical
systems such as telescoping ballbars [10] or geometricmeasurement systems like drawstring
displacement sensors [5]. The results show that both methods are suitable for calibration
and the hardware used is significantly cheaper compared to the laser trackers. However,
these methods also lead to a lower calibration accuracy. Due to the mechanical design, the
method from [10] is particularly suitable for smaller industrial robots and small workspaces.
Filion et al. use a portable photogrammetry system [4] and find that their method leads to
a similar accuracy as laser trackers. These methods are time intensive and require expert
knowledge and practical experience. Although cheaper than laser trackers, the systems used
are still relatively expensive. Additionally, they are hard to automate. Many known methods
use cameras as a measurement system. They are the most widely used systems, and as a
result, there are numerous examples of their application in robot calibration. In [3] a camera
mounted on the robot’s hand and static chessboard targets are used. Balanji et al. changed
the setup in [1] and used a fixed camera while moving a target with several ArUco mark-
ers. Other camera-based methods use 3D cameras to calibrate using a chessboard target [8]
or a calibration sphere [12]. They find that their method can be conducted with minimal
supervision and is suitable for automation. However, the achieved accuracy is relatively low
compared to other methods.
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3 Methodology

Considering our specific use case with the prefabrication system from IntCDC we choose to
use a camera-based calibration approach based on the use of fiducialmarkers. The calibration
problem at hand can be solved by using cameras and markers. We choose this approach
for several reasons: firstly, related work has successfully used camera-based approaches
with fiducial markers in robotics applications, and secondly, this approach is suitable for
automation and doesn’t require metrology experts and specializedmeasurement technology.
However, the accuracy achieved with this method must be compared to typical tolerances
in timber construction, which are much lower (1–5 mm) than in production technology.

3.1 Calibration Procedure

To solve the calibration problem, we attach a unique set of markers parallel to the linear
axis on each container. By attaching these markers to the platforms, the cameras, that are
in the robot’s hand (eye-in-hand) can determine the relative position and orientation of
the platforms. Figure2 shows a robot platform with attached markers. We assume that a
model like shown in Fig. 3 that represents the desired arrangement of the containers and the
positions of their markers exists. This model specifies the expected position of the containers
and their markers. In practice, we need to ensure that the containers and their markers are
approximately where the model expects them to be. In this paper we choose AruCo markers
asmarker systembecause of their effectiveness demonstrated in various robotics applications
as well as their position and angular stability [6].

ArUco markers are small, square fiducial markers that can be easily recognized by cam-
eras. The calibration process consists of moving to the markers and using the cameras to
capture images of the ArUco markers. The position and orientation of the markers can be
estimated using computer vision techniques, and the relative transformations between the
platforms can be determined based on the estimated marker positions and orientations. By

Fig. 2 Robot with attached
markers
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Fig. 3 Geometrical representation of the calibration scene

Fig. 4 Simulation model of the reconfigurable, robotic system

repeating this process multiple times, the relative transformations can be refined and the
calibration can be improved.

The calibration procedure as exemplified in Figs. 3 and 4 is as follows. First, each robot
detects the poses of its own set of markers Pbi by searching for them within the expected
area as defined by the model. The robots proceed to estimate the poses Pti of the markers on
the other robot’s platform. However, only the markers that fall within a specific minimum
distance are considered detectable. This detectability is determined based on the robot’s
workspace and model, which dictate the extent to which the robot can reach the markers.
Each marker is approached and detected several times from different poses. We compute
the relative positions and orientations of the robot platforms in 3D space from the estimated
positions of the markers. The detected marker poses undergo filtering, with RANSAC being
employed to effectively eliminate outliers. From that we get the estimated transformations
Tb1,m1 and Tb2,m2 between the robots i = 1, 2 base and their markers as well as Tb1,m2 and
Tb2,m1 between the base and the target platforms markers. From that we derive the observed
transformations Tb1,b2 = Tb1,m2T

−1
b2,m2

and Tb2,b1 = Tb2,m1T
−1
b1,m1

between the robot bases.
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Fig. 5 Sampled poses on
parametric surface

With Tb1,b2 = T−1
b2,b1

we get the set of all observed homogeneous transformations between
platform FP1 and platform FP2 that we then use to estimate the transformation between
both robot platforms. We do this by calculating the average translation and rotation of the
observed homogeneous transformations.

