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Innovative and Smart Production



A Quantitative Method for the Investigation 
of Digitized Surfaces After Fine Milling 

Machining

Maik Mackiewicz(*) and Jannik Backhaus

Volkswagen AG, Wolfsburg, Berliner Ring 2, 38440, Germany
{maik.mackiewicz1,jannik.backhaus1}@volkswagen.de

Abstract.  Due to increasing efforts to shorten the time to market of new 
vehicle models, press tooling is under increasing competitive pressure. The 
manufacturing of press tools for high-quality body components depends on a 
large extent on the quality of the tools active surfaces as free-form surfaces. 
The use of non-contact optical measurement methods to digitize the tool sur-
faces creates high-density point clouds that have great potential to improve the 
manufacturing process through their analysis. In this paper, a method for the 
analysis of these point clouds is presented, which combines the qualitative and 
quantitative analysis of active surfaces, to enable conclusions about the process 
strategy and allow further optimizations to achieve cost and time savings. It is 
demonstrated on the example of a test specimen with characteristic elements 
of a press tool for vehicle body components. A parameter SQ is defined, which 
describes the area percentage inside of tolerance limits, acting as a quality 
parameter for the manufacturing result. The used test specimen achieves a SQ 
value of 93.9%. The robustness of SQ is investigated by a variation of the toler-
ance limits and a possible applicability to other components outside of vehicle 
body components is considered. Furthermore the distribution of the shape devi-
ation is evaluated to determine whether too much or too little material removal 
causes the deviations, as well as in which angles it mainly occurs. It can be 
shown that the qualitative analysis of the false color image can be confirmed 
by the quantitative results of the proposed method. Based on this, optimization 
measures for the machining process are derived.

Keywords:  3D-metrology · Data analysis · Press tool manufacturing · Milling 
precision

1  Introduction

For the production of functional, high-quality vehicle bodies, high-quality body com-
ponents are required, which must meet the highest standards of dimensional accu-
racy and surface appearance. The bodies of modern vehicles consist of more than 200 
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different components, most of which are produced by forming processes [1]. Press 
tools are required as press shop operating equipment for the forming of body com-
ponents. The manufacturing of a tool set, consisting of up to six individual tools, can 
take up to 20 months. This has resulted in a need to shorten the manufacturing process 
for press tools, due to increasing efforts to shorten the time to market of new vehicle 
models [1, 2]. In general, new competitors in the global vehicle manufacturing indus-
try and the relocation of large parts of the value chain to other countries or economic 
zones have created a need for process optimization throughout the entire manufac-
turing industry. The digitization of manufacturing processes represents an important 
approach to making processes more flexible and efficient, as well as ensuring their 
transparency through detailed information. This creates high potential for reducing the 
time and costs of manufacturing processes while at the same time increasing product 
quality [3]. To achieve these goals, new technologies are increasingly being used that 
are either data-based or generate large amounts of data and thus provide information 
about the manufacturing process. As the importance of product and process data for 
the optimization of the value chain will increase in the future and targeted analyses of 
such data allow valuable statements to be made about the production system, its indi-
vidual elements and the process parameters, a method is needed to extract the com-
plex, difficult-to-interpret information from the digital tool surface and make it usable 
[1, 4]. This paper therefore presents a method for generating additional information 
from the high-density point cloud of the digitized tool surface. It is examined how 
the manufacturing result can be made measurable and comparable in order to evalu-
ate the current process. Furthermore, it will be discussed how qualitative observations 
from false color images can be verified and the resulting information can be trans-
ferred back into the machining process. The aim is to reduce the form deviation in 
future manufacturing processes of press tools and to prevent additional time and cost 
requirements in subsequent processes.

2  Background

The physical manufacturing of large press tools for vehicle body components consists 
of the casting of the structures with subsequent mechanical machining, heat treatment 
and a manual surface finish before the tool qualification for series production takes 
place in tryout. The materials used in this process depend on the planned total num-
ber of parts over the tools operating time, the required material and strength proper-
ties and the process-related complexity of the component to be produced. In general, 
steel castings such as EN-JS 1070 or EN-JS 2070 and rolled steels such as 1.2379 or 
1.2320 are used. Mechanical machining is made up of various cutting processes, with 
roughing, pre-finishing and fine finishing being relevant for machining the tools active 
surfaces. Complex free-form surfaces are machined by ball or torus cutters traversing 
the surface in individual milling lines [1]. Fine finishing is performed with high-speed 
cutting (HSC) which, in addition to dry machining and very low thermal stress on 
the surface due to high heat transport through the chip, achieves a significantly larger 
metal removal rate than conventional milling due to high feed rates and speeds. As a 
result, HSC machining is ideally suited for fine finishing of the tool active surfaces 
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due to high manufacturing precision and good economic efficiency and is state of 
the art in tool and die making [5]. The resulting surface texture and shape deviation 
are affected by the milling strategy, the cutting tool, used process parameters and the 
workpiece material, among other factors [1].

According to DIN 4760, the totality of all deviations of the actual surface from 
the nominal geometric surface can be described by proportions of six orders of the 
shape deviation. In general, the first to fourth order shape deviations superimpose to 
form the actual surface. Its resulting surface texture and shape deviations affect many 
of its functions, such as wear, friction, sealing, assembly and visual appearance [6–8]. 
Figure 1 shows profile sections of the deviation orders relevant for the shape devia-
tion. With increasing order, the corresponding deviation types and their cause of ori-
gin become finer in their dimension. Since the surface texture and shape deviations 
have a significant influence on the function of the surface, their accurate characteri-
zation is not only an important way to increase manufacturing accuracy, but also to 
guarantee the performance of the component [8]. This characterization is defined by 
Whitehouse as surface metrology [9]. The texture is the result of the process charac-
teristics and the shape deviations are the footprint of the machine and the machining 
tool, including vibrations, geometric error motions and thermal distortion. The com-
bination of surface texture and shape deviation forms the surface topography of the 
workpiece [8].

Before an examination of the surface can be carried out, it must be measured, 
which is possible in two dimensions. 2D measurement generates profile sections of 
the surfaces, which individually do not provide any information about the properties 

Shape deviation as profile cut Cause of originType of deviation

straightness,
flatness,
roundness deviations,
etc.

waves

grooves

scores,
scales,
domes

errors in machine tool control,
deflection of the machine or the
workpiece, incorrect clamping
of the workpiece, hardness
distortion, wear

off-center clamping, form or
running deviations of a milling 
cutter, vibrations of the machine
or tool 

shape of the tool cutting edge,
feed or infeed of the tool

process of chip formation,
material deformation during
abrasive blasting, bud formation
during galvanic treatment

1st order: shape deviations

2nd order: waviness

4th order: roughness

3rd order: roughness

Fig. 1.  System of shape deviation orders [6]



6    M. Mackiewicz and J. Backhaus

of the entire surface. Contact measurement methods (CMM) are used for this purpose, 
in which probes move over the surface and record the profile at the specific location. 
CMMs have the advantage of stable and reliable results, good repeatability and a wide 
range of applications with high precision. However, the probe geometry limits the 
accuracy of geometry elements such as deep grooves and small holes. Contact with 
the surface can also cause damage and affect measurement results. Especially for 3D 
measurement through many profile sections, CMMs require a lot of time. Since many 
surfaces affect the dimension accuracy of the drawn part during the production of 
press tools, the use of CMMs as a quality inspection would be extremely time con-
suming and cost-intensive and may even further prolong the process [7]. Noncontact 
measurement methods (NMM) are used for a 3D measurement, with the majority of 
NMMs using combinations of traditional optical metrology and information process-
ing techniques. Mostly active measurement systems like laser triangulation or ras-
ter methods are used, which in contrast to passive measuring systems have special 
instruments to generate the measurement light or sound. Active measurement systems 
have the advantage of a high measurement accuracy and a wide range of supporting 
systems to reduce interferences such as secondary reflections, specular reflections, 
volumetric scattering and color differences on the measurement results. The overall 
advantages of NMMs are that all data in the image plane are obtained at the same 
time, no surface damage occurs, almost all materials can be measured and the meas-
urement speed is high [7, 8]. Some NMMs, such as structured light projection, from 
the field of high-definition metrology (HDM) are able to digitize the entire workpiece 
surface in high resolution and generate a high-density point cloud. For this purpose, 
structured light is directed onto the workpiece surface in form of an array of straight 
stripes or a continuous spectrum of light that can be interpreted as an ensemble of 
finely sliced stripes. The pattern, distorted by the surface geometry, is then evaluated 
by a camera system and the surface is digitally reproduced as a point cloud [10].

An important area of application for structured light projection is the digitization 
of free-form surfaces in the context of automotive manufacturing. Since free-form 
surfaces in body components can meet the requirements for appealing designs in 
combination with aerodynamic shapes and ergonomic properties, digitized tool sur-
faces support press tooling as a key part of the vehicle production process [11, 12]. 
Depending on the extent of deviation from the nominal geometry, the complexity of 
the component and the interaction of departments involved, the manufacturing time 
can be shortened or, in worst case, noticeably extended [1]. The characterization of 
surfaces by observing first to fourth order shape deviations already provide a broad 
understanding of the influence of surface topography on their function [7]. Sun, Gao, 
Zhao and Tang investigate an approach to in-process surface texture condition mon-
itoring to replace the surfaces textures inspection by the use of images of machined 
and cleaned parts with a back propagation neural network. The model determines 
the resulting surface texture by a correlation between texture image features and pro-
cess signal features. They show that on-line determination of third and fourth order 
shape deviations is possible and can efficiently replace conventional image analysis 
[13]. Wang, Xi and Du developed a method to evaluate the 3D surface form error of 
large complex surfaces by using HDM. They process digitized point clouds of the 



A Quantitative Method for the Investigation of Digitized …    7

workpiece surfaces into height-coded gray images and characterize them by entropy 
and contrast. Using the example of an engine block face, they show that an analysis of 
the high density point cloud provides a much deeper understanding of surface texture 
and deviation. They suggest that the information can be used to improve the surface 
machining process by performing process diagnostics [14].

Yin, Du, Shao, Wang and Xi present another method to perform surface analysis 
based on HDM. They investigate the sealing of face-milled surfaces using the exam-
ple of a cylinder head and its counterpart, the cylinder block. They reconstruct the 
surface from a high density point cloud and determine channels in the sealing surface 
between the two components. In doing so, they can determine the channel direction as 
an important feature for the sealing of the contact surface. Based on this, they define 
a contact area percentage as a threshold value, above which the contact is considered 
sealed [15]. From the investigations it is evident that the analysis of surfaces allows 
improved knowledge about the part function and that a feedback of the gained infor-
mation into the machining process can additionally optimize it. Due to the increasing 
use of HDM and the generation of high density point clouds, it can be shown that 
the analysis of the digitized surfaces in addition to the conventional methods further 
improves the understanding of correlations. Often third and fourth order shape devia-
tions are extracted from the point clouds and investigated, so there is a need for meth-
ods in the first and second order range as well. For the manufacturing process of press 
tools, high-density point clouds offer opportunities to supplement qualitative analyses 
of the tool working surfaces, such as false color images, with quantitative parameters, 
as well as their feedback into the machining process.

3  Methods

• area
• average deviation
• normal vector
• angle relative to z-axis
• percentage of correct area
• robustness of method
• distributions
• feedback for milling process

• check for invalid values
• removing points and 

elements with nan values

• extraction of elements and 
deviation from files

tool surface 

high-density point 
cloud

false color image

results

element properties 
calculation

polygonization

machining process

tryout

Qualitative analysis Quantitative analysis

data pre-processing

extracting elements

Fig. 2.  Process chart of a qualitative and the proposed quantitative method
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Figure 2 shows a process chart of a qualitative analysis that uses false color images 
to provide information for the tryout. Additionally, the proposed quantitative analysis 
based on the high density point cloud is shown. The proposed quantitative method is 
demonstrated on a test specimen with typical geometry elements of press tools for 
the automotive industry, such as different steep flanks that occur in door entries for 
side parts or concave and convex areas for controlling the material flow. The geom-
etry of the test specimen is shown in Fig. 3. It has a length of 1240 mm, a width of 
350 mm, a height of 250 mm and is made of EN-JS 2070 by sand casting, without 
further heat treatment. In order to exclude the influence of the surface layer proper-
ties on the machining result, 20 mm casting allowance is added on the entire surface. 
Machining consists of roughing to 1 mm, pre-finishing to 0,15 mm allowance and fine 
finishing in the HSC process. The entire HSC process takes place in three axis, so that 
the milling head is moved only in the x-, y- and z-direction. As a result, the cutting 
tool always maintains an orthogonal orientation to the surface planes and the same 
orientation as the z-axis.

The surface is digitized by structured light projection with blue light technology. 
A GOM ATOS III Triple Scan hand scanner with a measuring field of 500 × 500 mm 
is used for this purpose. The resulting high-density point cloud is polygonized by the 
measuring software GOM Inspect Professional and then compared with the nominal 
geometry of the CAD model using a best-fit comparison. From this comparison, a 
false color image is generated with tolerance range of ± 0.05 mm, which, according 
to the manufacturer, matches the measurement tolerance for press tools in the dimen-
sions for vehicle body components. The polygonized point cloud is also exported 
in a polygon file format (.ply) and serves as the basis for the proposed quantitative 
analysis. The structure of the.ply file consists of the header, the point cloud data and 
the surface elements. The header contains general information about the polygonized 
point cloud, such as the total number of points and elements used or the variable type 
within the file. The point cloud data describes line by line each point by its Cartesian 
coordinates and the resulting value of the deviation from the comparison between 
nominal and actual geometry. The lines are interpreted as ascending numbering of the 
points, so that each point is assigned an ID. This ID is used by the surface elements 
to construct polygons. In this study, triangles are used to digitally recreate the surface.  

angle 50° angle 80° angle 30° angle 20° convex curve concave curve

R 6mm R 70mm R 50mm R 40mm

plane surface

Fig. 3.  Cross-section of test specimen used with typical geometrical elements
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In each row of the surface element part in the file, the number n of points needed 
for the specific elements is specified, followed by the n point IDs that make up the 
element. From this file structure, the surface elements can be extracted and further 
processed.

As shown in Fig. 2, the data is preprocessed by checking for invalid values. The 
deviation information can contain nan values, which arise if the digitized surface 
cannot find a corresponding counter surface in the surface comparison. This occurs, 
for example, in the case of holes, since the active surface is only a surface model in 
which the 3D geometry of the hole is not defined, while the CAD model is a solid 
model with defined hole geometry. Points at which a nan value of deviation occurs 
and elements containing these points are removed from the data. After that, properties 
of each element are calculated from the cleaned data by using two vectors −→u  (Eq. 1) 
and −→v  (Eq. 2) and their normal vector −→n  (Eq. 3). In addition to the area of an element 
Atriangle (Eq. 4), the deviations sP of its three points, which describe the distance of 
the measured points from the nominal position in the direction of −→n , are averaged 
(Eq. 5). Furthermore the angle ϕ of the element relative to the z-axis is calculated 
(Eq. 6), since this is the position of the milling cutter during milling [16]. Thus, the 
orientation of the surface relative to the cutter during machining is determined by this. 
The elements properties are used to calculate the percentage of the surface within the 
specified tolerance of the shape deviation. This parameter is named surface quotient 
(SQ) which relates the area within the tolerance A to the total area of the surface Atotal.

(1)
−→u =





xP2
yP2
zP2



−





xP1
yP1
zP1





(2)−→v =





xP3
yP3
zP3



−





xP1
yP1
zP1





(3)−→n =
−→u ×

−→v

(4)Atriangle =
1

2

∣

∣

−→n
∣

∣

(5)savg =
1

3
(sP1 + sP2 + sP3)

(6)ϕ = cos
−1

�

−→n ·
−→z

�

�

−→n
�

� ·

�

�

−→z
�

�

�

with
−→z =





0

0

1





(7)SQ =
A

Atotal

· 100%
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SQ serves as a quantitative parameter for measuring the manufacturing result, making 
the results of different manufacturing processes comparable. Since SQ depends on the 
chosen tolerance range, its variation is examined and interpreted as robustness of the 
method. Due to the determined element properties, investigations of their distributions 
as characteristics of the manufacturing result become possible. For this purpose, the 
distribution of areas outside the tolerance in ranges of the angle ϕ between the surface 
and the cutter is exemplarily investigated. Based on the gained information, a proposal 
for the optimization of the cutting process is given.

4  Results

The machining result of the test specimen is shown as a false color image in Fig. 4. It 
can be noticed that the deviation in the partial areas of the flanks with 50° and 80° as 
well as in the concave curve lie outside of the set tolerance of ± 0.05 mm. In compari-
son, no deviation from the tolerance can be determined in the area of less steep flanks, 
the convex curve and the planes.

Fig. 4.  False color image after surface comparison between digitized surface and CAD model

Table. 1.  Basic information about the digitized surface

Information Value

Number of points in point cloud 311.155

Number of elements 619.369

Number of nan values 0

Number of elements containing nan value points 0

Total area 479.350 mm2
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Before the calculation of element properties is done, the basic information of the 
digitized surface is shown in Tab. 1. During pre-processing, zero points with a nan 
value are detected. Therefore no points or elements have to be deleted.

The calculation of the surface quotient shows that 93.9% of the surface falls 
within the tolerance range. The remaining 6.1% are above or below the set tolerance 
limits. A more detailed evaluation reveals that 26.7% are below tolerance and thus too 
much material has been removed, while 73.3% are above tolerance and not enough 
material has been removed. The results are presented in Tab. 2. Since SQ depends 
on how the two tolerance limits are set, they are varied in a range of 0 to 0.30 mm 
and −0.30 to 0 mm respectively to investigate the change in SQ.

Both tolerance limits are varied by keeping one constant while the other varies. 
The result of this investigation can be seen in Fig. 5. The change in SQ is shown in 
each case as a band, the width of which shows the intensity of the change due to 

Table. 2.  Surface quotient and analysis of failed area

Information Value (%)

Surface Quotient 93.9

Percentage of area outside of tolerance 6.1

Percentage of area below tolerance 26.7

Percentage of area above tolerance 73.3
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Fig. 5.  Range of SQ due to variation of one tolerance limit
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a limit variation. It can be observed that the width of the band with a variation of 
the upper limit is similar to that of the band with a variation of the lower limit. As 
explained at the beginning, it can be observed that deviations of the surface from the 
nominal geometry occur in areas that have a steep angle relative to the planes, such 
as the flanks with 50° and 80° or the concave curve. In order to verify this qualita-
tive observation with the proposed method, the distribution of the element areas with 
an average deviation outside the tolerance over the angles to the z-axis is examined. 
Figure 6 shows the corresponding distribution of the area percentages. The result 
reveals that with increasing angles of the surface normal to the z-axis, the proportion 
of the total surface outside the tolerance limits increases. This trend can be observed 
consistently except for the range of 50 to 60 degrees, until it reaches its maximum of 
over 90% at 80 to 90 degrees. The range from 40 to 50 degrees has a higher percent-
age, due to the deviations in the concave curve.

5  Discussion

The proposed method makes the milling result quantitatively measurable and there-
fore comparable based on the digitized surface and the surface comparison with the 
CAD model. It is important to always relate the evaluation of the surfaces to the area 
and not to the number of elements, since areas with strong geometry changes have 
a higher point density than, for example, planes. This means that more elements are 
formed in these areas during polygonization in order to be able to map the geome-
try with sufficient accuracy. Parameters would be distorted by this. An area related 
approach is normalized and comparable.

SQ gives an overview of the milling result by describing the area within the tol-
erance limits. An investigation of the area outside the tolerance limits allows a fur-
ther characterization of the milling result by determining the distribution of the area 
above and below the tolerance. Areas where too little material has been removed 
cause increased grinding efforts, while areas where too much has been removed have 
to be filled by additive processes. Both cases cause additional time and cost efforts in 
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the subsequent processes for tool qualification for series production. The reason why 
too much or too little material has been removed are manifold and depend on the pro-
cess used. For example, non-optimal milling parameters, an unsuitable cutting angle 
or an unfavorable load on the cutting tool can be causes for deviations. The determi-
nation of the distribution of surfaces above and below the tolerance limits, as shown 
in Tab. 2, allows an initial feedback of information into the machining process and the 
definition of suitable process adjustments to improve it, for example a change in the 
milling strategy.

The robustness of SQ is represented by a limit variation in Fig. 5. When the 
method is applied to the surface of the test specimen, the change in SQ is simi-
lar when both tolerance limits are varied. The variation in the mentioned range 
causes a change in SQ up to 50%, depending on the combination of tolerance lim-
its. Therefore, the choice of tolerance limits is crucial for a reliable SQ. The man-
ufacturing of press tools, on the other hand, is about transferring the surface of the 
CAD model into the physical tool as precisely as possible, so that the perfect result 
would be a deviation of 0. For this reason, symmetrical tolerance limits around a 
deviation of 0 are suitable for this specific application, whereby the smallest possible 
distance between the limits is determined by the measuring accuracy of the optical 
measuring system. However, SQ can also be applied to one-sided tolerances or differ-
ent tolerances in positive or negative direction by using asymmetric tolerance limits. 
Exemplary, toleranced components where the shape deviation in a certain direction 
would affect the components function, while a deviation in the other direction would 
have less or no influence, be mentioned.

In addition to the information on the areas and their distribution above and below 
the tolerance limits, the proposed method also allows investigations between proper-
ties of the elements. To quantitatively verify the qualitative observation from the false 
color image in Fig. 4 that deviation tends to occur in areas with a large angle to the 
z-axis, it is useful to consider the percentage of area outside the tolerance as a func-
tion of angle, as shown in Fig. 6. The area percentages are calculated in 10 degree 
increments for angle ranges of ϕ from 0 to 90 degrees. It can be seen that as the angle 
ϕ increases, the proportion of the area outside the tolerance also increases, except for 
the range of 50 to 60 degrees. A possible explanation is that the deviation occurring in 
curved areas has a different formation pattern than in uniform flanks, since the con-
cave area has deviations in the range of 40 to 50 degrees. Thus, the qualitative obser-
vation from the false color image can be confirmed with the quantitative result of the 
proposed method. This confirmed information can now be transferred back into the 
machining process. To reduce the deviation in areas with larger angle ϕ, the machin-
ing process can now be specifically checked and adjusted in the critical areas. Due to 
the three-axis machining of the test specimen and the resulting fixed position of the 
cutting tool, a logical approach in areas of large angles ϕ is to change the angle of the 
cutting tool in order to achieve either a better cutting angle or a more advantageous 
load on the cutting tool. The latter can be realized, for example, by a larger axial com-
ponent and a lower lateral component of the load due to a different angle of the cut-
ting tool in combination with a greater rigidity at an axial load of the tool holder.
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6  Conclusion and Future Work

In this paper, a method for the analysis of digitized surfaces after fine milling machin-
ing, consisting of polygonized high-density point clouds has been presented. By cal-
culating the properties of elements, new investigations are possible, which provide 
information to optimize the machining process. After a pre-processing of the point 
cloud, where points with a nan value as deviation and elements using these points are 
removed, specific properties of the elements are calculated. In addition to the area and 
the average deviation savg, the angle ϕ of the element to the z-axis is also determined, 
which is similar to the cutting tool position during machining.

SQ describes the percentage of the area within the set tolerance limits. A deeper 
analysis of the distribution of the area outside the tolerance limits offers a first oppor-
tunity to select specific optimization measures according to the focus of the deviation. 
These can be based on whether too much or too little material is removed.

A variation of the tolerance limits shows that the chosen limits are decisive for 
a reliable SQ. However, this also allows a wide use of the proposed method, since 
both symmetrical and asymmetrical tolerance limits can be chosen, depending on the 
influence of the shape deviation on a component function. In addition, an examination 
of the element properties in relation to each other offers the possibility of obtaining 
further information about the characteristics of the shape deviations. The distribution 
of the area outside the tolerance limits over the angular ranges of ϕ confirms the qual-
itative observation from the false color image that more deviations occur for surfaces 
with a larger angle ϕ.

Overall, the proposed method offers the advantage of making the manufacturing 
result measurable and comparable on the one hand and characterizing the shape devi-
ation in such a way that efficient optimization of the machining process becomes pos-
sible on the other.

The increasing use of high-density point clouds in manufacturing metrology cre-
ates the need to accurately characterize further manufacturing results. It is also neces-
sary to investigate more complex algorithms for the calculation of SQ. For example, 
additional limits can be used and the resulting areas can also be weighted differently. 
This further increases the applicability of the proposed method. With measurement 
methods that are able to additionally capture the third and fourth order shape devi-
ations, analyses that also include the surface appearance become possible. This 
results in the possibility of investigating an improved machining process that pro-
duces smaller shape deviations and at the same time better surface appearances, 
which has a positive effect on subsequent processes in the manufacturing of press 
tools. Furthermore, suitable methods and structures for information feedback into the 
machining process have to be identified. Intelligent analysis methods such as machine 
learning models could be applied here.

Disclaimer
The results, opinions and conclusions expressed in this publication are not necessarily 
those of Volkswagen Aktiengesellschaft.
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Abstract.  This study contributes basic knowledge in the field of fatigue test-
ing for refurbished fiber reinforced thermoplastics (FRTP). In a first step qua-
si-static tensile test were performed. From the tensile tests stress amplitude 
levels are retrieved for fatigue tension-tension test with a stress ratio of R = 0.1. 
Fatigue tests for four load levels were performed and S-N-curve for the virgin 
material was derived. In the next step, again fatigue tension-tension tests were 
performed but the maximum load was reduced to 20% of static strength and 
the material tested up to 1.2E6 cycles, to simulate one life cycle. After the long 
life fatigue tests the specimen were refurbished. The process was defined by 
using a heated press. The specimen were placed in a tool to keep the shape 
and then temperature and pressure were applied on the specimen, to melt the 
plastic and close possible delamination or micro cracks in the matrix material. 
The refurbished specimens were again fatigue tested on the same stress levels 
which were applied to the virgin material. It could be shown that a refurbish-
ment of long life fatigue material and an evaluation of an S-N-curve for refur-
bished material is possible. Especially for high cycle fatigue, the S-N-curves 
are in a close range so that the use of refurbished material seems possible.

Keywords:  Circular economy · Continuous fiber reinforced thermoplastics · 
Refurbishment · Fatigue analysis

1  Introduction

Composites, as glass and carbon fiber-reinforced plastics (GFRP, CFRP), substi-
tute metallic materials in a continuously growing number of industrial applications 
due to their excellent specific mechanical properties leading to a further increase of 
composite use in the next years [1, 2]. In the automotive industry so far, composites 
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are only been established to a limited extent, in particular due to the high material 
costs and complex component production. However, advances in research and devel-
opment have reduced cycle times and costs, which has increased the attractiveness of 
fiber-reinforced plastics in the automotive industry. A key advantage here is the use 
of impregnated thermoplastic sheet semi-finished products, so-called organic sheets. 
By heating and pressing processes organic sheets can be formed, thus reducing cycle 
times as no curing reactions occur, unlike it is found in thermosetting materials.

Against the background of the increasing focus on the circular economy, end-of-
life (EoL) strategies for composites are also becoming increasingly important. While 
in the past composite parts and materials ended on a landfill or were thermal recycled 
new ideas are required due to political and social pressure for more sustainable emis-
sion reduction. The production of virgin carbon fibers, for example, have a 14 times 
higher energy consumption than steel [3]. This energy is wasted if the CFRP material 
is disposed after EoL. If carbon fibers are recycled 80 to 90% less energy is consumed 
compared to newly produced fibers [4]. However, CFRP and GFRP are difficult to 
recycle due to the combination of polymer matrix and reinforcing fiber. Current recy-
cling processes are based on the separation of fiber and matrix or on the shredding of 
the EoL composite material. But the result of these recycling processes often means 
a degradation of material properties for example by cutting, grinding, solvolysis or 
pyrolysis [5]. Additionally, pyrolysis and solvolysis are not used in the field of ther-
moplastic composites due to high process costs. Instead, the EoL components are 
grinded, compounded and used as short fiber reinforcement in injection mold parts. 
Even if the material is recycled, there is a strong reduction of properties due to fiber 
shortening resulting in a loss of value. Therefore, recycling of composites often means 
downcycling.

A different approach for sustainable and circular solutions for EoL composite 
parts is reuse. In the field of composites, a distinction can be made between compo-
nent reuse and structural reuse. Component reuse is defined as the usage of complete 
parts or assembly after a product reaches its EoL in another product. The parts need 
to be tested by non-destructive testing and if approved they can return into service. If 
no return into service is possible, they have to be recycled. In contrast to conventional 
recycling, structural reuse does not involve separation of fiber and matrix, nor does 
it involve shredding, which preserves the structural integrity of the composite mate-
rial. The service life of the material is extended by reusing structural elements such 
as beams and panels. This concept has already been explored for thermosetting com-
posites and has a high potential. By using thermal expending particles beams, panels 
or layers can be recovered from parts and be reused again [6]. The structural reuse 
approach can also be applied for thermoplastic composites. However, unlike thermo-
setting materials, the properties of the thermoplastic matrix allow a refurbishment of 
EoL structures. The differences between component reuse, structural reuse/refurbish-
ment and recycling are shown in Fig. 1.
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By refurbishing organic sheets, it is possible to conserve the material properties of 
the composite and reduce the energy consumption. Although there are already isolated 
studies in FRTP reforming [7], the refurbishment approach has not been in focus yet. 
Several problems need to be discussed before refurbishing a part.

In general, parts are designed, simulated and tested for one life cycle. With struc-
tural reuse through refurbishment processes, the simulation and design will be more 
complex. Materials are already loaded for a number of cycles, which can lead to 
in-situ damages. Additionally composite materials are often joined with metals, for 
example, to form a hybrid component. To enable refurbishing of the organic sheets, 
these hybrid material compounds must be separated. Even if first studies of separat-
ing processes are available, for example Freeden et al. [6], it is not yet studied how 
the separating process affects the material. Before studying the effect on material 
properties by separating hybrid materials, it needs to be evaluated how the material 
properties of refurbished materials are, after reaching the design end-of-life. Goal of 
this study is to evaluate the fatigue life of refurbished material. To study refurbished 
organic sheets, specimens or components need to be tested under cyclic loading, 
refurbished and tested again to evaluate the fatigue properties of such materials.

2  Material and Methodology

In this study, a Tepex® Dynalite 102-RG600(x)/47% organic sheet with a thickness of 
2 mm was used. The weave was a glass fiber twill 2/2 with a fiber volume content of 
47%. As matrix material a polyamide 6 (PA6) was used. The material properties of the 
organic sheet are shown in Table 1.

The material was chosen due to its wide use in the automotive sector and the 
material properties of the thermoplastics. The matrix system is reversible meltable 
thus it can be refurbished by temperature and pressure.

Fig. 1.  Reuse vs. Refurbishment vs. Recycling and its circular economy hierarchy
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The specimen shape deviates from the approved test standard DIN EN ISO 527 
[8]. Instead of the common three specimen types, a fourth type was chosen. It is rec-
ommended due to its lower failure rate by a draft version of the test standard. The 
major advantage is that no end caps are needed and the failure rate is lower than 
any other type [9]. The shape can be found in Fig. 2. The specimen is straight in 
the clamping and measuring area but curved outside of it. Quasi-static pretests have 
shown that all tested specimen led to valid results and no failure in the clamping area 
occurred.

Additionally, a small number of fatigue tests were preformed to validate the usage 
of the specimen shape. Different load levels were applied and the specimen tested 
until final failure. All tests led to valid results by failing in the measuring area and no 
failure outside the recommended area. A major advantage, concerning the tests of the 
refurbished material. Invalid tests need to be minimized due to the time consumption 
of the long life fatigue test and the refurbishment process. Furthermore, the specimen 
design has a major advantage if compared to the traditionally used specimen shapes 
concerning the chosen refurbishment process. For this process, it is necessary to apply 
a constant pressure and temperature above the specimen. Only then, a reconsolidation 
of the organic sheet can be provided.

To define the fatigue life of materials, cyclic loading tests need to be performed 
to evaluate an S-N-curve. In this study only a tension-tension test is performed in 
accordance with ISO 13003 with a stress ratio of R = 0.1. The tests were performed 
on a Zwick/Roell HA 100 dynamic testing machine. Four stress levels were defined: 
35%, 50%, 60% and 70% of static Ultimate Tensile Strength (UTSs). The testing fre-
quency was set to 7 Hz; pre-tests have shown that the temperature increase is below 
the maximum of 10 ℃, which is required by the test standard, while the test dura-
tion is still in an acceptable time. The four stress levels were tested up to final failure. 
Additionally, 20 specimens were loaded by 20% UTSs up to 1.2 million cycles to sim-
ulate a life cycle of the material. Though in literature, at a value of 2.0 million cycles, 
long life fatigue strength is assumed, the value is decreased to reduce testing time and 
based on the performed fatigue tests prior to the long life fatigue tests. Additionally, 

Fig. 2.  Shape of specimen type 4 in accordance with [9]

Table 1.  Material data of Tepex® Dynalite 102-RG600(x)/47%

Tensile modulus Tensile strength Fiber volume 
content

Ply thickness Melting 
Temperature

18 GPa 380 MPa 47% 0.5 mm 220 ℃
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it can be assumed that at this point the material is damaged but no fiber failures 
occurred which is necessary for a refurbishment. The long life fatigue tested speci-
mens were refurbished in a heated press after their life cycle. For this purpose spec-
imen were placed in a tool, shown in Fig. 3, to keep the shape. The press was heated 
up to melting temperature of the PA6 and closed after placing the tool and specimen. 
The temperature was increased to melting temperature and pressure was applied for 
10 min and then cooled down for another 10 min below melting temperature. After 
removing manually the specimen by applying pressure, five specimens each defined 
stress level are again fatigue tested.

3  Experimental Evaluation

To define the loading levels quasi-static tensile test were performed. The values pro-
vided by the manufacturer could be confirmed and the load levels displayed in Table 2 
were defined.

Fig. 3.  Specimen in tool before refurbishment process

Table 2.  Load levels

% of UTS Stress in MPa

70 266

60 228

50 190

35 133

20 76
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In total five specimens per stress level were tested and the S-N-curve was plotted. 
In Fig. 4, the S-N-curve for the virgin material is shown. It can be seen that the load 
levels are in a good range if compared to the numbers of cycles. The highest load 
level of 70% has a mean number of cycles to failure of 3289 cycles. This is a good 
range due to scattering of the material properties and that the testing machine requires 
some cycles to maintain the defined test parameters. The lowest load level of 35% 
has a mean value of 575,943 cycles to failure. To gain better results the lowest load 
level should have been reduced to 30% for getting closer to 1,000,000 cycles, which is 
common for fatigue testing. For long life fatigue testing a load level of 25% would be 
optimal, because it is close to 1.2 million cycles to failure. Due to the scattering of the 
numbers of cycles to failure in the field of high cycle fatigue, the chosen level of 20% 
is in an acceptable range. It needs to be ensured that no specimen fails before reaching 
the target of 1.2 million cycles and no fiber failure occurs based on the required time 
of long life cycle fatigue tests. The criteria of no occurrence of fiber failure is neces-
sary because only matrix failures or delamination can be refurbished.

For the refurbishment process, a heated press was used to melt the thermoplastic 
matrix above melting temperature. Due to its low viscosity a tool were cut with the 
shape of the specimens, to prevent a change in the shape caused by loss of matrix 
material. The steel sheet has the same thickness as the specimen to guarantee a suf-
ficient area pressure above the specimen. The press and the tool are heated up to 
220 ℃, the melting temperature according to the manufacturer. The tool is heated to 
prevent residual stresses caused by a sudden temperature change. After reaching the 
target temperature, the specimens are placed inside the tool and the press is closed. A 
pressure of 12.5 bar is applied for ten minutes on the samples. For another 10 min, the 

Fig. 4.  S-N-curve of the virgin vs. refurbished material tested under T-T-loading
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pressure is kept and the temperature reduced to 180 ℃, that the thermoplastic is con-
solidated. Then the press is opened and the tool removed from the press. After another 
cooling period, the specimens were removed manually by applying a pressure on its 
surface. The duration of the second cooling period was not defined, it was necessary 
so that the specimens could manually be removed from the metallic tool. The refur-
bishment process parameters with the heated press is shown in Fig. 5.

The specimens were measured and weight to compare the differences between the 
virgin and refurbished specimens, the results can be seen in Table 3. As is shows the 
refurbished specimen are losing mass by a simultaneous increase of its thickness. It is 
a minimal increase in thickness, which can be explained by deviations in the measur-
ing position of the caliper gauge.

Fig. 5.  Temperature and pressure vs. time for the refurbishment process

Table. 3.  Masses and deviations of virgin and refurbished specimen

virgin Refurbished Absolute 
deviation

Relative deviation 
(%)

Mass Mean 29.04 g 28.34 g 0.7 g 2.47

Maximum 29.50 g 28.89 g 1.16 g 4.10

Minimum 28.48 g 27.65 g 0.36 g 1.28

standard dev 0.38 g 0.32 g 0.25 g 0.90

Thickness Mean 2.02 mm 2.05 mm 0.03 mm 1.51

Maximum 2.06 mm 2.15 mm 0.15 mm 7.58

Minimum 1.97 mm 1.96 mm −0.08 mm − 3.90

standard dev 0.03 mm 0.06 mm 0.07 mm 3.36
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The decrease of mass can be explained by the loss of matrix material during the 
refurbishment process. As it can be seen in Fig. 6 the matrix leaks during the refur-
bishment process, which was not prevented by the tool. The leak occurred on the 
upper side of the specimen only, which implies that the upper part of the press must 
be hotter than the lower part and the material is melting faster on the upper surface 
than on the bottom. This leads to undulation, as shown in Fig. 6, additionally. The 
bottom surface had no undulation. Probably only the top layer has undulation and all 
other layers are undamaged, this assumption could not be clarified and needs to be 
validated by a CT-scan. It can also be obtained that fibers are lost during the refur-
bishment process. Those fibers were in the edge area and were no continuous fibers 
through the whole specimen. It can be assumed that the influence of those fibers of the 
fatigue life can be neglected.

After this, the four stress levels were tested under tension-tension fatigue loading 
and the S-N-curve evaluated as shown in Fig. 4. For the refurbished specimen only 
four results were invalid for the S-N-curve due to the deviation from the mean values. 
For 70% UTS two specimen are far below the minimum of 1000 cycles. For the load 
levels 60% and 35% UTS one specimen each is invalid. The rest of the samples are in 
a good range and can be seen as valid. Thus shows, that the chosen specimen shape 
can also be used for fatigue testing. Additionally the results are similar compared to 
the virgin specimen. The curves a nearly parallel, with a similar slope and axis inter-
cept. Comparing the interpolated equations of both curves it can be obtained that 
after reaching around 9,400,000 cycles the two curves intercept. It could be assumed 
that the refurbished material can gain more strength after this point, but it is proba-
bly the result of the curve fitting and due to scattering in the results. An improvement 
caused by refurbishment seems more or less unlikely but should be a topic for further 
research.

Fig. 6.  Undulation and leaked matrix in refurbished specimen
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4  Discussion

It could be shown that a refurbishment of loaded two-dimensional FRTP specimen 
is possible by using a heated press. A two-dimensional specimen shape was chosen 
to validate the refurbishment process; still a metallic tool was required to maintain 
the specimen shape during the process. Nevertheless, there was a loss of matrix mate-
rial and undulation occurred on the upper surface probably caused during the closing 
process of the press. By using a continuous press, for example, a double-belt press, 
a consistent pressure and temperature can be applied on the upper and lower sur-
face from the beginning to prevent undulation and material loss caused by the clos-
ing procedure and improve the speed in sights of an industrial serial refurbishment 
process. Furthermore, the refurbishment process needs to be qualified for more com-
plex shapes and designs. It was used for two-dimensional specimen only, but not for 
three-dimensional structures. Although, it is necessary to evaluate if the shape can be 
kept for a those more complex designs and if the tools of the production process can 
be used or if another tool is required. Additionally no hybrid design was studied, for 
example an organic sheets combined with injection-molded thermoplastics. A refur-
bishment process needs to be evaluate for this material mix and it is required to study 
how the process affects the fatigue-life of the refurbished hybrid part. Nevertheless, it 
could be proven that a refurbishment of thermoplastic organic sheets is possible and 
two-dimensional geometries can be used again to reduce waste or downcylcing by 
shredding continuous fibers.

The study additionally showed that a refurbishment is not only possible for the 
chosen material; the material properties are still in a good range compared to the 
properties of virgin material. Especially for high cycle and very high cycle fatigue, 
the study showed that it could be used again. Furthermore the standard deviation of 
the refurbished material is smaller, for nearly each load level, only for 50% UTS the 
standard deviation is higher (20,782 to 3618 cycles). Thus indicates again that fatigue 
life testing can be used for refurbished materials. For low cycle fatigue on the other 
hand, further improvement of the testing is required. Especially the results of load 
level of 70% UTS show that invalid results can occur. Two of five tests were invalid, 
one nearly after the start. It could be a result of the undulation in combination with not 
proper set PID-control values that led to overshooting in the first cycles and causing 
damages to the specimen, even that the set values were kept constant between the vir-
gin and refurbished material tests.

5  Conclusion

The carbon footprint of fiber-reinforced plastics is a major disadvantage for its use. 
While it can decrease the mass of a product and thereby its energy consumption 
during its life, the low recyclability compensates this effect negatively. In the pres-
ent work, a new approach for a circular use of FTRP is presented. The refurbishment 
process takes advantage of the reversible melting capability of thermoplastics and 
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provides a possibility to use FRTP again. It could be shown that the fatigue life of 
refurbished material is nearly as good as virgin material and by using a heated press a 
consolidation of the FRTP is possible. Nevertheless, it needs to be mentioned that the 
applied loads for the long life fatigue was below the loads for fiber failure. It needs 
to be validated how the behavior changes in case of those and if a refurbishment can 
be performed. In case of positive results, non-destructive testing methods need to be 
developed for this case. Only if refurbished materials without major inspections is 
provides a monetary benefit compared to virgin material a widely usage in the indus-
try is possible. Not yet regarded in this study, due to the time consuming tests, was 
how big the influence of the refurbishment process is on the material. Therefore, fur-
ther tests are required to load specimen up to 1.2 million cycles and test them under 
the four defined load levels but without a refurbishment. All three curves should be 
compared to gain a better understanding.

The last point, which needs to be verified, is the energy consumption of the 
refurbishment process. By reshaping parts in a heated press, additional energy is 
consumed. It needs to be verified if the carbon footprint of a refurbished organic 
sheet after a second life is lower than the carbon footprint of a virgin organic sheet. 
Therefore, a life cycle assessment needs to be performed to prove if a refurbishment 
can contribute to a circular economy approach of organic sheets. Nevertheless, this 
paper has shown that two-dimensional specimen organic sheets can be refurbished 
and used again with a low degradation of mechanical properties for high cycle fatigue.
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Abstract.  Reinforced, high-performance thermoplastics may have moduli of 
elasticity of up to 40 GPa, depending on the filler content. The filling mate-
rials can thereby consist of secondary raw materials such as recycled carbon 
fibers. By combining these highly stiff materials with unreinforced but materi-
al-compatible and foamable thermoplastics, excellent and complex lightweight 
sandwich structures can be realized in a one-shot process using the sandwich 
foam injection moulding technology. The core and top layers of these struc-
tures are usually made of two different components (2-C). The process is both 
reproducible and cost-efficient for high production volumes. The foaming pro-
cess is carried out either by adding a chemical blowing agent or an inert gas at 
supercritical conditions. The resulting composite consists of a short-fiber rein-
forced high-modulus material in the outer layer and an unreinforced foamed 
material in the core. Due to the low requirements on performance, odour as 
well as surface properties, recyclates are particularly well suited for the use as 
core material. Three sources of recyclates are presented in the paper, which have 
been the scope of the specific studies: A) Polyolefin mixed fraction from house-
hold waste, B) PET (polyethylene terephthalate) waste flakes, and C) polyam-
ide waste. Depending on the source mentioned, dedicated lightweight structures 
with specific properties may be produced—with applications in particular mar-
ket segments. A suitable example in this context is the sandwich foam injec-
tion moulded functional support structure for the electro-mobility automotive 
industry with a design suitable for foam injection moulding. Moreover, a sig-
nificantly higher specific stiffness was achieved with this semi-structural com-
ponent compared to an existing reference structure.
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1  Introduction

The German Federal Ministry for Economic Affairs and Energy designates light-
weight design as a key technology that enables industry to manufacture lighter and 
more cost-effective products with improved resource efficiency [1]. In the future, 
automotive mobility will be characterized by the development of intelligent and at 
the same time sustainable lightweight solutions [2, 3]. Thermoplastic foam injection 
moulding (FIM) [4] is a promising and future-proof process for implementing light-
weight solutions. With its application, particularly lightweight and yet robust, strong 
and durable components may be manufactured [5, p. 4]. Political and legal frame-
works aim to encourage manufacturers to intensify the use of recyclates in order to 
significantly increase their market share [6, 7].

The Kunststoff-Zentrum in Leipzig gGmbH (KUZ) uses the FIM process to man-
ufacture sandwich components from recyclate. This is intended to contribute to the 
“European Strategy for Plastics in the Circular Economy” as part of the European Green 
Deal [8]. In accordance to this strategy, the use of recyclates is to be increased from 4 
to 10 million tons by 2025 [6]. However, higher recycling rates can only be achieved 
if high-quality recyclates are made widely available in sufficient quantities. The avail-
ability of sorted post-industrial waste on the European market tends to become increas-
ingly limited, as the market demand for higher-quality recyclates, which may be used 
in technical applications, is steadily increasing [9, 10]. The KUZ therefore uses waste 
from post-consumer recycling (PCR) as a source of raw materials. Table 1 exemplarily 
presents foamed sandwich components from three different waste streams (see Table 1).

2  Material Structure According to Sandwich Principle

The sandwich principle leads to a reduction in weight with comparable bending stiff-
ness, so that the lightweight design effect clearly has an impact. At the KUZ, component 
geometry, materials and manufacturing processes are combined in such a way that the 
sandwich principle can be applied effectively while reducing component costs. Figure 1 
schematically shows a bending loaded structural part under load F. Compressive stresses 
occur on the side where the force is applied (marked in blue), whereas tensile stresses 

Table 1.  Types of foamed recycled material, sources and possible applications.

Type of post-consumer recycling (PCR) Scope

1 PE/PP—mixed waste from the household 
waste fraction

Automotive interior and construction industry

2 Polyethylene terephthalate (rPET) from 
bottle waste of the household waste 
fraction

Electrical and electronic applications, 
thermally insulating housings, connectors, 
insulating containers, sound insulation, sports 
equipment, maritime floating bodies

3 Polyamide (PA) from fiber waste, ropes 
and fishing nets

Automotive applications and mechanical engi-
neering with increased heat load, e.g. housing 
and module cover for Li-ion batteries
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occur on the opposite side (marked in green). In the neutral axis, the normal stresses 
decrease to zero, whereas the normal stresses in the face layers become maximum. 
According to Parallel axis theorem, the load-bearing capacity increases as the distance 
between the face sheets and the neutral axis is increased. The sandwich core essentially 
acts as a spacer and must absorb the shear stresses that become maximum in the core. 
Application of the sandwich principle means that high-strength materials are ideally 
placed far away from the neutral axis and lightweight materials are placed close to it.

The high strength and stiffness of the short-fiber-reinforced material of the 
outer layer contributes significantly to the bending stiffness, while the core made of 
lightweight but strong foam enhances the weight reduction. The 2-component FIM 
manufacturing process allows the use of different thermoplastics in the outer and 
core layers. The outer layer is made of a reinforced plastic that provides both the 
high-quality visual appearance and the structural function. The core contains a light-
weight foam made of unreinforced shear-resistant thermoplastic. In the most basic 
case, the foam can be achieved using a chemical blowing agent. An option for large-
scale production involves physical direct gassing of the melt using nitrogen.

Fig. 1.  Schematic representation of the sandwich principle

Fig. 2.  Exemplary principle of sandwich-like material structure | a), b), c): Improvement of the 
foam quality of the recycled material in the core through upstream processing step.
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Figure 2 shows a cross-section of a test specimen produced in the 2-C FIM pro-
cess using the imaging computed tomography technology available at the KUZ. The 
test specimen serves as a demonstrator for two-dimensional, shell-shaped industrial 
applications with a structural function. Hereby, the higher weight-specific bending 
stiffness compared to a part made of compact material may be well illustrated.

3  Manufacturing Process and Machine Requirements

For the processing of two different thermoplastic materials, a 2-C injection moulding 
machine is required. The two separately adjustable plasticizing units allow the injec-
tion moulding parameters to be set in order to fulfill the requirements of the respective 
part (e.g. skin/core layer distribution). For the specific control of the skin and core melt 
flow, a commercially available 2-C sandwich spacer plate is used between the mould 
and the plasticizing cylinder. Its working principle is shown schematically in Fig. 3. 
During 2-C sandwich injection moulding, the cavity is partially filled with the skin 
material (1st component) in the first step, and a thin, solidified skin layer is formed 
in contact with the cold mould wall. The immediately following foamed core mate-
rial (2nd component) further displaces the remaining plastic core of the skin material 
until the cavity is completely filled. A needle valve nozzle prevents the gas-loaded melt 
from leaking. Foam is formed only after the pressure in the mould cavity has dropped.

When using a chemical blowing agent, which is usually added to the core layer 
material as a masterbatch, a 2-C injection moulding machine with standard plasti-
cizing units may be used. Physical direct gassing with nitrogen is more suitable for 
higher volumes due to the higher machine-related investment costs. The process 
also leads to lower foam densities due to higher foam pressures and thus provides 
increased lightweight design potential [11, 12].

Fig. 3.  Left: Cross-sectional sketch showing the working principle of the sandwich spacer 
plate, the melt flow of component 1 (skin material) in the vertical plasticizing unit and 
component 2 (core material) in the horizontal plasticizing unit. Right: Top view of sandwich 
spacer plate from A&E Produktionstechnik GmbH, Dresden.
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Figure 4 provides a schematic representation of the process combination 2-C 
sandwich injection moulding with physical direct gassing. The experimental tests 
are carried out at the technical lab of the KUZ on a 2-C injection moulding machine 
(type: Combimould HM-MK 180/525H/350V with Cellmould® unit for physical foam 
generation by WITTMANN Technology GmbH).