To accurately calibrate the robot-world coordinate system, eachmarker must be observed
several times from different poses. For that, as shown in Fig. 5, we randomly select points
�p = S (r , φ, θ) on the surface of a sphere S to position the camera for observing themarkers.
With �v = − �p × �b and �b = [0, 0, 1]T we use the skew symmetric cross-product matrix

[�v]
x

to calculate the rotation R = I + [v]x + [v]2x + 1−c
s2

, s = ‖v‖, c = a · b that points the
camera towards the target. This allows for the capture of marker images from multiple
angles and positions, aiding in achieving precise calibration.

Accurate estimation of the marker position in the robot base coordinate system requires
hand-eye calibration. The hand-eye calibration problem refers to the determination of the
relative pose between a camera and a robot frame. This relative pose is critical in robotic
systems that require accurate alignment of the camera with the end effector. In a typical
hand-eye calibration, the end effector is moved to a series of known positions and orienta-
tions, and the corresponding marker poses are estimated in the camera image. The relative
transformation between the camera and the robot frame is then estimated from these recorded
positions by solving the hand-eye transformation problem AX = XB. The accuracy of the
hand-eye transformation depends not only on the camera but also on the number and quality
of the selected poses. We select the sampled poses according to the methods from [11] and
use the dual-quaternion-based algorithm from [2] for calibration.
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4 Validation

In this section, we validate the method described in Sect. 3. For this purpose, we use a
simulation model of the reconfigurable manufacturing system, which corresponds to the
real setup in our laboratory. The use of the simulation model, in this case, allows us to
evaluate the achieved accuracy of the hand-eye calibration as well as the estimation of the
transformation between the robot platforms since these transformations can be obtained
from the kinematic model.

4.1 Kinematic Error Model

Industrial robots are not absolutely accurate. Deviations during the production of the robot
bodies as well as dynamic and static influences such as gravity or deformations of the
elements affect the accuracy. Deviations in the link lengths can lead to inaccuracies in the
forward kinematics, which describes the mapping from joint space to cartesian space. These
inaccuracies can result in deviations between the desired ormeasured and actual end-effector
position and orientation. These deviations affect the accuracy of the hand-eye calibration
and hence also the camera-based calibration by causing inaccuracies when estimating the
marker poses. To include this effect in the validation, we employ a kinematic error model
e (J ) = f ( j1, j2, j3, j4, j5, j6) to reflect the influence of these errors on the accuracy of the
camera-based calibration. To represent the error model, we introduce a random deviation to
the robot’s bodies lengths into the kinematic model.We sample the workspace of the robot in
the joint space and compare this deviating kinematicmodel fe(J )with the nominal kinematic
model according to the robot’s datasheet. This results in the configuration-dependent error
model e(J ) of the forward kinematics. We use this error to distort the simulation model.
Table1 shows the modified Denavit-Hartenberg parameters (mdh) of the nominal and the
deviating kinematic chain. Figure6 shows the resulting error model used in this paper. The
resulting errors have a magnitude between 0.5 and 2 mm. This error model assumes that the

Table 1 Modified Denavit-Hartenberg parameters of the KUKA KR420-R3330

Nominal model Error model

θ a d α θ a d α

j1 0 0 1.045 0 0 0 1.04327 0

j2 0 0.5 0 90 0 0.49864 0 90

j3 0 1.3 0 180 0 1.30175 −0.00171 180

j4 0 0.055 1.525 90 0 0.0534 1.52727 90

j5 0 0 0 −90 0 0 0 −90

j6 0 0 0.29 90 0 0 0.28949 90
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Fig. 6 Error model in
workspace

Table 2 Results of the hand-eye calibration

y (m) y (m) z (m) qw qx qy qz epos (m) eangular
(rad)

Tmdl 0.37749 −0.10537 0.18691 0.35355 −0.61237 0.61237 −0.35355 0 0

T1 0.37729 −0.10549 0.18684 0.35340 −0.61236 0.61246 −0.35355 0.00024 0.00035

T1,e 0.37746 −0.10557 0.18685 0.35342 −0.61236 0.61247 −0.35351 0.00021 0.00034

T2 0.37736 −0.10547 0.18687 0.35334 −0.61238 0.61246 −0.35356 0.00017 0.00045

T2,e 0.37736 −0.10543 0.18689 0.35336 −0.61238 0.61246 −0.35356 0.00014 0.00041

deviations in the link lengths are the only sources of error and does not consider dynamic
errors or errors from gravitation or deformation.

To evaluate and compare the precision of the hand-eye and robot-robot transformations,
we use the distance between the estimated and the nominal transformations obtained from the
kinematic model. This distance is calculated with |T2, T1|2 =√(

T2,x − T1,x
)2 + (

T2,y − T1,y
)2 + (

T2,z − T1,z
)2 and the angular difference between two

quaternions is determined by θ = cos−1
(
2〈q1, q2〉2 − 1

)
.

4.2 Hand-Eye Calibration

In the first step, we perform a hand-eye calibration to get the transformation from the robot
flange to the camera frame. We use a DICT5X5 Charuco board with 12× 9 markers and a
marker size of 6cm. The camera has a resolution of 2048 by 2048 px. In total, 200 poses
are automatically used to record samples. We performed this for both robots with and
without added errors from the error model. For the Calibration we obtain the hand-eye
transformations T1, T1,e, T2 and T2,e using the algorithm from [2].
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Table2 presents the obtained transformations alongwith the position and angular distance
in comparison to the nominal transformation Tmdl from the kinematic model. The results
demonstrate that the hand-eye calibration is accurate to within 0.25 mm for the position and
0.4◦ for the orientation.

4.3 Robot Calibration

We proceeded to calibrate the transformation between the platforms, using markers of 18cm
in size. The platforms were equipped with 10 markers for FP2 and 22 markers for FP1.
The hand-eye transformations previously determined were used, with and without errors.
Initially, each robot calibrated its own markers in relation to its base coordinate system. We
recorded a total of 50 samples of different poses per marker, all pointing towards the marker.

Figure7 shows the estimation error of the position and orientation of the self-observed
markers of FP2 for the case without (blue) and with (red) the error model.

Figure8 shows the estimation error of the position and orientation of the self-observed
markers of FP1 for the casewithout (blue) andwith (red) the errormodel. For both platforms,
the errors are in the range of 1–2mm or 0.28◦. It can be seen that the deviations are higher
when the error model is used. The robots then detect the reachable markers of the other
platform. Figure9 shows the estimation error of the position and orientation of FP1markers
observed by FP2. The figure shows that markers 22–28 could not be reached by the shorter

Fig. 7 Estimation error of the self-observed markers of FP2

Fig. 8 Estimation error of the self-observed markers of FP1
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Fig. 9 Estimation error of FP1 markers observed by FP2

Fig. 10 Estimation error of FP2 markers observed by FP1

Table 3 Results of the robot-robot calibration

x (m) y (m) z (m) qw qx qy qz epos (m) eangular
(rad)

Tmdl 3 −6 0 1 0 0 0 0 0

T12 3.00347 −6.00383 −0.00138 0.99999 −0.00050 0.00015 −0.00025 0.00535 0.00116

T12,e 3.00260 −6.00676 0.00056 0.99999 −0.00101 0.00012 −0.00026 0.00726 0.00210

FP2. Markers 29–32 are reachable within the specified tolerance of 1m, but are still further
away than desired, resulting in higher scatter and greater estimation errors.

Figure10 shows the estimation error of the position and orientation of FP2 markers
observed by FP1. Here every marker is easily accessible with the exception of marker 0
which is located on the outer edge and can only be reached from one side of the long FP1,
limiting the accessible positions for sampling.

The recorded poses are used to calibrate the transformation between the robot platforms.
And lead to the results shown in Table3.