4  Material Preparation as a Prerequisite for Foaming Post 
Consumer Recycled (Pcr) Material

The challenge in foaming PCR materials is the thermal-oxidative molecular degra-
dation caused by environmental degradation during the life cycle as well as renewed 
thermal stresses as part of the recycling process. The resulting melt instability often 
leads to rupture of the bubble webs during the foaming process. This in turn leads to 
bubble coagulation, which may eventually impair the mechanical 

Fig. 4.  Schematic representation of the process combination



Manufacturing of Lightweight Parts by Sandwich Foam Injection Moulding …    35

properties of the structural parts. Since gas is prevented from leaking through the 
parting line within a 2-C sandwich mould due to the closed shell of skin material, 
a non-uniform foam structure often occurs. A fine-cell foam structure develops near 
the sprue, while large bubbles appear at the flow path end. In view of the negative 
effects on the mechanical properties and dimensional stability as well as shrinkage 
and warpage, the bubble size distribution of the core layer should be as homogeneous 
as possible. The necessary processing step of regranulation for reasons of flowability 
and feedability into the injection unit may be used for material preparation by means 
of additives or reactive compounding.

5  Test Series for Recipe Optimization

A special notched test specimen, shown in Fig. 5, is used for an initial formulation 
adjustment of the material composition with respect to impact strength, subjective 
odour characterisation, foam structure and moulded part surface. Using the test spec-
imen shown above, test series for improving properties are investigated (see Tables 2 
and 3) and material modifications are deduced. By adding additives in a preceding 
compounding step, an improvement of the properties to those of the virgin material is 
intended. The dimensions of the specimen used for the three test series differ signifi-
cantly from those of the usual specimen for the notched bar impact test according to 
DIN EN 179-1. Based on the specific specimen, a rapid evaluation of bubble size dis-
tributions across the test specimen cross-section may be obtained using an automated 
algorithm, developed at KUZ.

6  Preparation Steps to Match the Properties of Fresh 
Material

In the following chapter, three different PCR materials rPP/rPE, rPET as well as rPA 
are examined with regard to their respective improvements in foam quality. While in 

Fig. 5.  Notched test specimen
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the case of rPP/rPE mixed waste it is mainly the odour that is a decisive exclusion 
criterion for use in the automotive industry, for example, the focus is mainly on the 
foam structure in the case of rPET and rPA. In the case of rPET, the degree of embrit-
tlement, demonstrated here by the impact strength, is also relevant.

6.1  Foaming of PE/PP Mixed Waste

The PCR regranulate Dipolen S® from mtm Plastics GmbH in Niedergebra, which 
originates from large-scale household waste processing and is obtained from the 
PE-PP mixed fraction by large-scale recycling plants, is used.

A sound and homogeneous foam structure can be achieved even without the addi-
tion of additives (see Fig. 6, left). Figure 6 (right) shows an integral foam structure 
altered by the compound modification as shown in Table 2. The incorporated additives 
(Additive 1–4) lead to improved foam morphology due to the increase in melt sta-
bility. In both cases, a weight reduction of about 30% is achieved. A critical concern 
with PCR from the household waste fraction is the strong odour, which has so far 
widely prevented its use in industrial applications. A reduction in odour and emissions 
can be achieved by adapting the formulation in a preceding compounding step. By 
using an entraining agent, oligomers are removed from the melt, so that the odour is 
significantly reduced compared to the reference material (see Table 2). However, this 
is still not sufficient for an application in the automotive interior sector for reasons of 
emissions and the part surface, so that encapsulation by processing as a core layer in 
2-C sandwich moulding could be an appropriate approach for this purpose.

Fig. 6.  Cross-sections of the notched test specimen made from the Dipolen S® regrind | 
without the addition of additives (left), with the addition of additives (right)
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The results presented in Table 2 for the assessment of the odour level are based 
on a purely subjective perception. No odour testers specialised in this field were 
involved. The values should therefore only be regarded as guidelines and would have 
to be measured again in a qualified manner as the project progresses. Irrespective 
of the above, it can be stated that the recycling odour typical of PP/PE mixed waste 
may be reduced by about half when entraining agents and additives are incorporated. 
The specific type designation of the additives for the odour reduction of PE/PP mixed 
waste and for molecular chain attachment for rPET (see Sect. 6.2) are subject to confi-
dentiality due to a new development and can therefore not be published.

6.2  Foaming of rPET from Bottle Waste

Figure 7 on the left shows the grinded flakes of MultiPet GmbH Bernburg as deliv-
ered, after re-granulation without additives (Fig. 7, center) and as compound pro-
cessed with additives (Fig. 7, right).

Fig. 7.  Left: rPET flakes as supplied, Center: After re-granulation without additives, Right: 
Processed with additives

Table 2.  Odour reduction

Compound 1 (Reference) 2 3 4

Dipolen S 100% 97,7% 95,7% 92,7%

Entraining agent 2% 2% 4%

Additive 1 1% 1%

Additive 2 1% 2%

Additive 3 0,1% 0,1% 0,1%

Additive 4 0,2% 0,2% 0,2%

Odour (Grade, subjective, without norm,
5 – intense, 1- hardly none)

5 3,5 3,5 2
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Without the addition of additives, the material with a light brownish discoloration 
shows a residual contamination by very fine particles (see Fig. 7, center). In addition, 
the flakes are not of sufficient quality for foaming due to insufficient melt strength. 
Figure 7 right shows the prepared foamable granulate.

In order to be able to feed the light flakes into the injection moulding machine 
without difficulties, the necessary regranulation is used at the same time as a recon-
ditioning step for the addition of additives to improve the part surface and impact 
strength. The additives are incorporated using a co-rotating ZE25Ax47D-UTXi-UG 
twin-screw extruder (screw: 25 mm, L/D: 47, L: 1175 mm) from KraussMaffei 
Berstorff. The differences in weight reduction, impact strength and foam structure 
between the regrind from rPET bottle waste made from pure flakes and the prepared 
compound are shown in Table 3.

Figure 8 Left shows the cross-section of a foamed sample made of rPET in its 
initial state without the addition of additives. Individual voids, an uneven component 
surface and a clear yellow discoloration as a result of degradation mechanisms can be 
seen. The cross-section of a foamed test specimen produced using an additivated com-
pound is shown in Fig. 8, right. A very fine-cell foam structure is formed as shown in 
the detail magnification of an SEM image (see Fig. 8 below). The bubble size is in the 
range of about 100 µm. The surface is smooth, the visual impression greatly improved 
and no yellow discoloration occurs.

Table 3.  Properties of foamed rPET after preparation

Regrind from rPET bottle waste Reprocessed compound
Chemically foamed

Weight reduction (%) 8 28

Impact strength (kJ/m2) 13 35
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6.3  Foaming of PA6 from Fiber Waste, Ropes and Fishing Nets

Due to thermal-oxidative molecular degradation reactions, this recycled material also 
exhibits insufficient melt strength for foaming in its as-received state. The rheological 
characteristics such as the melt flow rate MFR (275 ℃/0.325 g) of 10 g/10min and 
the viscosity number of 135 ml/g indicate a reduced molecular weight and thus poor 
foamability. During both chemical and physical foaming, large voids with a diame-
ter of approx. 1 to 3 mm repeatedly occur, which predominantly concentrate at the 
end of the flow path. By adding 1% of the Chain Extender MB AR/PBT-30, Trigon 
Chemie GmbH [13], the foam structure could be decisively improved (see Fig. 9). The 
chain extender is available in the form of a masterbatch and consists of a prepara-
tion of benzene-1,2:4,5-tetracarboxylic acid dianhydride, pyromellitic acid dianhy-
dride, benzene-1,2,4-tricarboxylic acid 1,2-anhydride and trimellitic acid anhydride. 

Detail scan

Specimen surface

Fracture surface 

Fig. 8.  Left: PET recycled foam before reprocessing with yellowish discoloration, uneven 
specimen surface and insufficient foam structure due to molecular degradation reaction, Right: 
After preparation with smooth specimen surface, without discoloration and with improved foam 
structure, Bottom: Detail picture (SEM) of the compound with additives
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The low molecular weight polymer chains are linked by the addition of the additive to 
form longer chain polymers while maintaining the original linear structure [14]. The 
compounding step with reactive compounding is carried out on a twin-screw extruder 
analogous to the compounding of rPET.

7  Production of Sandwich Component Function Carrier

The findings described in Chap. 6 on improving the foam quality of PCR materi-
als of one-dimensional test specimens can be applied to structurally more complex 
components, such as the sandwich component functional carrier shown in Fig. 10. 
Additives are used to improve the foam quality depending on the core material used 
(rPP, rPET) in the same way as in the previous test series. In cooperation with the 
Koller Leichtbau-Zentrum Lupburg, a R&D project has resulted in the development 
of a topology-optimized semi-structural lightweight part (see Fig. 10). It is based on a 
bionic design and is manufactured using a 2-C sandwich injection moulding process. 
In order to be able to use the one-shot sandwich process economically for largescale 
structural and visible components in high-volume series production, a multiple con-
nection with hot runners and cascading filling is a necessary requirement. To this end, 
Koller has contributed a patent-pending mould development to the project.

Fig. 9.  Microscopic image of the cross-section of physically foamed test specimens made of 
PA6 (Left: Without chain extender, Right: With chain extender)



Manufacturing of Lightweight Parts by Sandwich Foam Injection Moulding …    41

Two types of PCR material are processed in the core layer. The material composi-
tions are:

• Material cluster A
 Skin layer: virgin material PP-LGF40 Fibremod GB 402 HP, Borealis AG.
 Core layer: Processed regranulate of PE/PP—mixed waste of the domestic waste 

fraction
• Material cluster B
 Skin layer: virgin material PC/PET-T15 macroblend VT 235 M, Covestro AG
 Core layer: rPET from processed regranulate from bottle waste of the household 

waste fraction

8  Possibilities of Industrial Applications and Conclusion

The production of lightweight structures in 2-C sandwich injection moulding is well 
suited for large-scale production due to the one-shot technique and thus provides the 
potential for cost-effective lightweight engineering. Ribbed, flat, plate-like or shell-
shaped components with a load-bearing function are predestined. For the bending 
load case, the sandwich effect results in weight reduction while retaining the mechan-
ical properties. For rotating and/or fast-moving components, energy savings can be 
achieved by reducing the moving masses.

Fig. 10.  Topology-optimized semi-structural lightweight part using a 2-C sandwich injection 
moulding process
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Some examples within the field of automotive applications include: Front end car-
rier, pillar trim, sill trim, battery carrier, hood for cylinder head, hood compartment 
cover, step trim, seat pan, trunk floor, rear spoiler. Other technical applications are: 
High strength planar housings, structures for robot heads, moving closing mecha-
nisms, fast rotating machine elements (see Fig. 11). Applications for foamed rPET are 
mainly in the field of electrical and electronics. Recycled PA foam may be used in 
components with increased thermal or mechanical stress.

Based on the presented test studies with the three PCR compounds rPP, rPET and 
rPA, it is demonstrated that the foam quality, the foam morphology and the impact 
strength can be substantially improved by a systematic preparation of the materials 
through the addition of suitable additives. Depending on the material, various mecha-
nism of actions are used, such as increasing the melt stability by adding chain extend-
ers or reducing odour due to the incorporation of entraining agents. For the material 
PP/PE mixed waste it can be stated that the odour level may be decisively reduced by 
the incorporation of various additives and entraining agents. A significant improve-
ment of the foam morphology as well as a reduction of degradation effects may be 
achieved by adding various additives for rPET. For rPA, a significantly improved 
foam morphology may be obtained by means of the application of chain extenders. In 
the course of the experiments, the additives are added by means of a preceding com-
pounding process step in order to ensure an effective incorporation of the additives. 
In the further process of the project, the material properties are to be investigated in 
comparison with the respective virgin material.

Acknowledgements.  Thanks to the German Federal Ministry for Economic Affairs and 
Energy for the financial support of the project ‘RecySchaum’ (49MF200019). The authors are 
also indebted to mtm Plastics GmbH and MultiPet GmbH Bernburg, providing various PCR 
materials.
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Fig. 11.  Possibilities of industrial applications, such as a) cover elements, b) gripper elements, 
c) housing components, d) fast rotating components, e) machine elements and f) rotor 
components
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Abstract.  The automotive production is a very energy- and resource-intensive 
industry. For that reason, it is important to rethink many structures from the 
state of the art with the aim of generating a more environment-friendly future, 
for example by means of circular economy. In order to achieve this aim, a vehi-
cle platform with a long service lifetime is required. The design of future parts 
should be much more modular to have the possibility of replacing parts eas-
ily, if needed. This basic approach is followed in a research project regarding 
the design of battery housings for electrical vehicles. One of the main research 
objectives in this project is to reduce the mass while increasing the lifetime 
and the crash safety of a modular battery housing for electric cars. Especially 
for the side crash the sill structure is essential. Therefore, an innovative modu-
lar concept was developed, which uses multiaxial fiber-reinforced crash tubes. 
To manufacture these tubes in a close to series production, the pultrusion pro-
cess was used and technically adapted. This paper presents the findings of the 
design, process layup, manufacturing steps, and results of an adapted pultru-
sion process to produce load adjusted crash tubes made of fiber-reinforced 
plastics (FRP).

Keywords:  Lightweight design · Crash tube · Modular design ·  
Fiber-reinforced plastics · Pultrusion

1  Introduction

Until now, the automotive industry has been organized predominantly in linear pro-
cesses. Although vehicles are mostly made of parts that could be reused, these are 
hardly ever used for the design of new vehicles. Rather, at the end of the vehicle’s 
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lifetime, the parts and materials are often downcycled to less demanding applica-
tions [1]. Ecologically advantageous is a reuse at the component or module level. 
Approaches to such a circular economy can be seen in the supply of spare parts [2, 
3] but the multiple reuses of large, complex vehicle modules or vehicle structures is 
not yet known. The main approach of the research project aims at a modular, long-life 
vehicle platform (see Fig. 1), which means that parts or entire modules can be used 
more than one service lifetime [4].

Therefore, a higher lightweight design aspect can be used, which is usually asso-
ciated with a higher production effort and thus higher production and materials costs. 
The CO2 reduction and cost efficiency are achieved over the longer lifetime of the 
platform. Due to its modular built-up, it is possible to easily replace damaged parts. 
One of the main focuses in the research project for the Fraunhofer IWU is the increase 
of the crash safety with fiber-reinforced crash tubes in the side sill of an innovative 
modular car concept. State of the art for the side-impact crash safety is mainly the 
usage of complex structures made of metal sheets or extruded multi-chamber profiles 
[5]. In case of the usage of steel, corrosion leads to a reduction in safety. Repair or 
replacement in case of a (minor) crash is also often complicated due to the integration 
into the vehicle structure, for example by welding seams.

Fiber-reinforced solutions have so far mainly served to provide structural cover for 
design reasons without making any real contribution to crash safety. Crash relevant sill 
structures made of FRP are mainly still in the field of research, since the fiber ori-
entation plays a decisive role in force or load absorption. The state of the art shows 
many studies of the crash behavior of a tube made of FRP, its testing methods and 
failure modes [6–8]. These studies show that a multiaxial fiber structure is suitable 
for crash applications providing a good energy absorption. In [9] is shown that a fiber 
orientation consisting of ± 30° is optimal to provide a maximum energy absorption. 
Due to these tough requirements, many approaches are currently being pursued using 
the fiber winding or resin transfer molding (RTM). However, these processes are too 
time-consuming and cost-intensive for use in a large-scale production. One of the few 
manufacturing processes suitable for large-scale production of fiber-reinforced tubes is 
the pultrusion process. The advantage of using pultrusion as manufacturing process for 

Fig. 1.  Circular open-source design kit
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those tubes is discussed in several papers [10, 11]. The state of the art shows that tubes 
with an unidirectional 0° orientation can be produced by pultrusion with a speed of 
more than 1 m/s in a very high quality. However, the unidirectional fiber orientation is 
not optimal for crash applications since the energy absorption already decreases signif-
icantly at a deviation of the loading direction of a few degrees from the 0° axis.

In order to exploit the potential shown in conjunction with improved series suitabil-
ity, the crash tubes focused on in this work are manufactured using a pultrusion process 
with a complex scrim structure based on the results of finite element simulations [12].

2  Design and Process Setup

The following part describes the iterative cycle of design.

2.1  Design

The focus of this paper is on the work of the Fraunhofer IWU, which concentrates on 
the battery housing and the crash safety for the side impact [4]. The aim was to design 
a modular, lightweight vehicle platform, so that damaged parts could be exchanged eas-
ily. Previous internal studies showed that there is a high potential for carbon fiber rein-
forced plastics (CFRP) crash tubes regarding lightweight and the energy consumption of 
a crash and therefore the security of the battery and the occupants of the vehicle [9, 13].

Based on these investigations, the high potential of these crash tubes for the use 
in a new type of sill structure was presented in [12].The design of the sill structure 
is shown in Fig. 2. The side is equipped with two rows of the crash tubes which are 

Fig. 2.  Modular built-up of the battery casing with sill and crash tubes
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inclined with + 5° to the y-axis on top and −5° in the row below (see Fig. 3). This 
special angular orientation of the crash tubes was determined on the base of previous 
experimental studies. This means that impact forces acting at different angles can also 
be better absorbed. An extruded buffer element (Fig. 2, light grey) is placed above the 
crash tubes. It is designed as an auxetic structure, so the acting force is more evenly 
distributed and directed into the crash tubes. This special behavior for auxetic buffer 
elements was proven experimentally and computationally [12, 13]. Above these struc-
tures is a pultruded cover (Fig. 2, transparent green). An adapter holds three of these 
crash tubes. This adapter has the function to hold the crash tubes in place, so it will 
fail according in the type of crushing instead of being pushed away.

As an iterative process, the design was the base for the mechanical simulation and 
the results of the simulation were used to adapt the design.

To evaluate the design of the crash tubes and the sill structure under the restriction 
of the EURO NCAP standard [14], FEM-simulations were conducted. In this way, the 
diameters and the layup of the tubes including the wall thickness of the adapters were 
examined [12].

2.2  Process Setup and Manufacturing Concepts

After the design freeze of the crash tubes, the design of the pultrusion die and the 
guiding panels started. For the crash tube demonstrator, a pultrusion die with the 
length of 400 mm was designed and manufactured (Fig. 4). The core contains three 
additional heating cartridges, which ensure that the profile is completely cured despite 
a relatively high wall thickness of 5.5 mm.

Fig. 3.  Adapters with crash tubes inclined at 5° to the y-axis
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A total of 10 guiding panels are required to guide the semi-finished products in an 
orderly manner through the open resin bath and to preform the tube geometry before 
entering the die. Two of the guiding panels are used to hold the core (Fig. 4, dark 
blue), which “floats” in the die to create a hollow profile. The second guiding panel 
from the left side in Fig. 4 leads the fibers and the semi-finished products through 
the resin bath. When using fabrics or scrims in complex shapes, wrinkling must be 
avoided. This means the guiding panel slots height must be a compromise between 
too high (allowing the fabric to wrinkle) and too low (damaging the multiaxial fiber 
structure).

The pultrusion of tubes made of rovings in general is state of the art. The chal-
lenge in this project was to manufacture the tubes with the required complex layer 
structure. According to the experimental results for suitable layer orientation for crash 
tubes [9] and the computations [12], a fiber orientation of ± 30° at the main portion is 
desired to achieve best mechanical properties, especially a high absorption of energy 
in the case of a crash to secure passengers and battery. To achieve the desired proper-
ties, as few seams as possible are optimal. Therefore, two general concepts were con-
sidered, shown in Fig. 5.

Fig. 4.  CAD-Model of the die, die carrier, floating core, and guiding panels
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In concept 1, the layers are split into two textile semi-finished products. In concept 
2, one layer consists only of one textile. Concept 1 is easier to handle in the pultru-
sion process, but an accurate positioning of the edges of the scrims of one layer to 
another is difficult. Concept 2 has fewer seams, but the supply is much more com-
plicated, resulting in a special design of the combined fiber guide and core bearing, 
which leads to a higher probability of wrinkling. The seam positions are arranged at 
different angles around the profile to balance their influence on the mechanical proper-
ties of the profile.

While using rovings, a fiber volume content (FVC) of 60 to 70% is usual. The 
achievable FVC with scrims is below this and considerable depending on the scrim 
used. To test those limitations, the first layup was designed to have a very high portion 
of scrims: an inner and outer layer of rovings and 4 layers consisting of two scrims 
per slot in the guiding panels.

Fig. 5.  Multiaxial scrims (left), concept 1 (middle) and 2 (right) for possible lay-ups of the 
scrim

Fig. 6.  Simulation of the pathway of the fabrics for concept 2
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The first trials showed problems, that the scrims could not be fed into the die due 
to their relatively high built-up in dry condition. To compensate for this, the scrim 
layup was changed so that only one scrim per guide slot was used. A fiber content of 
50% was aimed for. The pultrusion of these profiles worked, but the FVC was too low, 
resulting in poor surface quality (Fig. 9 right).

There were also problems, such as the shifting of the scrims in the guide slots due 
to the too large height, which led to wrinkles. In an iterative process, the guiding pan-
els were redesigned and optimized with the help of a simulated guiding of the scrims 
(Fig. 6). To ensure a good transition and preforming, the guide panels were geomet-
rically illustrated by CAD with the expected course of the scrims, also to ensure that 
there are no collisions between the layers.

In the first trial (concept 1), nearly all guiding panels (see Fig. 4, green) were 
made of polyoxymethylene (POM) and the core bearing panels were made of steel. To 
have a smoother transition of the straight fabrics from the resin bath to the closed loop 
of the tube surface section, the pathway for concept 2 was drawn nearer the core to 
have smaller preforming form panel to panel. As a result of this redesign, in which the 
scrims are led closer along the core, the new panels were made of aluminum instead 
of POM to reduce the risk of deformation due to high process forces.

To have enough space for the uncompacted scrims and to ensure as few wrinkling 
as possible, additional additive manufactured elastic rings were designed and manu-
factured as shown in Fig. 7. As an option, it is possible to leave these out to allow 
more space around the core to lead in the scrims. The tests showed good results of the 
usage of those rings.

3  Materials and Processes

In the following chapter, the focus is on the manufacturing process for the fiber-rein-
forced tubes.

Fig. 7.  Guiding panels with elastic rings for concept 2; CAD (left); Experiment (right)
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3.1  Process

In the pultrusion process, profiles with complex cross section can be produced very 
economically. The standard process for manufacturing straight profiles with thermoset 
matrix is shown in Fig. 8: Semi-finished fiber products (1) are pulled from bobbins by 
alternately moving pulling devices (4) and pass through a resin bath (2). Afterwards, 
the impregnated fibers are pulled through a heated die (3), in which the liquid ther-
moset plastic cures completely within seconds to a solid plastic. A saw (5) cuts the 
profiles to the desired length [15].

3.2  Materials

To achieve the designed and calculated failure modes and the needed energy absorp-
tion for the lightweight crash elements, the crash tubes are supposed to be made of 
CFRP.

However, for the feasibility study and technology development made on the pul-
trusion line at the Fraunhofer IWU, semi-finished products made of glass fibers were 
used. Due to the small amount of material needed for the experiments (in comparison 
to series production) a purchase of fabrics with the desired (simulated) built up, espe-
cially with the fiber angles of ± 30° in CRFP wasn’t available in the timeline of the 
project. To evaluate a feasibility of pultrusion of these crash tubes, glass fiber fabrics 
are equally suitable—a transfer of the experience gained to CFRP will take place in a 
post project to evaluate the crash properties in comparison to the simulation.

The semifinished fiber material used is a triaxial scrim from the manufacturer 
SAERTEX with the fiber directions 0° (378 g/m2), + 30° (366 g/m2) and −30° (366 g/
m2). Rovings used for the outer and inner layer were of the type PulStrand 4100 with 
4,800 tex from the manufacturer Owens Corning. As matrix system an unsaturated 
polyester was used. Table 1 shows the components of the polymer system.

Fig. 8.  Scheme of the pultrusion line
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4  Results

The overview of the main steps for the experimental setup is stated in Table 2.

Figure 9 shows the results of the first trials (Table 2, No. 2). Due to difficulties in 
guiding the scrims and fibers, a FVC of about 50% could be achieved. Because of this 
low FVC, there was a very poor profile quality.

Table 1.  Resin system

Component Component name Supplier

Resin 1
Resin 2

Synthopan 781–60
Synthopan 134–61

Synthopol
Synthopol

Curing agent 1
Curing Agent 2

Peroxan MI-60 KX
Peroxan BEC

Pergan
Pergan

Monostyrene Monostyrene BÜFA

Internal Mold Release PAT-667 Würtz

Inhibitor Pergaslow PK-30S Pergan

Table 2.  Overview experimental setup

No Guiding panels Layup FVC Result

1 Set 1
(Concept 1)

Inside: 29 Rovings
Middle: 8 fabrics
Outside: 65 Rovings

60% Not possible to feed the fabrics

2 Set 1
(Concept 1)

Inside: 23 Rovings
Middle: 4 fabrics
Outside: 66 Rovings

50% Pultruded tubes with poor surface due 
to low FVC (Fig. 9), wrinkling, dry 
spots

3 Set 2
(Concept 2)

Inside: 60 Rovings
Middle: 5 fabrics
Outside: 65 Rovings

55% Pultruded tubes non-concentric, less 
wrinkling

4 Set 2
(Concept 2)

Inside: 30 Rovings
Middle: 6 fabrics
Outside: 44 Rovings

58% Pultruded tubes (Fig. 10)
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As described in Sect. 2.2, several optimization steps were carried out to achieve a 
much better result. The pultrusion line was built up with the new guiding system and 
at first tested with a layup of rovings, 5 layers of fabric and rovings. The results were 
positive in general, a tube with a FVC of about 55% could be pultruded (Table 2, No. 
3) – but due to the relatively large number of rovings, there was some difficulty in 
achieving a concentric tube. In the next trial (Table 2, No. 4), the layup with 6 layers 
of fabric and less rovings on the inside and outside was successfully tested. The result 
is shown in Fig. 10.

5  Discussion and Conclusion

As part of a modular vehicle structure, it was shown that a manufacturing of crash 
tubes via pultrusion as a series-suitable process is possible with various adaptions 
of the process. Various concepts were created for the crash structure on the modular 
design side, one of which was selected and refined using CAD modeling and FEM 
simulations. For the manufacturing of the tubes, two concepts for the layer-built up 
were discussed more closely—closed layers or layers consisting of two halves of fab-
ric. The chosen one was with closed loops, to have less seams for a better perfor-
mance and less influence of the fabric’s borders. Afterwards, the pultrusion die and 

Fig. 9.  Setup (left) and result (right) of trial no. 2

Fig. 10.  Setup (left) and result (middle and right) of trial no. 4
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guiding panels were designed and produced. The first production implementation 
showed several problems, like feeding the scrims into the die, wrinkling and a poor 
surface quality due to a too low FVC. The findings were then implemented in a new 
design of guiding planes and additional elastic support rings.

The next step after this project is to transform the know-how of pultruding a tube 
with a complex layup by using carbon fibers and carbon scrims. When transferring the 
technology developed here, it may be necessary to consider using an injection box for 
impregnation. This would facilitate processability for the significantly more sensitive 
carbon semifinished products and fibers.
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Abstract.  Fraunhofer IST and University of Applied Sciences and Arts 
(HAWK) have recently developed a Cold Plasma Spray (CPS) coating tech-
nique providing for superior assembly of microsensors and other delicate 
substrates or devices. In CPS systems pulsed voltages at low currents ignite 
transient arc discharges that result in thermally moderate plasmas. Further, 
CPS allows for the use of air or nitrogen as plasma gas and provides a con-
siderably gentle coating deposition process enabling the metallization of 
heat-sensitive or mechanical-weak objects. This is in contrast to conventional 
High-Temperature Thermal Plasma Spray or High Velocity Oxygen Fuel 
Spraying. The CPS process extends to a myriad of delicate surface applica-
tions, including the fabrication of electrically conductive bars and thermal sen-
sors such as accurate thermocouples. These elements can be deposited onto 
thin polymer foils, e.g., ≤10 µm-thick PET, glass optics, or organic coatings; 
the so-called “cathodic dip paint” which is common in the automotive indus-
try. Moreover, depending on the substrate, the CPS process allows for device 
extensions permitting robot-based metallization without the need for masking. 
The hereinafter presented work elucidates the fabrication of thin-film thermo-
couples by means of the unique CPS plasma spray process at Fraunhofer IST 
with emphasis on two use-cases.

Keywords:  Plasma Spray · Sensor · Thermocouple · Metallization · Copper · 
Constantan
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1  Introduction

Many technical applications are encumbered by heat fluxes that affect the perfor-
mance of the final electrical/optical components and systems. For example, irradi-
ated light emitting lenses or protective glasses are sensitive to thermal stresses. Such 
conditions result in undesired property changes. Arising from thermally induced 
size increases their refractive indexes can be detrimentally modified. At worst, these 
influences degrade and even completely destroy the elements. In order to circumvent 
heat-induced impairment of technical glasses, optics, or electrical components as well 
as to define their operating limits property characterizations require reliable material 
temperature measurements. Besides this, the need for a precise in-situ temperature 
monitoring can be exemplified by electric vehicle batteries and compensatory temper-
ature measurements for sensors such as strain gauges. Challenges that go along with 
accurate temperature recording and the state-of-the art of corresponding devices will 
be clarified in the following.

Different physical phenomena are utilized for temperature measurements. 
Examples include the temperature-driven electrical resistance of conductors, and the 
generation of thermoelectric force with respect to specific metals during joining oper-
ations. The current state-of-the-art devices are resistance thermometers and thermo-
couples. Thermocouples are comparative measurement methods. They are comprised 
of two dissimilar metallic wires which form an electrical junction. This results in a 
quasilinear temperature-dependent voltage. The typical physical realization of this 
device is a tip offering locally resolved absolute temperature values measured against 
a reference junction. Thermocouples benefit from robustness against environmental 
impacts. Indeed, this provides for uncomplicated implementation even over long dis-
tances between the measuring tip and the data interface. Various types of thermocou-
ples operate over wide temperature ranges (e.g., type K: from −270 ℃ to 1300 ℃, 
type T: from −270 ℃ to 400 ℃). Of course, a great advantage of thermocouples is 
economical: they are inexpensive. Unfortunately, while thermocouples offer a pre-
cise and economic sensor technology, their accuracy under in operando conditions 
is reliant upon careful positioning and sensor-to-substrate contact. In many cases, a 
high temporal resolution is an additional challenge. The current state-of-the-art suf-
fers from inefficiencies; when the simple intimate contacting of an object becomes 
intricate. That is, not only must the junction of the thermocouples and standard wires/
probes be welded together, but the device must be mounted and intimately attached to 
the substrate of interest (Fig. 1).
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Thin-film thermocouples provide a pathway to overcome these bottlenecks. The 
current thin-film manufacturing techniques include: Calendaring, Physical Vapor 
Deposition (PVD), and Thermal Plasma Spray [1]. The first can be exemplified by 
introducing a thermocouple with flat wires between, e.g., polyimide sheets and attach 
this composite onto an object [2, 3]. Drawbacks include the requirements of polymers 
and adhesives with restricted thermal stabilities. PVD deposited thermocouples on 
customized substrates are commercially available [4]. Here, limitations exist because 
substrates might be inadequate for vacuum treatment, vacuum generation is expen-
sive, time-consuming, and masking requirements. A more advanced method for man-
ufacturing thin film thermocouples is Thermal Plasma Spray. [5–7]. Nevertheless, this 
technology suffers from the high thermal loading of substrates during deposition, and 
the time-consuming requirement of masking. Existing shortcomings of conventional 
(thin-film) TC fabrication/implementation include problems due to inappropriate posi-
tioning and bad sensor-to-substrate attachment, contact loss during operation, high TC 
production costs, and risk of substrate damage in fabrication. In comparison, the Cold 
Plasma Spray technique can circumvent these bottlenecks by reducing, or outright 
eliminating, these traditional processing requirements.

2  Cold Plasma Spray

Cold Plasma Spray (CPS) is a thermo-kinetic coating technology operating at atmos-
pheric pressure with fine powders as precursors. Unlike Thermal Plasma Spray or 
High Velocity Oxygen Fuel Spray, CPS features a thermally moderate plasma effluent 
and low particle velocities. A comparison of the characteristic temperatures and parti-
cle velocities of the methods is given in Fig. 2.

Fig. 1.  (LEFT) a commercially available welded-tip Type K thermocouple, and (RIGHT) 
inserted (arrow) into a holder for in operando thermal measurements. This set-up aims to 
provide intimate contact of the obverse of a silicon wafer mounted into a pocket.
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The CPS generates plasma jets by means of pulsed DC-discharge voltages of 
3–4 kV at frequencies of approx. 50 kHz. The electrical input power is less than 1 
kW; significantly lower than Thermal Plasma Spray (50–100 kW). The low input 
power results in comparatively moderate effluent temperatures, minimization of 
thermal impact damage of substrates, thereby allowing for the metallization of ther-
mally-delicate polymer foils. A major advantage of CPS at Fraunhofer IST/HAWK 
(System: Plasma Plotter 3D, INOCON Technologies GmbH, Austria) is that this tech-
nology allows for the implementation of much finer powders than conventional spray 
systems (mean particle diameter, d50 << 5 µm; compared with typically ≈ 10 µm) and 
specific particle morphologies (platelet-like). These precursors cannot be processed 
by standard powder feeders. At IST/HAWK advanced feeders were developed. These 
facilitate steady aerosol generation with a wide range of ultra-fine powders (virtually 
any metal and many organic powders, as well). Due to size and shape CPS powders 
possess a high specific surface area. This promotes superior thermalization of the 
precursor and permits to reduce plasma energy input and accordingly, low jet tem-
peratures. Nitrogen, forming gas, or air serve as both the ionization gas and the parti-
cle carrier medium. This is an advantage over Thermal Plasma Spray which requires 
noble ionization gases (typically argon or helium). A simplified schematic of the CPS 
nozzle and associated process is illustrated in Fig. 3.

Fig. 2.  Comparison of typical particle temperature ranges, velocities and plasma effluent 
temperatures for Cold Plasma Spray (own measurements) against similar thermo-kinetic 
coating technologies (personally communicated by experts from different R + D institutes).
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3  Use-Cases, Results and Discussion

Preliminary investigations were conducted using a wide array of powder materials 
and substrates to explore both their processability and applicability for a wide gamut 
of applications. This included CPS of copper, bismuth, and constantan tracks. Test 
substrates were thin polymer foils (PET, PE, etc., 50–100 µm thickness) and painted 
metal plates. The qualities of these plasma-metallicized surfaces were evaluated 
according to both track adhesion and electronic conductivities. Further, the thermoe-
lectrical potential of resulting metal pairs were checked. To provide a realistic meas-
ure of commercial/industrial applicability, the dielectric stability of the heat-sensitive 
polyurethane paint, thermo-pair (Cu-Bi, Cu-Cu/Ni) functionalities, and the integrities 
of the thin foils were interrogated. The summation of these tests demonstrated that 
CPS-deposition of thermocouples onto delicate substrates is feasible.

In an effort to further promote the process regarding industrial demands and use-
cases, Cu-Cu/Ni thermocouple fabrications onto glasses and on a cathodic dip coating 
were conducted. Within comparative measurements thin-film versus commercials sen-
sor responses were examined. The effect of convection and irradiation as heat sources, 
and process upgradability in terms of a new approach for a “selective metallization 
without masking” were explored. Details of these studies are presented below.

Fig. 3.  CPS nozzle and process.
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3.1  Thermocouple Fabrication on Glass and Laser Optics Dynamics of a 
Thin-Film TC on Glass and a Welded-Tip TC in Long-Term Heating 
by Convection

Thermocouple dynamics under convective heat transfer were evaluated via long-
term measurements. Glass substrates were masked with heat-resistant polyimide 
tape and copper/constantan Type T thermocouples were deposited. Copper and con-
stantan wires provided connectivity to the deposited bars. A commercially available 
welded-tip Type T class 1 sensor served as the benchmark for the CPS devices. In 
all cases, measurements were conducted under identical conditions in a drying cham-
ber. Measurements were recorded with an 8-channel data logger (Pico USB TC-08) 
while ramping the temperatures from 20 to 90 ℃ at 0.5 ℃  per minute as presented in 
Fig. 4.

The curves represent temporal responses for the plasma-sprayed TC in compari-
son with the conventional welded-tip sensor. That is, the plasma-sprayed TC exhibits 
a comparatively smooth measured temperature increase compared to the welded-tip 
TC (dashed line). Maintaining constant heat input effectuates that after some 10 min. 
All sensed temperatures are matched. Apparently, the plasma-sprayed TC reacts 
slower than the welded-tip TC. This might be explained by the higher mass of the 
glass-thermocouple-composite in comparison with the finite welded-tip TC which 
requires less heat quantity in order to grow warm. Generally, in this set-up the tip TC 
turns out to be advantageous in comparison with the thin-film TC. To further elucidate 

Fig. 4.  Long-term heating by convection comparing a thin-film plasma-sprayed TC on a glass 
sphere (solid line) and a conventional welded-tip TC (dashed line). The latter was not in contact 
with the glass, but separately situated.
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the response of the plasma-sprayed TC additional tests with short-term laser heating 
were carried out.

Dynamics of a plasma-sprayed thin-film TC and a welded-tip TC being pressed 
on optics in rapid heating by laser irradiation
Akin to the experiment described above, a copper and a constantan bar (width ~ 1 mm) 
were cross-wise plasma-sprayed onto an optical lens (diameter ~ 14.6 mm, thick-
ness ~ 2.5 mm). Thin wires of likewise copper and constantan were compacted onto 
one flank of each bar and connected with the data logger. In contrast to depositing 
and wiring, the welded-tip TC was pressed towards the optics’ surface and situated as 
close as possible to the thin-film sensor (Fig. 5) and connected by the existing connec-
tor cable.

The thermal loading was provided by CO2 laser irradiation (TruCoax). An approx. 
14 mm laser beam (Gaussian profile) with inclined incidence was focused onto the 
front side of the glass providing 200 ms of irradiation at a power of 120 W. Each pulse 
was followed by a cooling-off time of 60 s. Multiple irradiation and relaxation cycles 
were conducted to explore the effect of the optics. These results are summarized in 
Figs. 6 and 7.

Fig. 5.  Glass sphere fitted into a holder (white cylinder). The thin-film TC is located on the 
backside of the mounted glass. Two looped wires (arrows) made of copper and constantan 
contact the bars. One welded-tip TC (dashed arrow) is pressed against glass’ backside close to 
the intersection of the deposited bars.
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Figure 6 indicates that over the course of the cycles a thermal saturation and almost 
equilibrium for both TCs is achieved. However, while the thin-film TC approaches 
approx. 60 ℃, the welded-tip TC exhibited an increase of approx. Only 48 ℃. Thus, a 
minor absolute value for the welded-tip TC can be declared.

Fig. 6.  Measurement results comparing a thin-film TC (red dotted line) and a welded-tip TC 
(black squares), both sensors being positioned according to Fig. 5. Object heating by laser 
irradiation was 200 ms and cooling-off time was 60 s. A total of 9 cycles were conducted.

Fig. 7.  Exemplary measurement result according to Fig. 6 (6th cycle) between time instants 
359 and 365 s with 0.1 s time-resolution, thin-film TC (dotted line) and welded-tip TC 
(squares). The irradiation starting point is indicated with an ascending arrow at the time instant 
359.9 s. The base temperature between the sensors differ in approx. 1 ℃ due to previous 
heating and cooling-off cycles.
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Moreover, Fig. 7 clearly indicates that the laser irradiation boosts the thin-film TC 
response immediately to approx. 56 ℃ after the laser excitation. The sensed temper-
ature increases a while lineally after the cessation of the pulse and by time instant 
approx. 360.6 s continues to rise, but at a lower slope. The temperature thereafter 
drops after approx. 1 s, and settles down after roughly 2 s towards a value of 50 ℃. 
In contrast, the welded-tip TC does not respond until after the end of the irradiation 
period. Moreover, the temperature increase is considerably muted; barely any declina-
tion can be observed. The curve finally approaches equilibrium at approx. 45 ℃. The 
welded-tip TC is clearly less dynamic over short timeframes than the thin-film TC. 
The reliable detection of rapid thermal changes is crucial with respect to mechanical 
stresses and resultant formation of cracks. Indeed, the structural continuity of glasses 
is severely tested by high heating/cooling velocities. CPS-deposited TCs provide the 
resolution to monitor these thermal fluxes owing to their intimate contact with the 
substrate. The explanation for quicker CPS TC response time is its good contact to the 
object.

3.2  Selective Metallization/Thermocouples on Cathodic-Dip-Paint

In the automotive industry, so-called cathodic-dip-paint (CDP) is a well-established 
process for the anti-corrosion protection of truck chassis and analogous applications. 
CDP polymer coatings typically feature a thickness of 20 µm. These coated chassis 
are subjected to mechanical stresses when trucks drive and its chassis move. Chassis 
system control has therefore traditionally required the implementation of resistance 
strain gauges. Further, accurate thermal measurements are needed to both decrease 
calibration times and increase precision of resistance strain gauges. Thermocouples 
are cost-effective appropriate sensors for these applications.

It was previously suggested that one objective of this use-case involved the real-
ization of selective metallization without the need to mask the substrate. A prom-
ising pathway would be to upgrade the plasma-spray process by implementing a 
micro-sandblasting device. The intention is to locally roughen the surface to generate 
a surface that promotes adhesion of the deposition material. Adverse to this, the non-
blasted, pristine CDP remains smooth. By continuously controlling the plasma-spray 
parameters it was hypothesized that poor adhesion of metal deposition occurs in 
unroughened zones. This would allow for realizing metal tracks along only previously 
structured tracks.

A Resko Airblaster II sandblaster was outfitted with a finite nozzle (diameter 
0.8 mm) which was aligned with the plasma-spray jet. Consecutively, single pass 
sandblasting (spray medium was corundum with grid size 240) and metallization were 
executed via a robot-controlled process. The arrangement is depicted in Fig. 8.
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Figure 9 presents a typical cross-section offering insight into the composition of 
the copper thermo leg. Owing to the sandblasted surface, the copper layer is partially 
embedded into the CDP promoting adhesion. The coating thickness of the 20 µm CDP 
was relatively unaffected by the process, and the dielectric insulation of the metal 
plate was preserved. Comparative testing of the manufactured thin-film TC and a con-
ventional welded-tip TC attached to the CDP under convective heating (oven) resulted 
in identical measuring values and equal accuracies (validated by measurements, result 
not shown here). Ergo selective roughening of CDP by micro-sandblasting provides 
a simple and effective method for the fabrication of metal tracks and the generation 
of TCs without masking. Further minimization of the nozzle (diameter < 0.8 mm) will 
permit both smaller tracks < approx. 1 mm while increasing the accuracy of the lateral 
tracks as desired.

Fig. 8.  Metal substrate coated with a cathodic dip paint (black) mounted on a robot-controlled 
sample stage. Selective metallization is accomplished by; 1) meticulously sandblasting and 
roughening the paint (thin nozzle in front), and 2) depositing copper and constantan via plasma 
deposition. Note the adhesion promoting structures (grey lines) with a width of approx. 1 mm 
and the as-deposited copper thermo legs (brown). Lateral track accuracy is within 0.2 mm.
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4  Conclusions

These preliminary studies demonstrate that Cold Plasma Spray for fabricating copper 
and constantan tracks, as well as type T thermocouples, on heat-sensitive coatings, 
polymer foils, and other delicate substrates is feasible. While conventional welded-tip 
TCs provide sufficiently accurate temperature measurements, the CPS-deposited 
devices offer much higher temporal resolutions required for delicate operations. In 
general, CPS-deposited TCs offer improved reliability with respect to the absolute 
temperature value of an object and higher accuracy under pulsed thermal loads. An 
immediate application for this technology is in the realm of qualifying laser optics 
or similar optical elements. Finally, a simple but yet efficient method for the precise 
and selective metallization of cathodic dip paint by means of micro sandblasting in 
conjunction with CPS was demonstrated. This supersedes the masking and facilitates 
three-dimensional objects to be equipped with electric tracks and sensors, and is an 
advantage compared to the current-state-of-the-art.
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Abstract.  Life cycle properties are becoming increasingly important for the suc-
cess of a product. They are determined during development, but their impact—
and thus value—only becomes apparent in later life cycle phases. Life cycle 
engineering is concerned with designing such product properties in early stages 
of design. However, the life cycle paths of individual products from the same 
product type increasingly diverge, due to differing product usage, personalization 
and software or hardware updates. The expected and realized value of certain life 
cycle properties might vary greatly within the same type of product. Thus, this 
paper addresses how such individual life cycle paths can be made accessible to 
product system designers in the context of LCE, to evaluate and determine val-
uable life cycle properties. A meta model is developed to describe divergent life 
cycle paths of individual products and investigate, how to identify the possible, 
future life cycle paths in early stages of design and how to incorporate them in 
LCE. The approach is applied to the design of a door panel for passenger cars. 
Suitable life cycle properties and their associated designs were evaluated and 
determined, with respect to the expected, individual life cycle paths.

Keywords:  Life Cycle Properties · Meta model · Product development · 
Model-based Systems Engineering

1  Introduction

The evolution of a product during its life cycle is central to life cycle engineering 
(LCE). LCE is an engineering approach, which seeks to incorporate life cycle proper-
ties into a product in early stages of design [1]. Life cycle properties are non-functional 
properties of a product system or its parts. They are determined during development. 
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Yet, their impact—and thus value—only becomes apparent in later life cycle phases 
[1, 2]. Examples are customizability, serviceability, reusability as well as the product’s 
recyclability (see e.g. [1–3]). Life cycle properties are becoming increasingly important 
for the success of a product [4, 5]. On the one hand, additional life cycle properties 
such as reusability, repairability, and remanufacturability currently come to the fore due 
to the increasing demand for sustainable and circular products [6, 7]. On the other hand, 
product costing focus shifts from a development and manufacturing perspective to an 
overall life cycle perspective due to Servitization and the development of product-ser-
vice-systems (see e.g. [8]). Life cycle engineering focuses on determining such prop-
erties in the early (concept) stage of product development, when product attributes and 
costs can still be influenced to a large extend [1]. Thereby, rebound effects as well as 
further dependencies between the life cycle properties and other design goals must be 
considered [3, 9]. Current methods and tools for LCE support in identifying and resolv-
ing such trade-offs during product development. They analyze the life cycle of the 
product under development and identify valuable designs for the life cycle properties.

However, the life cycles of individual products from the same product type 
increasingly diverge. A natural source of this divergence are the circumstances 
of the individual product usage. They define, how long an individual product lasts, 
whether it is maintained, resold, put to a second-life use, or recycled. Additionally, 
mechatronic product systems like cars are increasingly personalized and updated. 
They evolve individually during the life cycle through reconfiguration, software 
updates and hardware upgrades. This further increases product variations in the field 
(see e.g. [10]). As a result, the expected and realized value of certain life cycle prop-
erties might vary greatly within the same type of product. A design problem in the 
conceptual phase of product development results, regarding LCE: A system concept 
must be determined, which effectively leverages the life cycle properties over all pos-
sible, individual life cycle paths. To achieve this, the individual paths must already be 
known and considered in concept development. Otherwise, the value of certain life 
cycle properties cannot be evaluated properly. Rebound effects, occurring between 
individual life cycle paths, are ignored and the life cycle properties are not realized 
effectively. Trade-offs between the properties and their suitability for different life 
cycle paths are not identified and resolved. Thus, we address how such individual life 
cycle paths can be made accessible to product system designers in the context of LCE. 
Firstly, a meta model is developed to describe divergent life cycle paths of individual 
products. Subsequently, we investigate, how to identify the possible, future life cycle 
paths in early stages of design and how to incorporate them in LCE.

2  Literature Review

Jeswiet [11] provides a fundamental definition of the term Life Cycle Engineering 
(LCE), summarizing forgoing research: Life Cycle Engineering sums the “engi-
neering activities which include the application of technological and scientific prin-
ciples to manufacturing products with the goal of protecting the environment, 
conserving resources, encouraging economic progress, keeping in mind social con-
cerns, and the need for sustainability, while optimizing the product life cycle and 
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minimizing pollution and waste.”. Thus, product development plays a central role 
in LCE as this phase defines e.g. a product’s environmental footprint in large part 
[12]. Consequently, LCE can be understood to comprise product development activ-
ities and decisions, keeping certain product properties such as sustainability aspects 
in sight while considering single or multiple product life cycles [13–16]. Pivotal ele-
ments of LCE are life cycle properties. “These properties are not the primary func-
tional requirements of a system’s performance, but typically concern wider system 
impacts with respect to time and stakeholders that are embodied in those primary 
functional requirements” [2]. Typical life cycle properties, which de Weck et al. [2] 
describe as “-ilities”, are amongst others “Reliability”, “Flexibility”, “Durability” and 
“Usability”. Regarding product systems that are supposed to fulfill requirements of a 
Circular Economy, these life cycle properties could be enhanced or derived, by con-
sidering circular strategies like “Repurpose”, “Refurbish”, “Re-use” and “Rethink” 
(see e.g., [6]).

LCE has to face new challenges in terms of considering additional life cycle phases 
and states in product design, for instance resulting from sustainability-oriented con-
cepts such as Circular Economy [7, 17, 18]. This is caused by the need to extend prod-
uct life cycles to keep products, components, and materials in use as long as possible. 
This is expedient with the requirement to consider additional phases of e.g. product 
usage already in product development [19, 20]. Thus, the Circular Economy paradigm 
amongst others represents a challenge for engineers to integrate a holistic life cycle 
thinking approach [9]. This is exemplified by the research of Halstenberg et al. [8], 
who developed a methodology for the development of Smart Services, which addresses 
Circular Economy strategies. They propose Model-based Systems Engineering 
(MBSE) procedures, notations and tools as an adequate foundation [8]. Model-based 
Systems Engineering (MBSE) describes the model-based and IT-supported application 
of systems engineering methods [21] to optimize modeling and foster a common under-
standing and a traceability for the system under development [22, 23]. As such, holistic 
approaches for MBSE generally consist of a method, a (software) tool and a (graphical) 
modeling language [24], which are in this paper’s focus. Other methods, pointing in the 
same direction as Halstenberg et al. [8] with MBSE for LCE, are for example Bougain 
et al. [25] and Yvars et al. [26]. Thereby, Cerdas et al. [27], Dér et al. [28], and Tao 
et al. [29] for example take divergent, individual life cycle circumstances in LCE into 
account. Yet, their perspective is data focused and simulation driven. They are not suita-
ble for early stages of design, when this data is not present and detailed simulations are 
not expedient. Thus, our analysis led us to the insight that there is a need for product 
development, and LCE in particular, to take the alteration of individual life cycles over 
time into account. To the authors’ understanding, this has not been covered by the find-
ings of Halstenberg et al. [8], Cerdas et al. [27], Dér et al. [28], and Tao et al. [29].