The obtained accuracy, although relatively low, is still within the acceptable range, at
least in the case where no error model is used. The achieved accuracy of about 5mm,
measured against the workspace of the cell with a distance of 6m between the platforms,
is sufficient for avoiding collisions and carrying out tasks like pick and place, nailing, or
gluing. Nevertheless, the accuracy falls short of what is required for milling high-precision
joints for wooden components.



Camera Based Calibration of a Flexible, Reconfigurable Robotic . . . 301

5 Conclusion

In summary, the camera-based calibration approach using ArUco markers has demonstrated
its suitability for the IntCDC system. This approach provides a straightforward and auto-
matedmethod to calibrate the systemwithout requiring specializedmeasurement equipment
or expertise in robotics. However, it should be noted that the achievable accuracy is lower
than the typical tolerances for timber construction, and further research and evaluation are
necessary. One potential method for enhancing calibration accuracy involves integrating
supplementary sensors into the system, such as a 3D probe. Incorporating these sensors has
the potential to enhance accuracy beyond the standard tolerances commonly present in tim-
ber construction. To accomplish this, the robots can be probed from various angles within
the shared workspace, thereby building upon the outcomes of the camera-based calibration
process. In future work, this method could be utilized to enhance the local navigation accu-
racy of the AGV between the robot platforms. Overall, implementing this method could
improve the efficiency and efficacy of the IntCDC system, resulting in more sustainable and
cost-effective timber construction practices.
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Handling with Skeptical and Incremental Learning
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Abstract

In the circular economy, remanufacturing success relies heavily on the accurate identifi-
cation and classification of used products. Processes, which rely on worker experience,
lack objective validation, leading to the potential for mislabeling and inaccurate damage
assessment. This, in turn, results in additionalmanual evaluations and unproductive costs,
which run counter to the principles of sustainability. To address these issues, machine
learning and artificial intelligence have been applied with promising results. However,
producing reliable large amounts of labeled data remains a challenge, as workers are sus-
ceptible to human error. This paper addresses process design in production. It proposes
a new design to ensure that only valid labels enter the prediction models, reducing the
potential for false labels in the dataset. Through this, the aim is to improve the accuracy
and reliability of remanufacturing, ultimately reducing costs and mitigating the carbon
footprint in the manufacturing, repair, and maintenance industries.
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1 Introduction

Rawmaterial production and manufacturing contribute 50% to global greenhouse gas emis-
sions and 90% to biodiversity loss andwater stress [1]. Onemajor aim of circular economy is
the extension of product life through multiple life cycles, for instance via remanufacturing.
Remanufacturing is already well established in the automotive sector. It involves disman-
tling, testing, repairing, and offering products as new, reducing demand for new products.

Accurate labeling is vital for optimal remanufacturing. It identifies remanufacturing need
and action, optimizes value, and promotes sustainable consumption through transparent
information of remanufactured products. However, the absence of objective validation of
product labels can result in inaccurate labeling, leading to misidentification and improper
damage assessment. This ultimately results in unproductive costs and undermines sustain-
ability in circular economy.

In the pursuit of advancing circular economy, practitioners and researchers have employed
the use of machine learning (ML) and artificial intelligence (AI) to enhance the reutilization
of products [4, 6]. The development, training, and deployment of effective ML/AI models
for product identification and defect detection can have a significant financial and environ-
mental impact on industries that deal with manufacturing, repair, and maintenance. Some
applications result in a reduction of carbon footprint and decreased expenditure for new
product purchases [5]. In order to fully realize the benefits of these applications, it is cru-
cial to develop a system that provides workers with an interactive interface displaying key
product characteristics, thereby enabling informed decision-making in the implementation
of these technologies.

For the multi-class classification of products in a production system, ML algorithms
require substantial amounts of labeled data. However, producing accurate data can be chal-
lenging, as workers perform the labeling and are prone to human error. The presence of
noise and mislabeled data can result in poor supervisedML outcomes [7]. The quality of the
dataset, including the identification numbers of products, is crucial for delivering optimal
results to support the inspection decision. Mislabeled products with incorrect identification
numbers can have a significant impact on the training and results of the model.