To summarize, different approaches for the evaluation of life cycle properties as 
well as methodologies for life cycle-oriented design exist. They analyze and model 
the general product’s life cycle during development or evaluate the individual life 
cycles in detail via simulations and collected data. Yet, to the best of our knowledge, 
none of them proactively incorporates divergent life cycle paths of individual products 
in early stages of concept development to determine life cycle properties. As such, we 
aim to answer the following research question: How can divergent and individual life 
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cycle paths be described and incorporated in LCE, to evaluate and determine valuable 
life cycle properties?

3  Approach

The goal of our approach is to incorporate individual life cycle paths into LCE. The 
life cycle paths are employed to determine and evaluate valuable life cycle proper-
ties with respect to all possible, individual life cycle paths. The literature review indi-
cates that there is a sufficiently large and profound body of knowledge, dealing with 
LCE approaches based on generic (i.e., non-individual) life cycles. They build up on 
a systemic and model-based understanding of the product and its life cycle. Thus, we 
follow an orthogonal approach. The already existing methodologies and models are 
supplemented by developing a meta model for individual life cycle paths. This meta 
model can be used as a complement to already existing product and life cycle models. 
Subsequently, the meta model is associated with a methodology, which describes, how 
to setup and utilize such a model in present LCE approaches.

Overall, our approach is based on the idea of MBSE. The individual life cycle 
paths are described as models. This creates transparency by abstracting the most 
important aspects of the individual life cycle paths. Furthermore, it allows analysis of 
the modelled paths and interference towards the influence on the life cycle properties. 
Systems engineering provides the conceptual framework to link our approach with the 
already present LCE approaches [9, 30].

3.1  Meta Model for Individual Life Cycle Paths

In MBSE, a model stores all the available information and knowledge about the prod-
uct to be developed [22, 23]. The systems engineering methodology then generates, 
interacts, and alters the model throughout the design process, to integrate informa-
tion and knowledge and evaluate the current design. A meta model defines the rep-
resentation scheme for the information and knowledge within the product model. For 
LCE such a representation scheme should include, among other things, information 
and knowledge about the life cycle performance of the product (see e.g., [27–29]). 
Thereby, one challenge is, that the associated, individual life cycle paths must be 
depicted in early stages of design, before the product is developed. The individual life 
cycle paths are only partially known and uncertain.

We define an individual life cycle path as a sequence of multiple life cycle 
states. A life cycle state is a temporal demarcated, feasible situation, in which spe-
cific properties of the product are requested by external stakeholders. These external 
stakeholders are for example the customer, the legislative body, or the manufacturing 
department. The union of all required properties from all life cycle states equals the 
overall product requirements. A life cycle phase aggregates the life cycle states, whose 
required properties are driven by the same set of external stakeholders. Thus, multiple 
life cycle states for one life cycle phase can coexist.
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In contrast, a life cycle property is a non-functional, system wide property, whose 
impact only becomes apparent in later life cycle phases [1, 2] (see Sect. 1 and 2). Life 
cycle properties are realized through specialized approaches (see e.g. [8, 25, 26]), 
which translate the abstract objective of the life cycle property into a product’s design. 
Thereby it is important to design the product in such a way, that it generates a real 
positive impact on later life cycle phases. Yet, the life cycle phases consist of different 
life cycle states, which might be passed individually by each product. Thus, incorpo-
rating a life cycle property in the product’s design is only of value, if it supports the 
realization of the required properties of a sufficiently large portion of the life cycle 
states. Put vice versa, the required properties of the life cycle states define the value 
of a life cycle property and how it is best implemented. Thus, the life cycle properties 
must be evaluated and implemented according to the given life cycle states and their 
probabilities. This is supported, by modeling the life cycle states’ probabilities as well 
as the relationship between life cycle states and life cycle properties explicitly.

Figure 1 depicts the elements of our meta model. Conceptually, a model for LCE 
with individual life cycle paths is divided into three parts: The product architecture, the 
variability model and the life cycle model. Each part describes a certain aspect of pos-
sible product states throughout the life cycle phases. The product architecture models 
the requirements, functions, components and generic physical structure of the product 
to be developed (see [10, 31]). It represents the static part of the design. We assume 
the meta model for the product architecture is externally given and thus not part of 
our meta model. Yet, the variability and life cycle model of our meta model reference 
elements of the architecture model, which are expected to differ between the life cycle 
states. The variability model defines the required properties which might change indi-
vidually during the vehicle’s lifetime or throughout the life cycle states. The required 
properties are depicted either as requirements or as functions, components, and 
modules, which are necessary to fulfill the states’ required properties. Thereby, ele-
ments of the product architecture model, which might change, are referenced by var-

iation points. Possible realizations of these elements are depicted as variants of these 

Fig. 1.  The most important elements and attributes of the meta model with its three parts.
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variation points. Interdependencies between the variants are modelled according to 
product line engineering principles. The variability model is an optional part of our 
meta model because some architecture meta models already support variants.

In general, the variability model does not assign the variants to any specific life 
cycle state nor to any individual product. This is realized via the life cycle model. The 
life cycle model references the variants in the variability model and bundles them to 
consistent, static life cycle states. Static life cycle states describe a certain and fixed-in-
time configuration of requirements, functions, and components, which are specific for 
this state. Yet, transitions between the static life cycle states might occur, which rep-
resent a dynamic state of product evolution (see Fig. 3). According to the definition of 
a life cycle state, such a transition is also a life cycle state. Thus, a transition life cycle 
state is additionally introduced, which describes the product’s state while evolving from 
a previous static state to a next static state. Transition probabilities for the transition life 
cycle states allow to model the dependencies and underlaying logic, regarding which 
life cycle state might later be realized for the individuals. Thereby, transition probabili-
ties are understood as in the Bayesian interpretation of probability. The transition prob-
abilities are prior estimates of the proportion of products produced, which will take this 
transition (see [32]). LCE incorporates life cycle properties in early stages of design. As 
such, the prior estimates must build upon subjective beliefs or previous, yet not imme-
diately transferrable knowledge. The prior estimates might thus stem for example from 
predecessor products, market studies, simulations, or personal experience of the prod-
uct designers. They can even be expressed through more rough and uncertain proba-
bility measures like fuzzy set theory, possibility theory or Dempster Shafer evidence 
theory (see e.g., [33]). Probability distributions can then be derived from them.

Finally, life cycle properties are modelled qualitatively by the objective they aim 
to achieve. They are associated with life cycle states, in which they might provide a 
value by supporting or realizing the required properties therein. The association is 
then used in the methodology to determine and evaluate valuable life cycle properties 
(see Sect. 3.2). The life cycle states, and their transitions form a Markov chain (see 
Fig. 3). Exemplary life cycles for individual products can be derived through Monte-
Carlo-Simulation (see Fig. 4).

Overall, the three conceptual parts decouple the design and life cycle property 
decisions from the time and individual-focused perspective. This reduces complex-
ity and enhances transparency as well as comprehensibility. The variability model for 
example depicts differences between the life cycle states in the product architecture’s 
domain, while ignoring the time and individual-focused perspective. The life cycle 
states can be modelled without a full product architecture available. Yet, they can be 
easily associated with the respective requirements, functions or even components of 
a product architecture, if they are already present. Our meta model has been defined 
according to the MOF standard to allow for maximum interoperability with different 
product architecture models.

3.2  Methodology and Model Perspectives

The meta model’s conceptual structure already helps in reducing complexity when 
dealing with individual life cycle paths. Yet, a methodology is necessary. It should 
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describe how to setup a life cycle model from our meta model and how to use it to 
evaluate and determine the life cycle properties. Our proposed methodology is 
depicted in Fig. 2.

Initially, the life cycle model must be setup. This is already a small subordinate 
methodology on its own. In a first step, the life cycle states are defined. For each life 
cycle phase, the product’s stakeholders in this phase as well as their requested product 
properties are identified. The product properties are then aggregated, based on the sit-
uation in which they become relevant. These situations are the static life cycle states. 
Transitions between the life cycle states are determined, based on hypothetically fea-
sible product evolutions. The transition probabilities are derived from previous prod-
ucts, market research or experience for example (see Sect. 3.1). Finally, the life cycle 
model should be checked. The probability distribution over all life cycle states can 
be controlled to lay within the expected ranges, and individual life cycle paths can be 
investigated regarding their feasibility (see Figs. 4 and 7).

The life cycle model can then be used, to evaluate and determine the life cycle 
properties. Firstly, potential, beneficial life cycle properties for the product are identi-
fied. They can be derived for example from customer demands and market trends or 
the company’s strategy. Subsequently, each potential life cycle property is associated 
with a set of life cycle states. These are the states, in which the life cycle property might 
deliver value. As such, each required property of each life cycle state is compared 
against the potential life cycle property. If the states’ required properties are supported 
by the life cycle property, the state is associated with the life cycle property (see Fig. 4). 
Favorable technical implementations of the life cycle property become apparent.

Thirdly, the life cycle properties are evaluated. The probabilities that a life cycle 
state benefitting from the life cycle property is passed in an average, individual life 
cycle is calculated. This proxy for the value of a life cycle property helps in decid-
ing to which extend the life cycle property should be incorporated. High probabilities 
hint towards a higher utilization of the designed properties. Low probabilities suggest 
that the life cycle property is only of value for a small portion of the individual prod-
ucts. Ultimately, the life cycle property can be designed into the product architecture 
using a suitable LCE methodology from literature. Thereby, knowledge regarding a 
beneficial design is already present from step (2). Furthermore, exemplary, individual 
life cycles and the probability distribution of the life cycle states can be used, to eval-
uate design solutions in this process. Consequently, the approach extends LCE: The 

(0) Identify life 
cycle states and 
create life cycle 

model

(1) Choose and 
define life cycle 

property

(2) Identify life
cycle states 

benefitting from 
the property

(4) Design life 
cycle property 

(LCE)

(3) Evaluate life 
cycle property

Fig. 2.  Methodology to incorporate individual and divergent life cycle paths into LCE.
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meta model supplements existing product models to account for diverging life cycle 
paths and an associated methodology evaluates and determines valuable life cycle 
properties.

We supplement the methodology with three prototypical viewpoints of our models 
to reduce cognitive complexity. Perspective (1) depicts the potential life cycle states 
and their transition probabilities as product variability over time (see Fig. 3). It depicts 
different states and links them via the required properties to the product architecture. 

Thus, it helps to uncover possible variants in the product architecture and is suitable to 
design the life cycle model. This perspective is mainly employed in the initial step of 
the methodology as well as in step (2).

The remaining perspectives (2) and (3) focus on the product to be developed. 
Perspective (2) depicts an exemplary life cycle path for a certain individual product 

over time (see Fig. 4). The probabilistic interdependencies are abstracted to infer 
implications towards the design decisions in step (4) of the methodology. Thereby, it 
is important to generate sufficient diverse and representative life cycles.

Perspective (3) is arranged around the product architecture. It depicts the prod-
uct’s requirements, functions and components with their different variants (see 
Fig. 5). They stem from the properties, required in the individual life cycle states. This 

Product Architecture
and Variability Model

«PartUsage»
HeatedArmrest

«PartUsage»
RefurbishedArmrest

«PartUsage»
UsedArmrest

Fig. 4.  Perspective (2) depicts exemplary life cycles (i.e., a specific, probable sequence of life 
cycle states) for individual products (exemplary data from the evaluation).

Associated with «LifeCycleProperty» Remanufacturability

Fig. 3.  Perspective (1) depicts the life cycle states and the transition probabilities between 
them (exemplary data from the evaluation).
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perspective reveals points of potential change throughout the life cycle phases but 
ignores the interdependencies and sequence of life cycle states. It is used in step (4) of 
the methodology.

4  Evaluation and Discussion of Case Study Results

The evaluation of the meta model and the associated methodology has been conducted 
in the research project “futureFlexPro” [34]. The research project aimed for develop-
ing a flexible and sustainable smart door panel (SDP) for passenger cars. The meta 
model was implemented into an Eclipse modelling environment to employ the devel-
oped meta model and approach. The modelling environment features SysML v2 for 
the product architecture description. Overall, the software architecture of the mod-
elling environment looked as follows (see Fig. 6): The information and knowledge 
about the required properties, life cycle states, life cycle properties and the product 

Fig. 5.  Perspective (3) depicts the product architecture with its life cycle state induced 
variability (exemplary data from the evaluation); thereby, variability is marked with a red 
diamond.
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for life cycle-
oriented
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…
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Central Product
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across all life cycle
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t1

Method for vehicle
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Procedure for life
cycle design

Life cycle-based Analysis Add-on
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Life cycle probability models
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p1

Analysis results, e.g., probability
of carsharing application

Application
options and
probabilities

Fig. 6.  The evaluation’s software architecture for modelling and evaluating a smart door panel.
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architecture were captured in a central product architecture model. The product archi-
tecture model is described through SysML v2 combined with our orthogonal life 
cycle model. Two add-ons were implemented to support the methodology’s workflow. 
They are based on the data present in the product architecture model. A decision and 
evaluation layer displayed the perspectives, presented in Sect. 3.

Firstly, the life cycle model for the passenger car, its states and transitions were 
developed. The first add-on “Vehicle usage models” supported in this. A model of 
stakeholder objectives and derived product requirements was developed for two use 
cases: private car and carsharing car. Different stakeholder needs with respect to both 
use cases were identified and converted into required properties and assigned to life 
cycle states. For instance, an intuitive interface concept was requested by carsharing 
users, because reading user manuals is not feasible for time-based business models. 
Private car users in contrast were linked to shy tech and individualizable configu-
rations. They can precisely adapt to their specific needs. As a car is either part of a 
shared fleet or used as a private car, different life cycle states were defined includ-
ing the required properties of the stakeholders (see Fig. 3). Subsequently, the transi-
tion probabilities were derived based on different experts’ experience. At the same 
time, the life cycle model was associated with the product architecture. The need to 
exchange parts of interface components, for example when the vehicle is owned by a 
private user after being used for carsharing, became apparent.

The probability distributions for each life cycle state and each life cycle path 
were derived based on the life cycle model through the add-on “Life cycle probability 
models” (see Fig. 7). Potential beneficial life cycle properties regarding for example 
usability, reliability, performance, changeability, and remanufacturability were iden-
tified. They were associated with the life cycle states (see e.g., Fig. 4) and evaluated. 
It was found for example, that different SDP configurations throughout the life cycle 
of the same vehicle were required with a high probability (i.e., 89%). This in turn, 
pointed the designer towards the value of the life cycle properties remanufacturability 
and changeability for the SDP. They were realized for example for the décor material 
using magnetic coupling instead of simple adhesive joints. Thereby, perspective (3) 
helped to identify the points of change. Other recommendations derived concerned 
the placement of the electronic control units or necessary material characteristics of 
the SDP. Overall, our approach made it possible to analyze frequency, probability, and 
type of potential component exchanges, based on individual life cycle path estima-
tions. Yet, we also found that modelling all possible life cycle states for the different 
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stakeholders and linking them to the life cycle properties is cumbersome. Thus, our 
upcoming research regarding this topic, will address this issue, by extracting knowl-
edge from previous linkages and automate the tool support.

5  Conclusions

The goal of this paper is to add the consideration of individual life cycle paths to 
LCE, so that valuable life cycle properties for divergent life cycle paths can be eval-
uated and determined. We suggested a new meta model to describe individual life 
cycles in LCE. The meta model is complemented with a methodology. It describes 
how to use the meta model to evaluate and determine valuable life cycle properties 
and their implementation. Thereby, the approach supplements already existing LCE 
approaches. The meta model and the methodology can be used for different life cycle 
properties, given that a MSBE focused LCE approach for them already exists. In an 
exemplary evaluation case, our approach was applied to the design of a sustainable 
smart door panel. Suitable life cycle properties and their associated designs were eval-
uated and determined, with respect to the expected, individual life cycle paths.
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Fig. 7.  Probabilities of the life cycle states, occurring at least once in an individual life cycle 
path.
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Abstract.  Car manufacturers are currently facing the same challenge as all 
manufacturing companies: To increase the resource efficiency associated with 
their products. However, the demands are somewhat higher for car manufac-
turers: They must reduce greenhouse gas emission during their cars’ use phase. 
But it is not enough if only the use phase is adapted, but as a manufacturer, the 
OEMs must also include the emissions during production into their consider-
ations. The consequence of this will be that the supply chain has to increase 
the resource efficiency. Resource efficiency can be increased by lightweight 
design of components. An idea that has been implemented for many years is 
lightweight construction by using the design of surface integrity. By optimiz-
ing surfaces and near surface regions, the service life of dynamically loaded 
components can be increased by introducing compressive residual stresses. 
Processes used for this are processes such as deep rolling or machine ham-
mer peening. However, the effects of these processes directly on the reduction 
of part weight and the resulting effect on the production chain have not been 
investigated sufficiently. Within this paper, the possibilities of lightweight con-
struction by deep rolling will be investigated based on an experiment and on 
literature data. For this purpose, dynamic loading tests are carried out on three 
different component states and thus a weight saving with the same service life 
is enabled. Subsequently, an evaluation of the material weight reduction is per-
formed. These investigations will be the base for further investigation regarding 
a possible CO2 emission reduction along the production chain.
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1  Introduction

Manufacturing of passenger vehicles is an important industrial sector in Germany. In 
the year 2016, 30% of the global revenue for car sales was created by German car 
manufacturers [1]. In the year 2012, 47% of German electrical energy consumption 
was used for industrial applications, from which 23.9% were used for metal produc-
tion and 12.9% were used for construction of machines and motor vehicles [2]. One 
method for the reduction of energy usage and therefore CO2 emissions lies in light-
weight construction of the used parts [3]. Lightweight construction can be achieved 
by the usage of mechanically stronger materials, which also results in higher cost for 
the material itself. Another option is the design of the parts surface integrity. Surface 
integrity is defined as the surface area and surface near subsurface region which are 
influenced by machining processes [4, 5]. Using adapted operations and parameters, 
the surface integrity state can benefit the static and dynamic strength of loaded com-
ponents. Especially during cyclical loading, the service life is strongly influenced by 
the surface integrity state. For bending rotating loads, the fatigue strength is mostly 
influenced by the hardness, phase composition, residual stress state, and roughness 
[6]. In general, a lower roughness with a high valley radius and high distance between 
as well as compressive residual stresses are seen as beneficial for the service behav-
ior of cyclically loaded parts [7]. With high compressive residual stresses, the rough-
ness influence is reduced [8, 9]. For another important loading this effect was also 
shown. For roller bearings, Voskamp identified the phases of residual stress states: 
Increasing compressive residual stresses, steady-state phase and uncontrolled changes 
leading to damage [10, 11]. Hacke showed that inducing more compressive stresses 
by a preloading, the lifetime of bearings is significant higher [12]. The surface integ-
rity state is influenced by the mechanical, thermal, and chemical loads during machin-
ing [13], therefore, finishing operations play a main role in surface integrity design as 
they are the last machining step before the use stage. Currently, it is still challenging 
to predict the surface integrity state, because for most machining processes, an over-
lap between the different load categories exists [14]. One mostly mechanical finishing 
process is deep rolling or burnishing. In the process a roller is pressed with a roll-
ing force onto a surface by using hydraulic or mechanical systems. Within the contact 
area of the roller and the surface very high contact stresses occur and the surface and 
subsurface area is plastically deformed, which leads to reduced surface roughness, 
compressive residual stresses and an increased hardness. During deep rolling, only 
minimal thermal loads are applied to the workpiece, it can therefore be described by 
the mechanical contact between workpiece and tool [15]. Because of the existing pro-
cess knowledge, deep rolling processes can be used to set the residual stresses [9, 16] 
and the roughness [9] to a beneficial state which increases service life during mechan-
ical loading. Meyer shows that with the introduction of compressive residual stresses 
using deep rolling, the service life of rotating bending loaded workpieces can increase 
by ΔσB = 178% [9]. For roller bearings, deep rolling is able to induce exactly the nec-
essary amount of residual stresses for a service life enhancement. The values and the 
depth of the residual stress can be induced where it is needed to get the steady-state 
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phase. Within the combination with the actual bearing loads the compressive residual 
stresses decrease the von-Mises stresses which leads to an increase of the service life 
by about + 150% [16–18].

While an increase in service life can be seen as beneficial, another benefit of the 
surface design induced increase of material resistance can be the option to reduce the 
part size and weight. The application of tailored surface integrity states can there-
fore be used to enable lightweight applications without the necessity for higher grade 
materials. In this paper, this concept is applied to bending rotating loaded parts and to 
bearings.

2  Concept to Evaluate the Resource Efficiency for Deep 
Rolled Parts

As described in the introduction, deep rolling induces compressive residual stresses 
which are able to increase the fatigue life of dynamically loaded parts. This fact is 
used as a motivation for lightweight in several scientific projects for many years. 
However, the important question is, how this improvement can be used in reality for 
increasing the resource efficiency and reducing CO2 emissions within the manufac-
turing and operation phase of a part. To answer this question, this paper describes a 
practical method to evaluate the amount of resources and CO2 emissions which can 
be saved due to deep rolling. Therefore, first the method will be presented and demon-
strated with two different parts and loadings afterwards.

To use the potentials of deep rolling to reduce CO2 emissions, two different 
approaches can be applied. The first one is to simply use the parts for a longer time 
and use fewer spare parts. If a parts fatigue life is improved by the factor of 2 it can 
be used twice as long. Which is great for parts considered as spare parts. That means 
we need to produce half the number of parts and half the amount of material is used. 
However, this is not applied very often, because the customer is not willing to pay the 
higher price. To gain the same amount of profit with half the produced parts the man-
ufacturer has to increase prices. And there is another issue with this approach. Most 
parts are designed to be used as long-life parts, which are not supposed to be damaged 
during the lifetime of a machine at all.

Therefore, the second approach seems to be more beneficial for reducing over-
all CO2 emissions. If the lifetime of a part is longer, the part can easily be designed 
smaller and reaches the initial fatigue life. If the part is smaller, it will use less mate-
rial, less weight must be carried around and the surrounding parts can also be smaller.

The approach of this paper is demonstrated in Fig. 1. First the part, the kind of 
loading and the necessary fatigue life are defined. Then one important step is to iden-
tify the optimal process parameters for the deep rolling process. To identify the opti-
mum, costs, productivity and properties have to be considered. Here it is possible to 
find parameters in experiments or use the knowledge of experts and literature sources.
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After the machining parameters are identified, fatigue tests are carried out. Here 
the improvement factor for the specific part must be found. Therefore, a comparison 
between a conventional manufactured and deep rolled part needs to be drawn. As 
shown in Fig. 2, these two parts have the same weight but one part last longer with a 
specific fatigue life improvement.

Fig. 1.  Concept for the evaluation of the CO2 reduction due to lightweight design.

Fig. 2.  Lightweight design by deep rolling.
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The life improvement can be identified in experiments or can be assumed from pre-
vious parts. For example, the factors can be stored in databases in the future. Using 
this component, a lightweight design can be carried out. Therefore, the part is designed 
smaller, and the lifetime is calculated with the improvement factor. Again, this can be 
done very simple by using conventional models and multiply this lifetime with the 
improvement factor. Or elaborated simulations and fatigue tests can be carried out, to 
find the lighter design. The aim of this step is to identify the part of the right side of 
Fig. 2, which achieves the same fatigue life but has a significant weight reduction.

As a last step an evaluation of the CO2 reduction is carried out, which can be per-
formed by application of a life cycle assessment (LCA). This step is not included in 
this paper but will be addressed in later publications.

In the following sections of this paper, the different steps are discussed for two 
different parts. The first part is a roller bearing. All the data for this are coming from 
the literature and the research project of the Deutsche Forschungsgemeinschaft (DFG) 
“SPP1551—Ressourceneffiziente Konstruktionselemente” (2012–2017). Additional to 
the data from the literature different assumption for the LCA are made to simulate 
some effects and demonstrate the method. For the project roller bearings type NU206 
are hard turned and deep rolled and compared to conventional ground and honed bear-
ings regarding the lifetime.

The second part is a notched rotating bending part which is turned and deep 
rolled. The part is made of AISI 4140 (German grade 42CrMo4) and the dimensions 
are given in Fig. 3. Rotating bending tests are carried out on a 4-point-bending test rig 
type ROTABEND 400 by SincoTec. Three different specimen types are tested to iden-
tify the fatigue limit for each type. In a first step the fatigue limit for turned parts with 
no subsequent finishing operation is identified. In a second step the fatigue limit for 
turned and deep rolled specimens is identified. And in the final third step the specimen 
will be reduced in diameter and will be turned and deep rolled to achieve a similar 
fatigue limit as the just turned parts.

Fig. 3.  Tool and part geometry for the deep rolling of the rotating bending specimen.
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3  Rolling of Specimens

The highest loaded part in a roller bearing is the inner ring. Therefore, the inner rings 
of roller bearings type NU206 are hard turned and deep rolled on a Hembrug Slantbed 
Microturn 100, which is a high presicion lathe. For the deep rolling a hydrostatic roll-
ing tool type HGx from ECOROLL AG Werkzeugtechnik is used, where x displays 
different tool diameter. To identify the optimum parameters for the process to improve 
the lifetime the pre-machining (hard turning), the rolling ball diameter, the rolling 
pressure and the overlap factor is varied. In summary the deep rolling process reduces 
the surface roughness from the turning operation by about 50%. The residual stresses 
and hardness are only defined by the deep rolling process.

Which means to generate a surface roughness of Rz < 1 µm the hard turning 
already needs to generate a roughness of Rz < 2 µm. With feed values of less than 
f = 0.1 mm this is achieved within the cited project. For the deep rolling process, 
Maiss identified the most important factor, regarding the surface quality, the overlap 
factor. In the experiments an overlap factor of more than 70% generates a good sur-
face, as summarized in Fig. 4, left [16, 18].

To induce the necessary compressive residual stresses, it is found for the bearings 
to use a ball diameter of dk = 6 mm, which is respectively a tool type HG6. As it is 
known from the hertzian contact, larger contact diameters are inducing stresses into 
greater depth. The second factor is the rolling pressure, which affects the value of 
the maximum compressive stress. The overlap factor also changes the residual stress 
state, but this effect is less than for rolling pressure and ball diameter.

For the rotating bending tests the specimens are all deep rolled with a mechani-
cal deep rolling tool type EG5-40M from ECOROLL AG Werkzeugtechnik. In con-
trast to the machining of the bearings, this tool has no additional hydraulic unit which 

Fig. 4.  Effects of deep rolling on surface roughness and residual stresses by Maiss [16].



92    O. Maiß et al.

consumes additional energy. By using this kind of tool, both possible tool types, 
hydrostatic and mechanical, are considered within this study. This tool consists of a 
roller with a diameter of d = 40 mm and a radius of r = 2.5 mm. The roller is pressed 
to the surface in an angle of 45°. The force is applied by a spring which is applied 
by the machine tool. With this kind of tool, the notch radius of r = 3 mm (R3) can 
be machined with a constant feed value and indentation. The process parameters are 
chosen to be an indentation to apply a rolling force of Fw = 2000 N for the cylindri-
cal area of the part. The feed value is fw = 0.1 mm and the number of revolutions of 
n = 600 min−1, which means a rolling speed of vw = 24.5 – 43.4 m/min, depending on 
the diameter within the radius.

4  Increasing the Lifetime of Mechanically Loaded Parts

The effect of deep rolling on the lifetime of mechanically loaded parts can be sum-
marized as a training effect of the material. That means the induced residual stresses 
apply a counter load to the actual loads during the parts lifetime.

As described in the introduction, by inducing more compressive stresses as in the 
stable phase would be reached during the manufacturing, as it is done by deep rolling, 
the bearing lifetime can be expanded. The results of the cited research project indicate 

Fig. 5.  Increased fatigue life of deep rolled roller bearings NU206 [18].
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a lifetime increasement by the factor of 2.5, which means the deep rolled bearings 
reach 150% of the lifetime of conventional bearings. The Weibull diagram in Fig. 5 
shows the results [16–18].

For the rotating bending tests the parts are tested to identify the load for the 
fatigue limit. At the time this paper is written, the experiments are still running. From 
previous experiments an increase of about 30–40% can be expected. The actual data 
will be given at the conference.

5  Concept for Resource Efficient Lightweight Design

To reduce the material weight and therefore the CO2 emissions, the approach of Fig. 2 
will be applied in the following of this paper. The idea is to use the deep rolling pro-
cess to strengthen parts with less material to achieve the required fatigue limit. In the 
example of the roller bearings, this can be done by using the experimental data given 
in the previous sections and the well-known bearing lifetime calculations. The exper-
iments show, that the fatigue increasement factor for this roller bearings is 2.5. To 
compare the lifetimes a lifetime of a large and a small bearing is used, respectively 
L10,L and L10,S. Using the lifetime increasement factor.

Using the given basic dynamic load rating values Ci from the bearing manufacturers, 
Eq. (1) can be transformed to.

where for the NU206 from the experiments p = 10/3 and PL = PS, because the bearings 
is supposed to handle the same loads. Transforming Eq. (2) the new smaller bearing 
needs a bearing constant of CS calculated by.

The bearing basic dynamic load rating C for the NU206 is given by CL = 46,000 N. 
According to Eq. (3) the smaller bearing must have a CS = 34,944 N, which is given 
for a bearing type NU205.

This concept demonstrates one possible solution to apply a lightweight design for 
roller bearings by using deep rolling. It is based on assumptions which have to be 
approved in the future. One of these assumptions is, that the NU205 will have the 
same lifetime increasement factor as the NU206. Also, it is known, that the applied 
calculation method simplifies the bearing calculation. However, at this point, this 
concept is applied to give an idea how the lightweight design concept can be applied 
within the design phase. A similar approach will be used for the rotating bending 
tests. In contrast to the bearing tests, these results will be proven by actual experi-
ments in the future.

(1)L10,L = 2.5× L10,S

(2)(CL/PL)
p
= 2.5× (CS/PS)

p

(3)CS = CL/2.5
1/p
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6  Evaluation of the Resource Efficiency

To evaluate the material reduction, the material used for the lighter NU205 bearings is 
compared to the material used for the heavier NU206 bearings. To evaluate the effect 
of deep rolling on CO2 reduction, it would be necessary to detect the energy consump-
tion in the manufacturing process and measure all input and output resources (e. g. 
coolant or tool wear particles). So far, literature data does not allow this detailed eval-
uation. Therefore, the reduced amount of material will be taken into account at this 
point. The process chains for the production of both bearings are depicted in Fig. 6. 
It is visible that both process chains are similar with hard turning and deep rolling 
processes substituting the finishing operations grinding and honing. Both production 
chains start with full AISI52100 bars which are machined to size using turning opera-
tions. The input weight is estimated by using full bars with the outer diameters of the 
inner and outer ring as well as the rolling elements.

The NU206 has a total mass of mNU206 = 200 g, compared to a mass of 
mNU205 = 132 g for the bearing NU205. This means a reduced amount of bearing steel 
of about 33%. This reduced amount of material leads to an increased resource effi-
ciency. To determine the CO2-emissions connected to the production of the different 
bearing sizes, the best method would be to perform a lifecycle assessment (LCA) of 
both production chains. In order to perform such an analysis, process knowledge for 
every production step (i.e. energy consumption, tool wear, auxiliary supplies) would 
be necessary. Because this knowledge does not publicly exist yet, only a careful esti-
mation can be made. Considering that only one step is substituted, only the differ-
ence between the combinations grinding-honing and hard turning-deep rolling have to 
be considered. For these processes, the energy consumption was measured in similar 
magnitudes [16]. It can therefore be concluded that the weight reduction will also lead 
to a reduction of CO2 emissions.

Fig. 6.  Process chains for the bearing production.
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7  Summary and Outlook

This paper introduces a method to use surface engineering, in specific the use of resid-
ual stresses due to the mechanical surface treatment deep rolling, to evaluate a part 
weight reduction. This weight reduction is performed with the goal to reduce pro-
duction related CO2 greenhouse gas emission and material resources. Deep rolling is 
a finishing processes that deforms the surface and subsurface area of metallic parts. 
It is used to reduce the surface roughness and induce compressive residual stresses. 
Especially residual stresses can increase the fatigue limit of dynamically loaded parts, 
as for example roller bearings, shafts, or axes.

By deep rolling the parts, dimensions can be reduced without decreasing the 
lifetime of the actual part. Within this paper, literature data is used demonstrate the 
method and to identify the lifetime increasement by deep rolling for roller bearings. 
The discussed additional tests with rotating-bending-specimens are described to iden-
tify the lifetime increasement for rotating-bending-loads. The next step of this pro-
ject will be to finish the fatigue tests of the rotating bending tests. To evaluate the 
described method, a roller bearing NU206 is replaced by a smaller bearing type 
NU205. Using deep rolling, both bearings can achieve the same lifetime. At the end 
of this paper the resource efficiency is estimated by the evaluation of the amount of 
material used for the parts.

An evaluation of the CO2 footprint will be conducted in the following steps of 
this project. To perform this analysis, the same procedure will be conducted with the 
described rotating-bending-tests. The lifetime test will be conducted and a specimen 
with a reduced weight will be designed and tested. With the whole resource data on 
the manufacturing process, as e. g. energy, material or auxiliary supplies, a Life-cycle-
analysis can be conducted with reasonable assumptions.

In the future it will be necessary to take additional setups into account. It would 
also be interesting to include the effect on surrounding parts, which also can be 
decreased in size.
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Abstract.  Electrification and automated driving functions will have an enor-
mous influence on automobiles of future generations, resulting in particular 
in an increased focus on the interior. New operator concepts as well as free 
time gained through autonomous driving will require new solutions and offer-
ings for vehicle interiors. In addition, increased requirements for sustainability 
and the reduction or neutrality of CO2 emissions of materials, manufactur-
ing processes and final products will have a massive impact on the design of 
future vehicles. A modular interior is thought off for different usage scenarios 
for one vehicle: the mobile office for the daily trip to work or to a meeting, a 
bulk purchase or group excursion or the transport of goods in between times. 
Competencies in renewable raw materials, their processing and component 
functionalization are bundled for the design of future passenger car interiors 
and light commercial vehicles. The aim is to develop quickly replaceable com-
ponents which, on the one hand, allow the interior to be adapted to its respec-
tive purpose, having a long service life thanks to robust surfaces, and, on the 
other hand, guarantee repair and maintenance during the continued use of the 
vehicles in order to reduce vehicle downtimes. In this paper the development of 
an interior demonstrator for future mobility will be shown.
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1  Overview

The results of the subproject “Future Interior” within the project “FutureFlexPro - 
Development of variant flexible and eco efficient system components for future vehi-
cle generations in the sense of a holistic circular economy” will be shown. Within this 
project an interdisciplinary approach combining the know how of several Fraunhofer 
Institutes resulted in the concept and manufacturing of a sustainable and function 
integrated door panel for future cars and the valuation of the corresponding processes 
and technologies. Work was starting from the design of the panel, the selection and 
processing of bio-based materials, their functionalization such as self-cleaning and 
dirt-repellant surfaces, metallization, and sensor integration. Furthermore, a Life 
Cycle Assessment (LCA) of the surface pretreatment processes prior to the material 
joining was carried out, showing the atmospheric pressure plasma technique to have a 
much lower environmental impact than conventional methods. The panel itself and its 
features for the interaction between occupants and vehicle according smart surfaces 
will be shown.

Within the project a survey has been conducted about the acceptance of sustaina-
ble and recycled materials in an automotive interior in the three automotive lead mar-
kets USA, China and Germany.

2  Objectives

The overriding goal of our joint work is the conception and exemplary implementa-
tion of sustainable, modular components for future mobility vehicles, taking into 
account complete life cycles from the manufacturing, use and disposal phases as well 
as the evaluation of ecological aspects and business model considerations. Current 
developments can be seen in [1], Appropriate modular concepts must be examined 
with regard to their economic competitiveness with classic solutions for highly effi-
cient, unit-oriented production in order to ultimately be able to obtain a market and 
application opportunity. In particular, high potentials for the effective use of compo-
nents are to be expected through the decoupling of stress and lifetime of these com-
ponents. Derived from this, the question of the optimal design arises in the area of 
tension between economies of scale and modular design. This must be carried out tak-
ing into account various utilization and number-of-units scenarios.
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3  Results

3.1  Demonstrator manufacturing

In the interior sub-project, two different sets of demonstrators were built, one veneer-
based, one nature fiber reinforced plastic based. The general design can be seen in 
Fig. 1.

The veneer-based, functionalized demonstrator components were successfully 
produced in a sandwich design with targeted surface functionality and sensor inte-
gration using a vacuum process. The demonstrators are made of lightweight particle 
foam and birch veneer plywood, one example can be seen in Fig. 2. According to 
the current state of the art, veneer in interiors is coated with several layers of var-
nish to meet the requirements of the mobility sector. However, the optic and above 
all the haptic properties of the natural material wood are lost in the process. One aim 
of these researches was therefore to use a functional coating that preserves the natu-
ralness of wood and at the same time has dirt-repellent properties. Plasma-enhanced 
chemical vapor deposition (PECVD) processes were used to achieve functional sur-
faces to adjust the hydrophobicity and dirt repellency of the top layers made of walnut 
and maple veneers, as well as vegan leather in various combinations. Here, a set-up at 
atmospheric pressure was used, where nitrogen was enriched with suitable film form-
ing precursors optimizing the conditions of the plasma process [2–7]. The lamination 
of the temperature sensor initially serves as a first feasibility demonstration for the 
integration of a sensor into a veneer-based material, whereby neither the sensor nor 
the material should be damaged. For demonstration purposes it is conceivable to con-
nect the sensor to temperature indicating LEDs or to a surface heating system.

In further investigations, other sensors are of course possible, as well as a wide 
variety of user interfaces for the passenger. For the integration of the sensor inserts, 
bonding tests were carried out beforehand to determine both the material of the sub-
strate films and the adhesive. Both polyethylene terephthalate (PET) and polyim-
ide (PI) have proven to be suitable substrate films. Coating the sensors with PI film 
also protects the sensors in the plywood. A 1-component polyurethane has proved 
suitable as an adhesive between the veneer and the substrate films. Pre-activation of 

Fig. 1.  Design of a door panel used for a sustainable, modular interior demonstrator.
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the substrate foils by an atmospheric pressure plasma using pure nitrogen led to an 
improvement in the adhesion properties of the foil-veneer composite.

Finally, a thin-film-based temperature sensor was successfully developed as part 
of the project. Suitable polymer-based substrate materials were investigated and eval-
uated, and adapted cleaning, coating and microstructuring processes were developed 
for manufacturing the sensor insert. By means of several design variants, the electrical 
resistance range of the sensors could be adapted to the required range. The final elec-
trical contacting and characterization of the thermoresistive sensor behavior showed 

the expected linear T-R dependence. Also, the forming process had no negative influ-
ence on the functionality of the sensors, see Fig. 3.

One challenge, however, was the thickness of the contact points and cables of the 
sensor integrated in the veneer layer structure, which led to clearly visible unevenness 
in the component, see Fig. 3. This can only be minimized by flatter contact points. In 
order to reduce the influence of the cables, a solution was devised in which the cables 
are installed on the front side of the component and are routed away hidden in a clasp, 
see Fig. 1.

Fig. 3.  Veneer sample with an integrated sensor.

Fig. 2.  A veneer based door panel with laser structured walnut top layer before applying the 
vegan leather.
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As second demonstrator, a textile-based, function-integrated interior component 
was developed. The component consists of a flax fiber fabric, conductive silver-coated 
polyamide yarns, embedded in a plastic matrix of partially bio-based epoxy resin, 
designed and manufactured at HOFZET of Fraunhofer WKI, see Fig. 4. The conduc-
tive yarns can be embroidered on before the fabric is processed into a component or 
directly woven in during fabric manufacture. In the second case, conductive yarns 
were inserted into the natural fiber fabric at regular, defined intervals of 5 or 10 mm 

respectively. The fibers are the basis of the integrated sensor systems. A touch func-
tion with simple gestures could be build up without any additional sensoring system, 
see Sect. 3.2.

The challenge in the project was to contact the embedded conductive fibers with-
out impairing the function or allowing the contact to be perceived on the visible side. 
The chosen solution also had to ensure that the fine fibers were contacted in a repro-
ducible manner. Access to the fibers can be guaranteed even after embedding in the 
resin matrix via material accumulation on the underside of the component.

3.2  Functionalization of the Demonstrators

With regard to the functional coating of the veneer surfaces, it was possible to eval-
uate coatings that are stable over the long term while retaining the haptic and opti-
cal properties in order to reduce soiling. Particularly noteworthy are subsequent 
veneer reshaping processes, which have no negative influence on the surface coating. 

Fig. 4.  A door panel based made from bio-based materials at Fraunhofer WKI, HOFZET 
enabling integrated touch functions.
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Analytical verification was carried out by determining the surface energies determined 
from the contact angels of water and diiodomethane, see Fig. 6.

Targeted bio-based coatings using atmospheric pressure plasma and time-depend-
ent measurements of coating stability by determining the contact angle as well as the 

Fig. 5.  Exemplified unsaturated fatty acid structure (glycerine trioleate).

Fig. 6.  Contact angles of water (H2O) and diiodomethane (MeI2) and surface energy of 
hexamethyldisiloxane (HMDSO)/chiaoil coated veneer in comparison to an untreated and a 
solely HMDSO coated wood substrate.
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surface energy show a clear trend towards superhydrophobic surfaces. Especially, the 
use of unsaturated systems are of a great interest, due to the molecular double bond 
characteristics that offer a significantly higher polymerization rate. Here a careful con-
trol of energy input is required and thus also the radical formation (structural dam-
age) of the sustainable coatings to the substrate is minimized. The structural building 
blocks of especially unsaturated bio-based oils are known and can be used for sus-
tainable plasma polymerization [2–5]. An essential basic feature is the long and partly 

unsaturated hydrocarbon backbone, see Fig. 5. The higher the degree of unsaturation 
(e.g. amount of triple-unsaturated fatty acid), the more crosslinked network can be 

Fig. 7.  Repellency-tests on HMDSO/chiaoil coated walnut veneers by the use of fluorescent 
marker, coffee and pure iodine.

Fig. 8.  Dirt-repellence tests of plasma-treated veneers based on hand creams and sunscreen.
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formed by plasma-polymerization to achieve properties, such as hydrophobicity and 
dirt-repellency on the surface.

The hydrophobicity of the wood veneer can be significantly increased. Exemplary, 
a hydrophobicity test on a chia oil film on a walnut veneer was carried out, as shown 
in Fig. 7. All three solutions (fluorescence marker, coffee solution and iodine) draw 
instantly into the untreated wood material and shows a widened pollution. After plas-
ma-enhanced deposition of chia oil the water-based marker and coffee solution repels 
from the surface easily. Also, the iodine repels from surface while maintaining clean 
veneers.

Cream resistance tests proved to be challenging, as very different results were 
generated, since differently tested hand creams and sunscreens have very different 
compositions (including perfumes), see Fig. 8.

In the development of a textile-based, functionalized demonstrator, proof of func-
tion was provided. With this demonstrator adjustment of ambient light as well as a 
heating for the passengers can be shown with turning the system on by swiping to the 
front, locking it against unwilling changes by swiping to the back and adjusting light 
or heat by holding the hand on the surface when turned on. The embroidered button 
can be used for switching back and forth between functions. One use case we see with 
this rather simple and intuitive gestures is the interaction with a level 5 autonomous 
vehicle giving passengers anywhere in the interior of the vehicle the chance to interact 
with it, e. g. opening the window, stopping the car or adjust ambient light and heating 
as we show in the demonstrator. These functions might be transferred to any compo-
nent based on shown materials.

With this demonstrator the 5 mm intervals did not give any improvement regard-
ing the resolution of the touch sensor as the signals could not clearly be separated. 
With 10 mm intervals the signals from the single fibers could be distinguished and 
described functions could be integrated well.

In the course of demonstrator production, a number of manufacturing chal-
lenges were identified, in particular the integration of contact points. In order to pro-
vide functional proof, the conductive yarns were first routed out of the infusion area. 
However, subsequent trimming of the component is only partially possible as a result. 
One goal for follow-up projects must be to introduce contacting possibilities in the 
weaving process or to develop a contacting process that accesses the embedded yarns 
directly through the reverse side of the components.

In addition to the previously defined project goal, the woven-in conductive threads 
can also be used as sensory elements that can be used to design a 3D touch surface.

3.3  Surface Pretreatment Sustainability (Life Cycle Assessment, LCA)

In order to investigate the environmental performance of the surface pretreatment 
techniques that might be employed in manufacturing interior components (e. g. prior 
adhesive bonding or paining), the Life Cycle Assessment (LCA) of the wet-chemi-
cal cleaning with isopropanol and the dry atmospheric pressure plasma treatment of 
polypropylene substrates was carried out using Umberto® software (ifu Hamburg) [8]. 
Thereby, according to the LCA methodology in line with ISO 14044 [9], the system 
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boundaries included an adequate surface pretreatment of a 1 m2 of polypropylene sub-
strates (functional unit), whereas the Global Warming Potential (GWP in Kg CO2-eq.) 
was considered as the midpoint impact category for the Life Cycle Impact Assessment 
(LCIA) of the pretreatment processes.

For the Life Cycle Inventory (LCI), the consumption of isopropanol and the 
paper wiping cloths amount needed for the desired treatment result were identified 
as decisive impact factors (input flows) for the wet-chemical cleaning and determined 
experimentally, with regard to the functional unit, see Table 1. For the atmospheric 

Table 1.  Functional unit and key impact factors (input flows) used in LCIA of surface pretreat-
ment techniques.

Fig. 9.  Contribution of key impact factors to GWP of: (i) dry atmospheric pressure plasma 
treatment and (ii) wet-chemical cleaning.
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pressure plasma treatment, the actual consumption of the process gas (compressed air) 
and the electricity consumption were found to be significant and established experi-
mentally, also with regard to the functional unit and the plasma process parameters, 
see Table 1.

Basing on the ecoinvent database [10], both the total GWP and the GWP of each 
single input flow identified above were derived to characterize the environmental 
impact of the considered pretreatment techniques. The results of the performed LCIA 
are shown in the bar diagram in Fig. 9 and listed in Table 1.

Comparing the investigated surface treatment methods, the GWP of the dry 
atmospheric pressure plasma processing is only about 1% of the GWP value of the 
wet-chemical cleaning. This indicates a particular environmental friendliness and sus-
tainability of the plasma processing in comparison to the conventional techniques.

3.4  Acceptance Studies

Beneath the assessment of the technical realization and the life cycle impact of new 
interior material it is crucial for evaluating a possible market success to understand 
if those materials will be accepted by users and if they are willing to pay for those 
innovations. For gathering this information and to build up a holistic picture of the 
introduced innovations, an international user survey was conducted to reflect the 
technical research from the project from a users’ perspective. The questionnaire was 
divided into different parts: A first part contained a few questions that allow building 
different target groups, such as socio-demographic or character-related segments. The 
second part related to the comparison of different material groups and the last part 
was designed to ask questions that help to identify how users perceive the different 
material groups from a personal perspective.

The acceptance study is dedicated to the analysis of target group-specific require-
ments for the material world inside a vehicle. The transformation of production 
processes toward the use of sustainable and recyclable materials requires a compre-
hensive understanding of how different materials and substances affect and are per-
ceived by the consumers. Their attitudes and expectations can vary greatly and depend 
on personality, nationality or generation type. To ensure a broad set of different user 
types, a total of 4544 subjects participated in the study, of which 1512 subjects were 
from China, 1503 subjects from Germany and 1529 subjects from the USA. The anal-
ysis provides valuable and target-group-specific starting points as to which properties 
need to be addressed when used in vehicle interiors. Furthermore, the results give 
insights about those aspects that have to be focused on more strongly in order to com-
municate the attributes of the material more clearly.

As a general result it was identified that the material groups wood and leather are 
perceived by the most respondents as being of the highest quality. Plastics and textiles 
are perceived by the respondents to be of the lowest quality. In Germany, wood is 
perceived as being of significantly higher quality. Leather, on the other hand, is the 
most favored material within the USA; this effect is also statistically significant. In 
general, it can be seen that at the Chinese market, the younger generations, as well 
as users with dominant or stimulated characters are more polarized regarding to the 
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evaluation of the presented materials. Within the Chinese sample, the material group 
metal is significantly more strongly associated with high quality. The traditionalists 
perceive leather as being of significantly higher quality, while the younger generations 
in particular also rate alternative materials such as stone or composite material better.

The measurement of the semantic differential that was calculated based on the 
results, shows material-dependent differences:

• Wood is perceived similarly by all subgroups and does not show major valuation 
differences. The material is perceived as attractive, natural, warm and of high 
quality.

• Textile is rated more in the direction of cheap and artificial, but convinces with 
comfort and warmth. The German respondents perceive the material as less attrac-
tive, safe and stable. There are no significant differences in the assessment of the 
generations and the personal character of the participants.

• Leather-like materials are perceived across the board as being expensive and of 
high quality. Regarding the generations a very homogeneous evaluation shows up. 
If one compares the personality types, the dominance types in particular favor this 
material group and evaluate their characteristics much more positively.

• Composite material receives a rather moderate rating, which can only be assigned 
to one direction to a limited extent. It is striking that the material is not perceived 
as dominant natural. For this group of materials, knowledge penetration within 
society is rather low. As a result, subjects may have had problems evaluating the 
material group according to its properties, since no (conscious) empirical values 
could be used. This effect is particularly noticeable in the German market and 
among traditionalists.

• Stone is rated somewhat more moderately. Here, the characteristics high value, sta-
ble, expensive and cold dominate. The country comparison shows that the material 
is perceived as significantly more attractive for the American market. Germans, on 
the other hand, tend to perceive the material as uncomfortable. Younger genera-
tions, as well as the dominant and stimulant types, tend to give this material posi-
tive attributes.

• Metal is generally perceived as cool, stable and uncomfortable. The Chinese mar-
ket in particular is convinced of its value and perceives it as significantly more 
attractive. The German respondents also see this material as more harmful to the 
environment compared with the respondents of the other two countries.

• If we look at the generations, we see a rather heterogeneous picture that varies only 
in the strength of the tendency. The stimulus and dominance types rate this group 
of materials much more positively.

• Plastic is perceived by the interviewees as rather moderate across the board and 
shows hardly any clear characteristics in the direction of an attribute. The material 
is evaluated as artificial and rather favorable, but at the same time also in the direc-
tion of stable and safe. While there are clear differences between the countries, the 
material is rated rather similarly across the generations and by the types and again 
varies only in the strength of the tendency, while the direction of the rating remains 
identical.
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Some of the results were displayed on a material wall at the IAA Mobility 2021 in 
Munich. On the wall three different generations-related material and color concepts 
showing a mixture of sustainable and high-quality materials were exhibited. Real 
materials as developed and used at the FutureFlexPro-project were shown at the wall 
what allowed a better valuation of the materials by the visitors as during the pic-
ture-based online survey. The result is relatively clear: each generation perceives the 
materials differently - and thus poses special challenges for the designers and devel-
opers of the vehicle cabins of the future. Therefore, not only the material itself and 
its sustainable footprint must be considered in applied development processes, but 
these aspects must be evaluated in terms of influence and acceptance of specific target 
groups to ensure innovation success.