Several strategies have been proposed to minimize false labels in datasets. These strate-
gies encompass a range of techniques, such as data cleaning and outlier detection [12],
learning annotations with skepticism [8], and interactive improvement of annotations [9,
10]. Additionally, there are methods for adjusting the confidence scores of predictions, and
holistic confident learning approaches that focus on the uncertainty of individual class con-
fidence [11]. Many of these strategies are applied post-data generation. In this paper, we take
a new proactive approach by implementing principles in the production process to ensure
that only accurate labels are incorporated into the models with the input data.

This paper addresses the issue of false input data and labels inspection in the production
environment. Its aim is to reduce the mislabeling of returned products using (incremen-
tal) ML methods. First, the challenges in high-variant product inspection are analyzed in
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chapter “Experimental Investigation of the Influence of Different Nozzle Exit Geometries
on the Depositing of Strands in Fused Layer Modeling”. Second, existing methods for the
reduction of the reproduction of false labels are presented and discussed in Chap. 3. Third, a
new process for in situ incremental learning for high-variant product inspection is presented
in Chap.4. Finally, Chap.5 discusses the properties of the proposed methods and concludes
on the achievable optimization.

2 Challenges in High-Mix Product Inspection

In this paper, we focus on the inspection of used products. The inspection process involves
manual evaluation of the product features by employees. This includes identifying the prod-
uct ID, classifying it based on its features, and recording the attribute data. The overall
objective of this inspection process is to ensure that only high-quality products are selected
for further processing, repair, maintenance, and resale.

The return of used automotive parts poses challenges in identifying them due to their
variability from the exchange components. The dataset used in this paper includes over
500,000 inspections of used parts from 18 product types, such as starters, recorded at man-
ual workbenches. The high-throughput inspection processes were conducted under regular
industrial circumstances, where each inspection took, on average, 35 s. With more than
10,000 unique parts (classes) in this high-mix inspection case, multi-class classification
models are required. The authors have highlighted the significant class imbalance present in
the dataset, with some classes occurring over 10,000 times and others appearing less than
ten times. Previous research has demonstrated the feasibility of using incremental learning
methods to continuously learn from the first sample on a cleaned dataset significant class
imbalance [5]. In this contribution, we present processes to implement incremental Learning
(IL) in a production environment to minimize the need for off-site adjustments of the models
during the product inspection process.

In ML, batch learning is a strategy where a model is trained with the current dataset and
put into production when it achieves acceptable performance on a test set. This approach can
require high computational effort and substantial memory for training, making it suitable
when the dataset is large enough to fit in memory or when concept drift is unlikely.

IL is an alternative to batch learning in which the model is trained incrementally over
time, with small datasets, as new data is generated. This approach enables the model to make
predictions based on the accumulated data and reduces computational effort as the model
only needs to be updated with new data rather than retrained from scratch. IL can be per-
formedwith limited resources and has awide range of applications, including in autonomous
systems where continuous learning from sensor values is required. IL has been extensively
studied in the literature, demonstrating its effectiveness in real-world applications.

Effective deployment of MLmodels in production requires addressing the issue of incor-
rect inputs and class labels. Batch learning enables automated data cleaning through regular
updates, while incremental learning demands careful consideration of in situ data quality.

http://dx.doi.org/10.1007/978-3-031-74010-7_2
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To maintain high-quality training data, it is advisable to implement ongoing monitoring of
incoming data in the process.

ML applications assume a static system but systems experience changes, known as con-
cept drift, which affect the accuracy of predictions. Concept drift occurs due to the alteration
of training data’s statistical properties over time and can appear suddenly, periodically, grad-
ually, or incrementally.

Figure1a–c shows the business data input features from the inspection. Direct product-
related and indirect delivery/customer features are included. Three input features’ change
over time is analyzed. A Modified Hockett-Sherby Law was used for regression, where x
represents weeks and y unique values, with,

y(x) = −b − (b − a) · e−c·x4 . (1)

The unique entries of business data features 1 and 2 see a rapid rise at the beginning
of the observation period, resulting in a 5-fold increase in feature 1 within 20weeks. The
increase then flattens and the trend is shown in Fig. 1a. The number of unique entries was
36 in the first week and reached 329 by the end of the observation period. The future trend
is predicted through regression with a determination coefficient of 0.988, indicating a slow
increase in the number of feature 1.