4  Conclusion and Outlook

Within the presented project the manufacturing and functionalization of a bio based 
door panel as example for a future interior component could be shown successfully. 
The production of wood-based demonstrators could be realized well in the vacuum 
process. However, until now several steps have been necessary to glue the individual 
components together. Further work is therefore needed to investigate how the manu-
facturing process can be optimized.

The effect of the coating of a vegetable oil on wood veneers by a Dielectric 
Barrier Discharge (DBD) based plasma process and the corresponding surface charac-
teristics were presented. Based on the deposition of bio-based chia oil coatings a pro-
cess was developed to improve the hydrophobicity on the sustainable surfaces. With 
optimized parameters, a delayed penetration time of water into the veneer surface was 
reached. Thus, regarding the cream stained surfaces, dirt-reducing coatings on the 
basis of a HMDSO/chia oil system can be achieved.

Furthermore, a Life Cycle Assessment (LCA) of the surface pretreatment pro-
cesses prior to the material joining was carried out, showing the atmospheric pres-
sure plasma technique to have a much lower environmental impact than conventional 
methods. In particular, this indicates a high potential of the plasma processing for the 
environmental friendliness and sustainability of the target future mobility solutions.

Related to the consumer survey, clear differences between generations and coun-
tries about preferred materials could be identified. This shows that also the use cases 
and target groups of vehicle projects should have been to be considered during the 
selection of sustainable materials, as it will influence the acceptance and willingness 
to pay of possible solutions. Based on the IAA experiment it can be suggested that 
further consumer research should also be done on the base of showing and valuating 
real materials. Those results could be compared to the ones of the presented interna-
tional survey to extract strong recommendations.

Based on the results further work will be carried out in order to show a quick 
replacement of interior panels. These solutions might support quick repair for shared 
mobility which will support a high utilization time of vehicles. On the other hand, 
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corresponding solutions will enable a cost-effective modernization of the interior. 
Main focus of the work will be mounts and integrated electronics.
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Abstract.  Efficient lightweight solutions becoming increasingly important in 
the automotive industry. Since the trend of using sustainable electric engine 
drives is ongoing, the CO2 impact of car components is becoming more impor-
tant for the overall aim to produce a CO2 neutral mobility until 2050.

So far, for automotive components almost exclusively carbon fibre rein-
forced plastics have been used in lightweight construction. Natural fibres 
offer an ecological alternative for non- or semi-structural car body parts. They 
exhibit, however, lower stiffness and strength than carbon fibres, but mechanical 
properties are sufficient for many applications for car body parts. Due to their 
naturally grown structure, natural fibres dampen sound and vibrations better. 
Their lower tendency to splinter can help reduce the risk of injury in the event 
of an accident. In addition, they do not cause skin irritation during processing.

The overall aim of the project is the development of a sustainable biosourced 
natural fibre reinforced epoxide for a car door. The research approach is a fast cur-
ing bio-sourced epoxy system for RTM (Resin Transfer Moulding) applications 
with a glass transition temperature >100 ℃ of the natural fibre reinforced com-
posite. Due to its chemical structure, the bio-based epoxy resin has a tough elastic 
behaviour, which could offer advantages in the crash test. Among the used chem-
istry for the bio-sourced material, the kinetics of the bio-sourced resin will be con-
sidered and brought into relation of the whole production process. Additionally, 
data of dynamic thermomechanical analysis of the material will be presented.

Keywords:  Lightweight design · Bio-sourced materials · Exterior ·  
Bio-epoxy · Natural fibre

1  Introduction

Renewable raw materials, i.e. plants that are industrially cultivated for use as raw 
materials outside the food industry, have a potentially advantageous carbon footprint 
due to CO2 fixation in their growth phase. For example, on average, only about 45 MJ 
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is required for one kg of natural fibre yarn [1]. In omparison carbon fibres require 
between 200 MJ/kg [2] up to 340 MJ/kg [3], i.e. 5–7 time more energy. Natural fibres, 
such as flax or hemp, have some advantageous properties, such as a lower tendency to 
splinter or a low density. Their mechanical properties are significantly lower in terms 
of elastic modulus and tear strength than those of carbon fibres, but are sufficient high 
for many applications in combination with epoxy resin [4–8]. To consistently continue 
the use of renewable raw materials, the use of a bio-based epoxy resin or hardener is 
therefore indispensable. Resins of epoxy systems comprise of molecules having an 
oxiran ring in their structure. These oxiran rings are thermodynamically instable and 
can be ring opened by acidic and basic reactants. The position of the oxiran ring in the 
molecule determines the reactivity of the ring opening reaction. Common epoxy res-
ins which can be cured at room temperature are mainly glycidyl ethers of alcohols and 
the oxiran ring is at the edges of the molecule and thus easily accessible for reactants 
[9]. Oxiran rings in epoxidized vegetable oils are far less reactive since the rings are 
in the middle of a hydrocarbon chain of the triglyceride molecule and thus sterically 
hindered. Epoxidized vegetable oils therefore are typically cross-linked at high tem-
peratures (120–180 ℃) and referred to as thermosets [10] and [11]. Bio-epoxy resins 
are scarce products on the market. Commercially available are bisphenol-A-digly-
cidylether resins (BADGE) with a BIO-C (carbon origin from renewable resources) 
content of ~28% originating from the reaction of mineral based bisphenol A with 
Bio-epichlorhydrin derived from Bio-glycerol originating from Bio-diesel produc-
tion. Commercially available is also the glycidyl ether of Bio-glycerol. At present the 
BIO-C content can be measured by radiocarbon measurement (C14 Method ASTM 
D6866). The BIO-C content varies from 28 to 53%. Suppliers of bio-based epoxy 
resins are for example: Sicomin Epoxy Systems, Sika Advanced Resins. Resoltech, 
Entropy Resins, Inc, Spolchemie and AEP Polymers SRL.

Oxiran rings can be opened by various functional groups. Commercially available 
amines with a measurable BIO-C content are practically not available. Thus, polyam-
ino amides, the reactants of amines with fatty acids are the typical hardeners of first 
choice, when looking for hardeners with a BIO-C content. Polyamino amides com-
prise of pre-polymers made of polyamines and polyvalent fatty acids. In their work, 
Ramon compare a large number of bio based systems with regard to their applicability 
as the matrix of a composite material in aviation and show the suitability of some 
solutions. In principle, however, the systems considered show a high scattering of the 
investigated characteristic values and no or only very limited commercial availability 
[11]. Mustapha's work gives an overview of vegetable oil-based epoxy resins combi-
nation with bio-based hardeners. Besides commercial availability, higher mechanical 
properties are desirable. Furthermore, he shows a high variability of the glass transi-
tion temperature [12].

Various studies show that glass transition temperatures well above 100 ℃ are pos-
sible, but this requires a curing time of 1 h or more [13–15]. This is in discrepancy 
when fast curing cycles (<20 min) are necessary in the course of series production 
using resin transfer moulding. In addition to the cycle times, energy-efficient process 
control is also a decisive factor here, especially nowadays. The impregnation of the 
semi-finished products in the cavity is a critical point, because long impregnation and 
curing times are associated with high costs. Heating or using fast curing resin systems 
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offer the possibility to reduce the infusion time [16]. In this context, the viscosity of 
the resin also plays an important role for sufficient impregnation within given pro-
duction times. In order to ensure optimal resin distribution, it should have a low vis-
cosity and the inflow and outflow of the resin should be well distributed [17]. The 
pressure acting on the resin and the permeability of the fibre semi-finished products 
also influence the thickness of the finished workpiece [18]. The aim of the work in 
the project “BioResinProcess” is therefore the development of a fast-curing, bio-based 
resin-hardener system with a glass transition temperature in the natural fibre compos-
ite >100 ℃. The feasibility is to be demonstrated on an exterior part of a vehicle com-
ponent produced by resin transfer moulding.

2  Materials and Methods

2.1  Materials

2.1.1  Natural Fibre Fabrics 
The natural fibre fabric used is AmpliTex™ 5040 with a basis weight of 300 g/m2 
from Bcomp.

2.1.2  Bio-Epoxy Resins 
Th1e conventionally available partially bio-based epoxy resin Greenpoxy 56 (GP56) 
from the company Sicomin is used. The mixing ratio to the developed hardener is 
adjusted stoichiometrically via the epoxy or amine number. For the investigation of 
the energy consumption, the hardener SZ 8525 from Sicomin was used and cured for 
25 min at 80 ℃ according to the technical data sheet.

2.1.3  Bio-Hardeners 
In this study, amine-, amide-, carboxylate- and anhydride groups were utilized. By 
careful selection of the reaction partners, polyamino amid hardeners for resin transfer 
moulding with an initial BIO-C content of 81% have been synthesized. These hard-
eners are not able to generate a TG of 100 ℃ when reacted with the available BIO-C 
epoxy resins. Modification of the polyamino amide pre-polymer with adducts of min-
eral based epoxy resins of high functionality allow to overcome the intrinsic flexibility 
of the polyamino amides and the cured. This modification decreases the BIO-C con-
tent from initially 81 to 64%.

2.2  Methods

2.2.1  RTM Process 
A pressure pot system is used for the production of the natural fibre reinforced 
plastics. This is shown schematically in Fig. 1. A plate cavity with the dimensions 
400 × 400 mm is used as a mould. The plate thickness is variably adjustable, for these 
experiments it is 2 mm. The tool is shown in Fig. 2. The mould is heated via water-fed 
temperature control units.
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After placing the fabrics in the preheated mould it’s closed with a force of 120 kN. 
The cavity and pressure pot are then evacuated to a pressure of 2 mbar. This process 
is used for additional drying of the fibre so that the fibre moisture is below 2%. By 
applying pressure to the system, the resin is pressed into the cavity and cured. For the 
tests, the pressure was set between 3 and 9 bar. The mould temperature was varied 
between 105 and 115 ℃. In the course of the energy recording, the entire process time 
was considered, including evacuation, drying and injection. This results in a total pro-
cess time of 40 min for this sample.

2.2.2  Viscosity 
As already stated the viscosity is important to control the RTM-process. The viscos-
ity was measured by Kinexus Lab+ by Malvern Panalytical. After mixing the resin 
and the hardener a sample was placed between a preheated plate-plate Peltier-heated 
device. The measurement was carried out in oscillation mode with a 1% displacement 
and a gap of 1 mm.

Fig. 1.  Schematic representation of the pressure pot process

Fig. 2.  Mould cavity with inlaid natural fabrics
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2.2.3  DSC (Differential Scanning Calorimetry) 
A Mettler DSC 3+/700 was used to identify the kinetics of the epoxy resins under 
investigation. Model-free-kinetic (MFK) according to Vyzovkin [19] was used to 
simulate the curing behaviour of the epoxy resins at various temperature. Model-free 
analysis is based on two assumptions:

a) The reaction can be described by only one kinetic equation for the degree of reac-
tion α:

where E(α) is the activation energy depending on the conversion α, and A(α) is the 
pre-exponential factor. R is the universal gas constant and T the temperature.

Activation energy E of chemical reaction is calculated without any assumption 
about reaction type, but pre-exponential factor A can be found only under assumption 
about reaction type.

b) The reaction rate at a constant value of conversion is only a function of 
temperature.

This method is especially common describing the kinetics of reactive resins, were due 
to viscosity change a simple nth-order kinetic changes during the chemical curing into 
a more complex diffusion driven kinetic.

Additionally, an isothermal conversion of the epoxy system was measured by 
determining the integral of the enthalpy curve and calculation the time-dependent con-
version by

where �Ht is the enthalpy at time t and �H0 is the total enthalpy of the reaction.

2.2.4  DMA (Dynamic Mechanical Analysis) 
All measurements were carried out in a Tritec 2000 DMA by Mettler. The specimen 
geometry of the RTM-processed samples was 9 × 5 × 2 mm3. All samples were 
measured with single-cantilever-modus. The displacement was 20 µm at a frequency 
of 1 Hz. A temperature range between 20–180 ℃ with a heating rate of 2 K / min. 
Was investigated. Evaluating the influence of the fibre on the DMA, the plates were 
prepared with windows in which only resin was cross-linked with the same thermal 
history compared to the NFC (Natural Fibre Composites) as seen in Fig. 3.

dα

dt
= A(α)f (α)e

(

−E(α)
RT

)

α =
�Ht

�H0
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2.2.5  Tensile Properties 
The tensile properties were determined in accordance with DIN EN ISO 527-4. The 
Youngs modulus is calculated via the quotient of the difference in tensile stress and 
the difference in longitudinal by

where: σ2 is the stress measured at a strain value ε2 = 0.0025 (0.25%); σ1 is the stress 
measured at a strain value ε1 = 0.0005 (0.05%).

The tensile strength σt as resistance to tensile load is calculated by

where: Fmax is the maximum tensile force [N]; A0 is the initial cross-sectional area of 
the specimen [mm2].

2.2.6  Flexural Properties 
The flexural properties were determined in accordance with DIN EN ISO 14125. The 
bending modulus of elasticity is calculated via the quotient of the difference in tensile 
stress and the difference in longitudinal strain by

where: σf2 is the stress measured at a strain value ε2 = 0.0025 (0.25%); σf1 is the stress 
measured at a strain value ε1 = 0.0005 (0.05%).

The bending strength σf as resistance to bending load is calculated by

where: Fmax is the maximum bending force [N]; L is the span [mm]; b is the width of 
the specimen [mm]; h is the thickness of the specimen [mm].

Et =
σ2 − σ1

ε2 − ε1
[MPa]

σt =
Fmax

A0

[MPa]

Ef =
σf 2 − σf 1

εf 2 − εf 1
[MPa]

σf =
3 ∗ Fmax ∗ L

2 ∗ b ∗ h2
[MPa]

Fig. 3.  Typical samples measured by DMA. Top: NFC; Bottom; Area of only resin in the NFC
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3  Results

The use of a pressure pot has the advantage of being able to process small quantities 
of a variety of systems without major cleaning effort. A disadvantage is the prepara-
tion quantity, which leads to a shortening of the pot life due to the exothermic effect. 
The batch was preheated to 60 ℃. This temperature was derived from the viscosity 
values determined, see Fig. 4, and the modelled reaction kinetics. At 60 ℃ the viscos-
ity is low enough allowing a working window of ~10 min to fill the mould with resin. 
This time dependent viscosity also reveals that the system GP56 + LV15877 (LV15877 
and LV15888 are newly developed biosourced fatty acid poly aminoamides harden-
ers) has a lower viscosity compared to GP56 + LV15888. As later seen the thermo-me-
chanical properties of the two systems are more or less equal, therefore providing the 
hardener LV15877 is an advantage for processing the NFC.

Depending on the resin-hardener mixtures investigated, the conditions were thus 
different. By adjusting the injection pressure and finally also the mould temperature, 
the filling capacity of selected systems was investigated. Figure 5 shows the influence 
of two different hardness viscosities: LV15877 with 2720 mPa * s and LV 15888 with 
7200 mPa * s. While filling at approx. 8 bar is possible with the LV 15877 system, even 
an increased pressure of approx. 9.5 bar is not sufficient for filling the cavity with the LV 
15888 system. If the mould temperature is also increased, the unfilled volume increases 
further. In contrast, filling with LV 15877 is possible even at 115 ℃ mould tempera-
ture. When the maximum of the laboratory plant was reached with approx. 10 bar and 
115 ℃, the tests were successfully continued on an industrial plant: The complete filling 
of a plate cavity of 500 × 500 × 2 mm was possible without any problems.

Fig. 4.  Time-dependent viscosity of GP56 + LV15877 and GP56 + LV15888
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The results obtained in this work, show that to maximize the conversion α and 
thus the optimum thermal-mechanical properties, it is necessary to increase the pro-
cess temperature and/or extend the processing time. Figure 6 shows the relative 
energy consumption of different variations of time and temperature. The energy con-
sumption shown, includes the temperature control of the mould, the vacuum, as well 
as the demand of the press and the injection pressure. As an example, the parameters 
for the mixture GP 56 + SZ 8525 specified in material and methods were determined 
as 100% in Fig. 6. A relative representation was chosen, as the energy consumption 
is tool- or system-specific and absolute values are not necessarily representative for 
the targeted component. The results illustrate that an increase in temperature by 10 
does not lead to a significant increase in energy consumption. If, on the other hand, 
the temperature is increased by 20 K, a reduction in time is necessary to prevent an 
increase in energy demand. At a constant mould temperature, an increase of curing 
time leads to a significant increase in energy demand of approx. 50%. The consid-
eration of the target value glass transition temperature by means of DMA shows on 
the one hand that this longer time does not increase the glass transition temperature. 
Only an increase in the mould temperature leads to an increase in the glass transition 
temperature. On the other hand, it shows that the selected reference is not fully imple-
mented. However, it should be noted that these investigations will be necessary as 
soon as a target-oriented resin-hardener formulation is found. This is to be compared 
with the petroleum-based reference in order to define extended process conditions on 
the basis of energetic variables.

GP 56 + LV 15877
Mouldtemp.: 105°C 
Pressure: 8 bar

GP 56 + LV 15877
Mouldtemp. 115°C
Pressure: 8 bar

GP 56 + LV 15888 
Mouldtemp.: 105°C
Pressure: 9,5 bar

GP 56 + LV 15888 
Mouldtemp. 115°C
Pressure: 9,5 bar

Fig. 5.  Filling level of different hardeners with different process parameters
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The stiffnesses and strengths of the composite are decisive in determining whether 
the target component can be reshaped without adapting the layer structure. Figure 7 
(right) shows the tensile strength of Greenpoxy 56 with selected developed formula-
tions. The mean values of the tensile strengths compared to the petroleum-based refer-
ence have similar values compared to the reference system. This is also the case with 
the young modulus Fig. 7 (left).

Other important characteristics are the flexural modulus and the flexural strength 
of the NFC, Fig. 8, left shows the flexural moduli of the NFCs. For the bio sourced 
NFC similar values compared to the petroleum-based reference were found. The same 
holds for the flexural strength (Fig. 8, right).
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Fig. 8.  Flexural modulus (left) and flexural strength (right) of different formulations

Fig. 7.  Young’s modulus (left) and tensile strength (right) of different formulations
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Further thermodynamical measurements were carried out by means of DMA. 
Figure 9 shows the Young’s moduli, E’, and the loss factor, tan δ, of fibre-reinforced 
epoxy resins. As an example, the system GP56 + LV15888 is depicted. The samples 
were cured at either 110 ℃ or 150 ℃ for 20 or 90 min. The sheer epoxy resin without 
fibres was cured at 150 ℃ for 20 min. The results clearly indicate that the flax fibre 
has an influence on the glass transition temperature of the composite. A curing temper-
ature of 150 ℃ for 20 min will fully cure the resin as proven by DSC-measurements.

Figure 10 reveals the isothermal conversion at 127 ℃, directly measured by deter-
mining the conversion via integration of the enthalpy of the heat flux and by calcula-
tion via the model-free kinetics. After 20 min the curing reaction is almost finished 
with a conversion of higher than 93%.

However, the TG of the composite is 12 K lower than the TG of the resin with-
out fibres. This difference is also found for other epoxy resins under investigation. To 
determine the reason for this temperature, drop the cured composite was stored for 
48 h in water. After water storage the TG dropped down to 92 ℃. After drying at room 
temperature for 2 weeks, the TG went back to 98 ℃. So far it can be concluded that 
water and moisture have a reversible influence on the TG on the fully cured composite 
in terms of softening the composite. The reason why the TG of the composite is 12 K 
lower than that of the sheer resin can only be speculated on. It is possible that the 
moisture in the fibre opens the oxirane rings of the epoxy resin which are then not 
available to cross-link with the hardener. The non-cross-linked fatty acid chains may 
soften the cured epoxy resin. Further investigation in order to prove this hypothesis 
are ongoing.

Fig. 9.  DMA results of GP56 + LV15888 NFC and native resin
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To estimate the required curing parameter of the resin the conversion of resin was 
measured by DSC. The isothermal conversion at 127 ℃ reveals that approximately 20 
min are required to achieve.

95% curing rate (Fig. 11). The applied model-free kinetic technic does not work 
for this system. This is because of a reaction that has its maximum value at 220 ℃. As 
the temperature cannot exceed 250 ℃ in the DSC because degradation processes of 
the resin start, the end of the reaction cannot be fully monitored. Hence, the identity 
of the isothermal conversion and the model-free kinetic fits very good up to 65% con-
version, but differ with higher conversion rates.

Fig. 10.  Isothermal conversion of GP56 + LV15888 at 127 ℃; DSC heat flux
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4  Conclusion and Outlook

Until now, only a partial bio-sourced epoxy resin was available. Within this project 
we managed to develop also partial bio-sourced hardener based on fatty acid ami-
noamide technology. The composites have therefore a biosourced carbon content of 
>75%. The aim to generate a TG higher than 100 ℃ for the NFC could be achieved. 
The developed system only needs a temperature above 125 ℃ for 20 min to accom-
plish an appropriate curing. This is 35 K more than conventional bis-phenol-A-type 
petrol-sourced epoxy systems, that requires only 90 ℃. However, first calculation 
exposes, that a higher temperature is only slightly worsening the energy balance of the 
production procedure. The curing time is much more critical. The curing time of the 
biosourced epoxy is, however, comparable to the conventional epoxy system.

One point to be focused on in future work is the water influence on the curing 
and maximum achievable TG. Ongoing work shall allow a better understanding of the 
influence on the side reaction of the epoxy and the reversible influence on the TG. Pre-
treatment of the fibres, e.g. by impregnation, may diminish these effects.
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Fig. 11.  Isothermal conversion of GP56 + LV15888 at 127 ℃
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Abstract.  Sustainable resource and energy management are essential aspects 
for the change of industrial products and processes of the coming years. The 
demand for resource-saving and sustainable products is increasing in many 
production areas. As a renewable resource with a wide range of properties, bio-
based materials, such as wood, play a key role in this context. For the develop-
ment of sustainable, lightweight as well as load-bearing structural components, 
the use of wood veneer shows great potential. Due to the microscopic struc-
ture of wood as cellulose fibers embedded in a lignin matrix, it is comparable 
to the structure of fiber-reinforced plastic semi-finished products such as tapes 
or organo sheets. In order to be able to serve a similar field of application as 
plastic-based semi-finished products, however, the wood-based product must 
meet the requirements in terms of functionalization, mechanical properties 
and process integration during production. One way to meet the specific con-
ditions is to combine layered wood veneers together with plastic applications 
by means of wood-plastic hybrid components. The resulting plywood serves 
the function of bearing the load, while the plastic structure, e.g. ribs, ensures 
a sufficient stiffness of the part. Its structural integrity is mainly determined 
by the bond strength of the wood-plastic interface. The bond strength in turn 
depends on the type of plastic used, on the conditioning of the plywood and 
on the process parameters during overmoulding. In the context of this work, 
the bond strength between beech wood-veneers and different plastics polypro-
pylene is investigated. Therefore, rib specimens are manufactured in an over-
moulding process with varying parameters. Afterwards, the bond strength is 
determined in a rib pull-off test and the influence of the variation parameters is 
investigated.
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strength
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1  Introduction

The use of flat, fibre-reinforced semi-finished plastic products such as organo sheets 
is common in the automotive industry [1, 2]. They can be used monolithically [1] or 
in combination with other materials and production processes as hybrid components 
[2] as a coupling layer [3] or a load-bearing or reinforcing element [4]. However, 
the recyclability as well as the energy input during production and the environmen-
tal compatibility in general are low compared to bio-based alternatives [5]. Especially 
in the context of a stricter legal framework for sustainable mobility and a growing 
understanding of environmental responsibility among automotive manufacturers, the 
substitution of plastics by bio-based alternatives is targeted [6, 7]. The microscopic 
structure of wood is comparable to the structure of fibre-reinforced semi-finished plas-
tic products: wood fibres are embedded in a matrix of lignin and hemicellulose [8]. 
Wood in general in structural parts is mainly used to take static loads [9]. For struc-
tural applications with dynamic loads, solid wood in form of veneer ply structures are 
currently mainly used monolithically [10]. The disadvantage is that sufficient stiffness 
of the ply structure can only be achieved by complex forming processes. Due to the 
limited formability of wood in general because of its high stiffness and very low duc-
tility parallel to the grain direction [11], the focus is therefore on components that 
have low degrees of forming or are only bent around one axis. To compensate for this 
disadvantage, one possible approach is to combine it with other materials [12]. A suit-
able combination of materials is processing together with plastics. The combination of 
wood and plastic is mainly used in the form of wood-plastic composites (WPC). The 
wood raw material (flour, shavings, chips, fibres) are mixed into the polymer granules. 
Typical methods to produce wood-plastic-composites parts are direct extrusion, injec-
tion moulding or pressing techniques [13]. The wood component mainly serves as a 
filler or, to a limited extent, as a load-bearing material. [14]

In particular, primary forming manufacturing processes such as extrusion or injec-
tion molding offer a high degree of flexibility with regard to the part’s geometry. So 
the plastic application can compensate for the limited formability of the wooden com-
ponent and even flexibly form other complex geometries such as connection points to 
other parts without further processing. With regard to the stiffness of a hybrid compo-
nent made of plastic and wood, a plastic rib structure can provide sufficient stiffness 
and the wood veneer or a veneer layer structure can absorb mechanical loads [12].