Fig. 1 Unique values in business data feature 1 (a), 2 (b), 3 (c) over time in weeks; Amount of
samples until occurrence > 9 (b)

In the case of delivery data feature 2, a total of 2914 unique values were recorded in the
dataset, with 94.6% of the values being valid. The reduction in the increase of Feature 2 is
significantly smaller compared to Feature 1. Features 1 and 2 exhibit a continuous drift of
input quantities. The regression analysis predicts a significant increase for Feature 1.
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Business data feature 3 showed more than 3600 unique values recorded consistently.
It has a proportional trend with the number of weeks, represented by a linear regression
function. The trend in Fig. 1c shows a weekly increase of 25–50 new values, starting from
42 in the first week. The average time, until it becomes irrelevant in predicting labels, was
calculated and shows over 99% of products retain relevance within 4d. A small number took
almost a month.

In previous research, we found that different learning thresholds, the number of samples
per label, had varying impacts on batch and incremental learning [5]. Figure1d shows in
further analysis that with over 300 unique labels and a learning threshold of>9, recognition
time was less than a month, which is low in consideration of a, e.g., weekly batch learning.
This emphasizes the need for a holistic IL approach in high-variety product inspections,
especially given the potential for faster recognition with tree-based ML models.

In addition to fast label additions, the uncleaned labels exhibit significant discrepancies.
For example, in the case of the inspection of automotive parts for the remanufacturing
process studied in this paper, approximately 8% of 435,956 labels were mislabeled which
was identified by comparing them to an expert-created valid label master. The uncertainty in
the labeling process is reflected in a study that distinguishes twice-labeled products without
manual data cleaning. A comparison of 161,695 products labeled twice shows that the
consecutively made labels only match 89%. This motivates stronger in situ intervention to
protect IL methods from errors.

Product diversity presents a challenge to AI-enhanced inspection, with a growing number
of product variants and evolving input data. Updating ML models to handle new labels and
concept drift is necessary. Batch learning is impractical, consuming time and resources [5],
while IL provides an efficient solution for updating the model with new data. However,
errors in data collection can result in inaccurate IL predictions and costs. A data-centric,
skeptical, and incremental approach is proposed for inspecting high-variation products.

3 Skeptical LearningMethods for Product Inspection

The accuracy of ML classification predictions depends on the quality of labeled data, espe-
cially in supervised learning. This section describes common techniques for improving data
quality and validating product inspections. The methods’ suitability for the proposed in situ
process is also discussed.

3.1 Methods to Resolve Anomalies in AI-Enhanced Inspection

In ML modeling, data cleaning techniques for handling divergent data and labels are used.
Some techniques address varying input variables but do not address mislabeled output labels
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in supervised learning. This section revisitsmethods for copingwithmislabeled output labels
and invalid input data.

Clustering is a common preprocessing step forMLmodel training. The approach starts as
an unsupervised learning problem to form clusters for label prediction. Then, classification
models are built based on these clusters. This approach may not be suitable for tasks with
many classes, especially in applications requiring very high reliability such as automotive
parts remanufacturing.

The implementation of outlier and novelty detection models through clustering or
distances or angles can effectively detect anomalies in datasets and streams. The primary
objective of anomaly detection is to automatically identify patterns in data that diverge from
established norms. This can be achieved through the use of local outlier factor and local
outlier probability methods [12]. Although we applied batch methods successfully in the
inspection environment of the use case, it is important to note that batch-trained models
required significant system memory, especially when dealing with a large volume of trained
inliers. For instance, a model trained with 300,000 inliers required about 350 megabytes of
RAM, which poses a challenge when handling millions of inliers in a year. In addition, these
models had to be batch retrained and are thus not a valid option for a holistic IL approach
to inspection.

Confident learning uses techniques such as pruning, counting, and ranking to handle
label errors in ML models. It employs predicted probabilities and noisy labels to estimate
the joint distribution and remove noisy data, producing a clean output [11]. However, these
methods were designed for offline use and may require adaptation for IL.

Model confidence allows ML models to indicate their confidence in their result. Adjust-
ment of the confidence score through temperature scaling or other confidence metrics allows
for more elasticity of the deployed models in use [13]. These approaches depend on the data
andmodeling and are not well-suited for (incremental) trees but aremore commonly used for
artificial neural networks. Thresholds or detection of patterns in confidence can also indicate
false predictions. Thus, confidence in label predictions is a crucial measure of agreement
between human inspectors and AI, which is why it is included in our process.

3.2 Methods on Reduction of Mislabeling

There are various methods for reducing mislabeling. In the following, different concepts for
the inspection of products are presented and discussed.

A basic idea for checking the labels is to compare the variables predicted during the
inspection with the labels of the annotators. The prediction is not shown to the annotator, and
if theAI prediction is highly reliable, it is used.However, if the annotator is very reliable, their
label is preferred. This approach has drawbacks, as it requires performance measurement
for the plant operator and may result in AI making decisions on product labeling, which is
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not permitted for one-to-one inspection. We thus apply a label hide element only in case of
AI uncertainty or anomalies.

Skepitical learning described by Zeni et al. [8] consists of three components: A reference
architecture, which includes the ML algorithm, user input, a knowledge component, and a
supervised ML algorithm. The algorithm itself takes advantage of the crucial idea that this
algorithm can be in one of three states, called train mode, refine mode, and regime mode.
The final component is an algorithm for resolving conflicts that arise. In our process, we
apply such a hidden conflict resolution.

With interactive learning, Zhang et al. propose asking the annotator for feedback when-
ever a conflict arises. Thus, in both train mode and refine mode, the user’s input is no longer
taken as ground truth [9]. These label processes are not designed for quality testing, where
it is indispensable that the verification and confirmation of the label are done by human
annotators. This paper takes up the previous research and supplements it to make it suitable
for inspection. Teso et al. enhanced interactive learning by finding examples in the train-
ing data that conflict with each other and asking a human to correct them, which leads to
better results [10]. Although this approach is sequential, it is unsuitable for our incremen-
tal learning approach which is intended to minimize mislabeling already in the production
environment.

4 Design for Reduction of Mislabels in Inspection

This section presents a process design that reduces mislabeling and rework in product iden-
tification and damage assessment. In the proposed new design, we adopt skeptical learning
principles to create an in situ fully incremental ML for inspection. The process design
comprises feature aggregation, feature preparation, model evaluation, identification, man-
ual labeling, and incremental learning in four phases. Figure2 demonstrates the process flow
of the new design.

The first phase, “feature aggregation”, ensures that only valid features enter the ML
models for label prediction. In the second phase, “feature preparation andmodel evaluation”,
anomaly detection determines if the inputs are novel parameters for predicting the desired
label. The third phase requires “identification andmanual labeling” in order to ensure human-
validated labels for each product. In the final phase, the filtered samples are used for learning
of the incremental models. The phases are explained in detail in the following paragraphs.

Feature aggregation: First, gathered features are checked for correctness. If the inputs
are invalid, e.g., out of specification, then the process is not stable either for the inspection
process, as these are required business data for subsequent processes like remanufacturing.
The inspectors are required to redo inputs in such cases if the inputs are still not valid after
the inputs have been repeated. The user is requested to enter the part into the database by an
expert. The expert process is based on the procedure described by Schlüter et al. [4]. The
expert can then decide whether the sensory is faulty or if the inputs are correct.
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Fig. 2 Process flow for skeptical and class incremental learning

Feature preparation and model evaluation: Then, features are incrementally encoded
and transferred to the IL model and anomaly detection. An IL model performs a prediction
of the label. If the model is not confident with its predictions, e.g., over a fixed threshold,
or an anomaly is detected, the prediction is not shown and manual label input is required.
If the label occurs in the history more than N times, no anomaly and high confidence of the
model are present. This prediction is shown to the worker. The proposed design ensures that
only high-confidence predictions are shown to the worker for confirmation.

Identification and manual labeling: Human inspector is either called to confirm one
label out of a suggestion list or manually enter a requested label. If the label is not in the
suggestion list, the inspector can input a new label suggestion. If the inspector enters a
number, it is checked on validity against a database of valid labels. These valid labels are
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created by experts in case a call is made. If the label is valid or confirmed after suggestion,
the sample enters the training pool. If the label is invalid, the inspector is asked to re-enter
the label. This process is repeated M times until an expert is called for identification and
addition of the part information to a valid pool under threshold data. If the occurrence of
label exceeds N− 1, the data and in case of additional under threshold data is allowed to
enter the IL phase.

Incremental learning: The classification and anomaly detection models are incremen-
tally updated for each entering sample. The anomaly detection is only incrementally updated
for samples previously flagged as anomalies. Only fully completed measurements are con-
sidered for the class incremental learning. The class incremental model and the anomaly
detection model can start to learn from the first sample. For a stable operation, it is advised
to let the models enter productive operation after a successful warm-up phase.

5 Discussion and Conclusion

This paper proposes a new process design for product inspection that uses skeptical learning
and incremental learning. The design is carefully crafted to maintain the validity of features
and labels, for instance, by including a feature aggregation stage that allows only valid
features into theMLmodels. Human validation of labels is also included in the identification
and manual labeling phase to ensure the accuracy of the training process.

The paper highlights challenges in inspecting high-variation products for remanufactur-
ing, with a need for incremental learning and ongoing data monitoring to maintain high-
quality training data. Concept drift and product diversity require updating ML models with
new data. in situ intervention is necessary to prevent errors in data collection and labeling
that can result in inaccurate predictions and costs. The proposed skeptical and incremental
approach can ensure accurate product identification and damage assessment.

The use of skeptical learning principles, specifically the adoption of anomaly detection
and the requirement ofmanual labeling, ensures that only confident predictions are used in the
training process. This reduces the risk ofmislabeling and rework in product identification and
damage assessment. The use of incremental learning also allows the models to continuously
adapt and improve with more data, ensuring a high prediction accuracy in the inspection
process.

The new in situ incremental learning process design enables the reduction of mislabeling
and rework in product identification and damage assessment. The design adopts skeptical
learningprinciples to create an in situ fully incrementalMLmodel for inspection.Theprocess
design comprises of multiple phases including feature aggregation, feature preparation and
model evaluation, identification and manual labeling, and incremental learning. Each phase
ensures that only valid and high-confidence data are used to update theMLmodels, ensuring
accurate predictions. The expert process is in place to validate inputs and labels. A manual
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labeling phase ensures human-validated labels for each product. The models are updated
incrementally, ensuring that the models continue to learn and improve over time.

The proposed design is suitable for product inspection as it provides a robust and efficient
solution to reduce the risk ofmislabeling and rework. The incorporation of skeptical learning
principles and incremental learning makes it an ideal choice for real-time product inspection
applications,where accuracy is of the utmost importance.Additionally, the design is scalable,
making it suitable for use in various industrial settings and for different types of products.
In conclusion, the proposed process design is a suitable solution for product inspection due
to its robustness, and efficiency.

The proposed inspection process does not require specialized expertise to develop, main-
tain, and improve, which is cost-effective. However, the input of experts is still necessary
for valid features and labels, allowing for control of the AI-enhanced processes.

The proposed inspection process also has some limitations. The system’s performance
can be affected by drastic changes in the product design, packaging, or labeling from oper-
ation or getting products from another domain. Such changes can increase the risk of false
predictions. In addition, the data is disregarded after IL. Relearning from historic data is not
possible yet. The success lies in the quality of the feature and label validation algorithms
and the expertise of the human annotators.

Further research and validation could address some of the limitations of the proposed
design, including the quality of the in situ feature and label validation, and improve the
system’s overall performance as well as its elasticity to changes in the product spectrum or
domain. With ongoing research, the proposed product inspection process has the potential
to become a valuable tool for remanufacturers seeking to reduce cost and waste.
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