The use of wood veneers in combination with other material as hybrid compo-
nents is already established in the field of decorative surfaces [15–18]. Thin veneer is 
processed in injection moulding and overmoulded as well as back-injected with ribs 
and other supporting structures. For load-bearing structural components, there are 
only initial approaches to combining plastics and wood veneers [19].

For the production of plastic-wood hybrid components it is necessary, to adapt 
existing plastic processing methods and to apply the processing parameters to the 
material restrictions of the two composite partners wood and plastics. In particular, 
the bond strength between the two partners is decisive for the mechanical properties 
of the overall component [20]. The bonding of plastics to wood has so far only been 
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investigated in the form of full-surface contact between veneer and a plastic structure 
produced in an injection moulding process [21] or plastic-extrusion [22]. The local 
bonding of plastics on wood veneers has only been investigated initially [23].

The aim of this work is therefore to evaluate the influences of the manufacturing 
parameters of injection moulding and the conditioning of a wood veneer on the bond 
strength between wood veneer and overmoulded plastic ribs.

2  Bonding Mechanisms in Wood-Plastic Hybrid  
Components

In principle, wood and plastic can form chemical and mechanical connections, espe-
cially at the microscopic level in the boundary layer between the two bonding part-
ners. Figure 1 shows the cross section of beech veneer on the microscopic scale. Here, 
a sequence of secondary xylem and medullary rays can be seen. The secondary xylem 
consists mainly of tracheae, which form thin capillaries with the cell walls for water 
and nutrient transport in the z-direction. The medullary rays extend transversely to 
these capillaries in the x-direction. They are responsible for water and nutrient trans-
port in the radial direction as well as the mechanical properties of the wood. The med-
ullary rays are composed of cells that form a continuous capillary.

The cell walls of wood cells consist mainly of cellulose, hemicellulose and lignin. 
Cellulose accounts for the highest proportion of wood-based materials, at approx. 
45% by mass. [24] Cellulose is a polymer (polysaccharide) from the monomer cello-
biose. Cellobiose, in turn, is a disaccharide from β-glucose [25]. The chemical struc-
ture of cellulose is shown in Fig. 2.
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Fig. 1.  Microscopic structure of beech veneer with its main constituents
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Cellulose has hydroxyl groups at its free ends. Due to the higher electronegativity 
of oxygen compared to hydrogen, these are partially electrically positively charged. 
Cellulose thus has the potential to form weak physical bonds via hydrogen bonds. This 
occurs on the one hand within the molecular chain, but also outwardly to other bonding 
partners. Hydroxyl groups are highly reactive and can also form chemical bonds. [26]

In addition to the possible chemical bonding of cellulose to other materials, wood 
can also realize mechanical bonding at the micro level, particularly in combination 
with plastics. By penetrating the molten plastic into microscopic undercuts on the sur-
face of the wood, a micro-form-fit can be established. These interlocking joints provide 
resistance against separation and thus a mechanically relevant amount of bond strength 
between wood and plastic. A high penetration pressure at the materials interface as well 
as a low viscosity of the plastic melt favour the development of the bond strength. A pos-
sible chemical bond between wood and plastic is also positively influenced by a low vis-
cosity of the plastic melt, as this enhances the wetting of the microscopic wood surface. 
Hence, more chemical joints can be established and the bond strength increases. [27]

In addition to the process parameters during injection molding, the viscosity of 
the plastic melt is also significantly determined by the temperature of the melt [28]. 
As long-term temperatures over 130 ℃ damage the basic components of wood, it is 
beneficial to use plastics with a melting point as low as possible [19]. To improve the 
impregnation of the wood surface with molten plastic, the zero shear viscosity should 
also be as low as possible, even at low temperatures close to the melting point.

Therefore, polypropylene is predominantly used in Germany for wood-plas-
tic-compound (WPC) applications [13]. Polypropylene belongs to the group of poly-
olefins and is partially crystalline and non-polar. This means that there are no charge 
centres at the branches of the molecule chains. [29] The missing charges have an 
influence on the possible bonding mechanisms that polypropylene can establish to 
wood. Chemical or physical bonds to the hydroxyl groups of cellulose are not possi-
ble with pure polypropylene. In order to achieve a chemical bond, polarization is only 
possible by a grafting reaction in which polypropylene reacts radically with polar, 
unsaturated compounds. One of the most common applications is the use of maleic 
anhydride grafted polypropylene (MAHg-PP) as a bonding agent. [30]
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Fig. 2.  Chemical structure of cellulose as a polymer from cellobiose
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Through an esterification, the hydroxyl groups of cellulose react with the grafted 
maleic anhydride molecule and form a chemical bond [31]. An increased temperature 
supports the formation of the chemical bond between the aromatic ring of the malic 
anhydride and the hydroxyl groups of the cellulose [32]. Accordingly, the temperature 
control in the injection molding process is decisive for the strength of the wood-plas-
tic hybrid components.

3  Methods

3.1  Specimen Geometry and Mould

For the determination of the bond performance between wood and plastic, suita-
ble specimens were designed and manufactured in an injection moulding process 
(Fig. 3). The fibre orientation of the wood veneer is transverse to the longitudinal axis 
of the ribs and is oriented in the z-direction due to better testing characteristics (see 
Fig. 3 and Sect. 3.3). The base geometry of the ribs influences the notch effect when 
transferring forces from the rib to the veneer. The rib with the wide base transfers 
the forces more homogeneously, which is why it can be assumed that higher bond 
strengths will be achieved. Also the increased base area leads to more surface availa-
ble for chemical and mechanical bond.

Fig. 3.  Rib pull-off test specimen as injection moulded component with veneer insert 
consisting of narrow and wide rib base
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The moulding device for producing the rib pull-off test specimen is part of 
an injection moulding mould that provides slide-in units for a quick mould change 
(Fig. 4). The cavity is only located in the movable mould half. The fixed mould half 
consists of a flat, plain counter plate which only contains the sprue. The fixed mould 
half has no further effect on the moulding process. Fluid (water) by means of the tem-
perature control connectors temper the mould unit. After the component has been 
cooled to demoulding temperature, it was ejected via integrated ejector pins.

3.2  Materials and Design of Experiments

The materials used in the experiments are listed in Table 1. The usage of beech wood 
veneer is based on the mechanical values: beech wood has a comparatively high 
strength and is grown much more homogeneous than soft wood. The thickness of 
2.3 mm of the veneer is comparatively high but was needed to ensure the test of the 
adhesive bond between plastic and wood and not the cohesive properties of the mate-
rials itself.

Fig. 4.  Mould unit for the movable mould half for the specimen manufacturing in the injection 
moulding process
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Table 1 shows as well the process and material parameters varied in this exper-
imental study. As mentioned before, there is a significant influence on the bond 
strength expected by changing the wood moisture content. Due to the relation of wood 
moisture to the specimen geometry and wood structure [34], the moisture content 
was evaluated before the manufacturing of the specimen Usually the wood moisture 
content (WMC) of beech wood materials at standard climate (23 ℃ / 65% rel. h.) 
is u ~ 12% [35]. The laboratory climate used was 22 ℃/50% rel. h. which leads to 
u ~ 7% at the selected specimen geometry. Due to comparability the WMC of u = 12% 
was also set in the experiments. The time needed to condition the veneer specimen 
and the wood moisture reached at two different levels of air humidity is shown in 
Fig. 5.

By changing the mould temperature Tm and injection temperature Ti it was 
expected to extend the period of critical temperature level needed for the chemical 
bonding. Furthermore, the viscosity is kept at a lower level for a longer period of 
time, which allows better penetration of microstructures on the wood surface. The var-
iation of the rib geometry allows to describe different fail modes of the veneer in the 

Table 1.  Materials and Parameters

Used Materials
Wood Beech veneer, thickness: 2.3 mm

Plastic lyondellbasell—Moplen HP501H, dried before use

Bonding Agent ExxonMobile® ExxelorTM PO 1020 (containing approxi-
mately 1 wt.-% of maleic acid [33])

Variation Parameters
Wood moisture content u (WMC) u = 7%, 12%

Mould temperature Tm
50 ℃; 70 ℃

Injection temperature Ti
230 ℃, 250 ℃

Rib geometry Narrow (A: 45.7 mm × 5.6 mm),
Wide (A: 50.0 mm × 10 mm)

0

5

10

15

1 10 100 1000

u 
 [%

]

t [min]
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Fig. 5.  Specific wood moisture content for two different air humidity levels
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bonding area. It was expected to reach higher values for the pull-off force with the 
wide base geometry due to a comparatively favorable load path design.

Since wood is a naturally growing material, the structure and therefore the 
mechanical characteristics can vary in high amounts. Therefore, a full parameter DOE 
was applied to reach the highest possible validity. The parameters were changed on 
two parameter levels to describe linear relations to the target value of bond strength. 
There were 80 specimen manufactured and tested. The data analysis follows a double 
sided significance test with a p-value of 0.05.

3.3  Test Method

The bond strength can be determined by applying of a tensile force onto the inter-
face between the bonding materials of the hybrid specimen. The test method used to 
evaluate the bond strength follows the specimen structure used by e.g. [36 and 37] for 
hybrid material combinations. There is neither a standard method for the test nor the 
specimen.

Due to the low thickness of the veneer, it is necessary to apply the clamping force 
via a blank holder taking into account the growing direction of the wood (see Fig. 6). 
The fiber orientation should be 90° angled to the rib and blank holder edge. Using 
lower angles or 0°, it is possible to test the bending strength of the veneer itself. The 
testing speed was v = 5 mm/min which leads to bond fail in t = 60 s ± 15 s.

Fig. 6.  Setup of the rib pull-off test in the testing machine
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4  Interpretation and Conclusion

The determined bond strengths were between 40 and 1500 N. One significant point 
to mention was the specimen quality. There were 24 of 80 specimen with edge flash-
ing as it can be seen exemplarily in Fig. 7. The regression model was created with all 
forces measured, including the edge flashes.

The edge flashing phenomenon occurs more frequently when the wood moisture 
content (WMC) was increased and the temperatures of Tm and Ti were higher. When 
the edge flashings occur the bonding area increases unspecifically and by means 
of the setup it was not possible to clamp the specimen only at the veneer structure. 
Therefore, the determined forces were increased but referred to the rib base surface. 
The effect of edge flashings were detected at all specimen with a resulting pull-off 
force over 800 N(wide base) and 440 N(narrow base). It was not possible to influ-
ence the edge flashing effect positively to get higher quality specimen at the specified 
parameters.

Fig. 7.  Edge flashing (a) top view, cut plane; (b) micro-cross section view (A-A)
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Fig. 8.  Exemplary graphs of a reference (full) and specimen with edge flashings (dashed)
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In Fig. 8 are two graphs of a reference and a specimen with edge flashings shown. 
While the force for edge flashing is higher, the failure point of this specimen is also 
extended up to 3,7 mm. This effect occurs due to the different failure behavior. At Fig. 9 
there is an exemplary specimen with edge flashes showed. When looking at the bonding 
surface sticking wood fibers can be seen, on base area but as well at the edge flashings. 
The load at the area of edge flashes is not brought vertical into the bond area. The area 
of edge flashes is loaded more horizontally which is comparable to shear stresses.

4.1  Preliminary Investigations on Bonding Agent Content

To determine the optimal MAH-g-PP wt.-% content to maximize the adhesion 
between the materials, specimens were manufactured using a different amount of the 
bonding agent. Figure 10 shows the measured bond strength depending on the filling 
volume of MAH-g-PP in the Polymer from 0 to 15 wt.-%. It can be stated that the 
bond strength increases with higher MAH-g content. The effect of 15 wt.-% MAH-
g-PP on the bond strength was +0.72 MPa compared to the strength achieved with 10 
wt.-% MAH-g-PP, which was also significant (p-val.:0.03).

Due to economical application the content of 10 wt.-% MAH-g-PP was chosen 
(effect: +0.64, p-val.: 0.28) for further investigations. Higher contents of bonding 
agents can affect the properties of the PP raw material and result in poorer environ-
mental compatibility.

Fig. 9.  Exemplary specimen (a) untested: edge flashings; (b) tested: compressed area and 
sticking wood fibers on plastic
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By analysing the results, it is also possible to estimate the strength of the mechanical 
form-fit. Comparing the two mechanisms it can be stated that the mechanical effect is 
higher (1,77 MPa) than the chemical bond (at 15 wt.-% MAH-g-PP: 0.72 MPa) (Fig. 11).

The plastic melt pressure deforms the veneer surface. The pores are closed so that 
there is no plastic interlock in this natural cavities possible. Also, the soft secondary 
xylem is highly deformed while the higher strength of the medullary rays leads to 

Variation
MAH-g-PP wt.-%

Mould temperature
50 °C

Injection temperature
230 °C

Rib base geometry
narrow

Wood moisture content (WMC)
u = 7 %

Testing parameter
vt: 1 mm/min; n: 5; 22°C/50% rel. H.0
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Fig. 10.  Results on the variation of MAH-g-PP wt.-% content in PP material and its influence 
on the bond strength

Fig. 11.  Micro cross-section at the material interface of wood and plastic, deformation of 
pressed wood veneer in x/y axis
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macroscopic interface increase. Therefore, a dominant mechanical interlocking mech-
anism is possible.

4.2  Results on the Bond Strength

The experimental determined values were used as data input for a regression model. 
In the course of this investigation it was determined that the temperature related 
parameters were the most influencing values. In Fig. 12 the correlation of the parame-
ters onto the target value bond strength are shown. While the effect of the wood mois-
ture content is very low the geometry of the rib even has an even lower and negative 
effect. This leads to the assumption that WMC and rib geometry do not influence the 
value of the bond strength significantly.

Overall there were only slight interactions between these parameters detected. The 
highest interaction of varied parameters was detected between the values mould tem-
perature and injection temperature (0.477). Therefore, an increasing temperature at 
both parameters influences the bond strength more positively than the variation of just 
one of the parameters. The higher process temperatures lead to extended time period 
of low viscosity of the melt and therefore to a better situation for the chemical bond-
ing. The low viscosity level is also favorable to support injection pressures resulting 
as mechanical interlock effects at deformed wood surface.

The validity of the regression model and therefore its coefficients is at 0.8 which 
allows the assumption of 20% inexplicable deviation and only partial description of 
the connection between the parameters. The model is therefore not suitable to find 
optima parameter values.

Mould Temperature and Injection Temperature
The higher bond strength at higher mould and injection temperatures can be attrib-
uted to the bond promoting interface conditions (interlocking effects and chemichal 
bonding) as well as the enlargement of the connection area due to the edge flashing. 
The temperatures have therefore the highest effects on the bond strength Tm coeffi-
cient 0.598 (p-val.: 0) Ti coefficient 0.593 (p-val.: 0) and are highly significant as well.

Fig. 12.  Correlation of varied parameters to target parameter “bond strength”
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It is assumed that higher temperatures lead to better binding due to higher viscosity 
of the melt. Therefore, the surface microstructure is filled much better. Not all results 
are showing this connection (see Fig. 13). This can be justified by the low viscosity 
change of the melt, as the difference between the selected temperatures is only 20 ℃.

Rib Base Geometry
Because it is already known that the rib base geometry has an influence on the beara-
ble pull-off force between the materials, this parameter is varied in wide and narrow. 
Therefore, different load paths were represented. The results of this variation in corre-
lation to the WMC are shown in Fig. 14.

In 50% of the variation cases the narrow geometry shows higher pull-off forces. 
This leads to the assumption that the rib geometry has no significant influence. The 
analysis on interactions shows that the narrow geometry results in higher forces when 
the wood moisture content is lower at u = 7%. The test on the significance showed 
that based on the values in this research the rib geometry has no influence (coefficient: 
-0.12; p-value: 0.14).
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Wood Moisture
The wood moisture content is one of the most influencing parameters on the wood 
characteristics [34]. When increasing the moisture in wood materials their strength is 
lowered. In case of this study the decreased compressive strength leads to edge flash-
ing effects at higher WMC. Exemplary results can be found in Fig. 15.

A higher moisture content leads to better deformability of the wood sur-
face. Therefore, it was expected that a better mechanical interlocking effect can be 
observed due to a more intense penetration of the melt into the surface of the wood. 
The presence of a higher amount of water molecules should also lead to a better 
chemical bonding. Both expectations could not be approved. The higher WMC leads 
to higher deformation but due to the high pressure of the melt, edge flashings occur 
permantly. Therefore, the bonding area increased undefinable and a high amount of 
the specimen tested were invalid (especially at mould temperature Tm: 70 ℃, injection 
temperature Ti: 250 ℃). The coefficient of the WMC is 0.26 which is, compared to 
the other parameters, low but significant with a p-value of 0.002.

It can be stated that an increase in the WMC does not improve the bond perfor-
mance very much. This can be explained by the fact that an increased proportion of 
bonding agent inhibits the water absorption of the wood. This in turn leads to the 
assumption that a higher WMC requires a higher content of MAG-g in the PP granu-
late to achieve the same level of strength.

4.3  Conclusion

The investigations showed that the WMC, the mould temperatures and injection 
temperatures have an influence on the bond strength between wood and plastic. 
Further, higher pull-off forces can be reached with a narrow base geometry instead 
of a wide base geometry. A higher WMC leads to higher deformability of the wood 
veneer which in turn leads to edge flashings for 35% of the manufactured speci-
men. The edge flashing effect appears especially in combination with higher process 

Fig. 15.  Influence of low and high process temperatures at different WMC levels on the 
resulting maximum tensile force
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temperatures (+59%). The highest value at 812 N/1.6 MPa without edge flashing was 
reached at narrow base geometry, u: 12%, Tm: 50 ℃ and Ti: 250 ℃.

Overall, it can be stated that the reached bond strengths in the addressed hybrid 
wood-plastic component is low compared to common hybrid connections like over-
moulded organo sheets or pretreated sheet metal. To be competitive in structural appli-
cations the wood-plastic connection needs to be improved. First steps to realize this 
should be the test of other plastic materials. PA6 for example as a polar raw material 
can be a suitable start for investigations but needs to be processed in short time cycles 
to avoid wood material damage by high temperatures. As second step the plastic mate-
rial can be customized via additives as well as the wood material can be pretreated to 
improve connectivity of the materials interface.
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Abstract.  Adhesion plays a central role in additive manufacturing (AM) pro-
cesses like Fused Deposition Modelling (FDM). The printed part needs suffi-
cient adhesion to the build plate. The adhesion in between the printed material 
layers defines the mechanical strength of the component. Post-processing pro-
cesses such as painting or bonding require good chemical coupling, as does the 
combination of different materials (FDM of different polymers, integration of 
metal inserts).

Unfortunately, sufficient adhesion is not given for all material combina-
tions. An interesting and flexible possibility to influence the surface chemistry 
and thus the chemical bonding are surface functionalization by using atmos-
pheric pressure plasma technologies. These have been used for many years with 
great success for the surface treatment of polymers. Depending on the plasma 
parameters used, it is possible to clean and etch surfaces, to functionalise sur-
faces with reactive chemical groups, to deposit layers or to cross-link polymers. 
While this is already used for treatment of 2D and 3D substrates in many appli-
cations, the integration of new functionalities by plasma into additive man-
ufacturing processes is of great interest. This allows new functionalities to be 
integrated into 3D-printed components and simplifies further processing.

At the Fraunhofer IST various approaches of small atmospheric pres-
sure plasma sources are under development which can be easily integrated 
into the additive manufacturing process. Small point-shaped plasma modules 
for the sequential treatment of defined areas were built-up and integrated into 
commercially available FDM printers. With these plasma sources, the plasma 
treatment of defined areas of the components is possible during 3D printing. 
Integrated plasma sources enable moreover the in-situ treatment of inter-
nal surfaces which are subsequently no longer accessible for other treatment 
processes. This can create new products and expand the scope of additive 
manufacturing.

Keywords:  Atmospheric plasma source · Additive Manufacturing · Adhesion · 
Polypropylene

https://doi.org/10.1007/978-3-658-39928-3_11
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-658-39928-3_11&domain=pdf


148    T. Neubert et al.

1  Introduction

The surface chemistry influences adhesion to a considerable extent. A common way to 
optimize the surface chemistry is the functionalization by using atmospheric pressure 
plasmas for increasing the adhesive strength of paintings and adhesives on polymer 
surfaces [1, 2] or between different polymers [3]. The plasma serves as a source of 
energy to trigger various reactions to generate different physical and chemical pro-
cesses on the surfaces. Organic impurities can be oxidized and removed, organic sur-
faces can be etched and roughened, chemical functionalisation can be achieved or 
even layers with desired functions can be deposited [4].

A frequently used possibility to generate atmospheric pressure plasmas are 
so-called dielectric barrier discharges (DBD). Here, a high alternating voltage is 
applied to two electrodes. Between the electrodes there is at least one dielectric bar-
rier and a gas gap. The high electric fields cause an electric gas discharge, the currents 
of which are limited by the dielectric barrier. Such plasma sources are available in a 
wide variety of designs and sizes, including plasma nozzles (plasma jets) that can be 
used robot-guided for the treatment of surfaces [5–7]. Such a plasma nozzle can be 
integrated into an FDM 3D printer by mounting them parallel to the print head [8]. 
This makes it possible to plasma treat the printed structure before, during and after 
the printing process. It is also possible to treat different surfaces of the printed com-
ponent differently to create gradients. Many commercial plasma nozzles are relatively 
large and structurally difficult to integrate into an FDM 3D printer. Our approach is to 
develop particularly small, robust and flexible plasma sources for integration in AM 
processes. This allows a cost-effective implementation to improve the mechanical sta-
bility of printed polymer components, to ensure further processability (bonding, paint-
ing) and to enable adhesive combinations of different materials (polymer composites, 
metal inserts).

2  Experimental

In our experiments a small plasma nozzle based on a µ-DBD was developed (Fig. 1). 
The plasma nozzle has external dimensions of 37 × 20 × 10 mm3, is made of alu-
mina, brass and copper and weighs approx. 15 g. In principle, the microplasma noz-
zle consists of a 3D-printed ceramic tube (inner diameter 7 mm) made of alumina 
with a central high-voltage electrode and a grounded outer tube as counter-electrode. 
Similar designs are mentioned in [6] and [7]. The outlet for the ionised gas is nar-
rowed to achieve a high gas velocity at the tip of the nozzle. Helium (3 slm) was 
used as process gas to ignite the plasma and create a plasma plume of >10 mm. A 
Plasmagenerator G2000 from Redline Technologies was used to power the plasma 
source. The expected advantage of the chosen design is the small size and mass, the 
simple construction and the high stability.
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The plasma source is mounted on a commercial FDM 3D printer of the type 
Anicubic i3 Mega S. To control the movement of the plasma source and the printing 
process G-code files were generated with the software Cura from Ultimaker. Separate 
G-code files were generated for the printed polymer structure and the area which is to 
be plasma treated. Both files are then combined into one G-code file by script in order 
to control both the polymer deposition and the plasma treatment layer by layer.

Two different polymers were tested. Commercial 1.75 mm filaments made of 
polylactic acid (PLA) from Polylite™ and polypropylene (PP) from BASF/Innofil3D 
were used.

An important tool for evaluating possible adhesion is the determination of the sur-
face energy. To analyse the treated and untreated surfaces contact angle measurements 
for water and diiodomethane were performed by using the “Mobile Surface Analyser” 
from Krüss GmbH to measure the surface energy of plasma treated polyethylene (PE) 
foil. By using the method of Owens, Wendt, Rabel and Kaelble (OWRK) the surface 
energy as well as its polar and dispersive component can then be determined [9]. 
However, for the 3D-printed surfaces, this method delivers inaccurate results because 
of the roughness of the surfaces. Instead, test inks from the company Tantec A/S were 
used to evaluate tendencies for the surface energy. This set of test inks with varying 
surface tensions wets surfaces with different surface energies differently [10].

To test the adhesive strength of lacquers on plasma-treated printed polymers, 25 
× 25 × 1 mm3 cuboids were first printed. Subsequently, the entire upper surface of 
the samples was plasma-treated and lacquered. A commercial water-based spray paint 
of the type “Dupli colour aqua lacquer” from Motip Dupli GmbH was used for this. 
After curing, cross-cut tests according to DIN EN ISO 2409 were carried out with 
adhesive tape to evaluate the adhesion of the lacquer.

Fig. 1.  Left: Construction of the used plasma nozzle / right: Experimental setup with plasma 
nozzle mounted next to extruder nozzle in an FDM printer
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In order to investigate the bonding strength on the plasma-treated polymers, 
2 cuboid test specimens each with the dimensions 25 × 10 × 1 mm3 were printed 
and bonded after plasma treatment with a contact area of 1 cm2 using a 2-component 
epoxy adhesive type Loctite® EA3430 from Henkel AG. After curing, the test spec-
imens of a tensile testing machine type 81816 from Karl Frank GmbH were pulled 
apart and the maximum shear force was determined.

In order to be able to compare the plasma effect of different processes, the plasma 
dose was determined according to Eq. 1. The plasma dose D is defined as the amount 
of energy E introduced per area A. This is then calculated from the plasma power P, 
the scan width s and the scan speed v.

3  Results

In order to determine the effect of the treatment of the µ-plasma nozzle on the wet-
tability and the surface energy, polyethylene films were treated. For this purpose, the 
µ-plasma jet was flown through with 3 slm helium and operated at 6 W power, 72 kHz 
and 3.4 kV. The plasma jet was moved at a distance of 3 mm to the surface with a 
line width of 0.4 mm at speeds of 50 mm/s, 25 mm/s, 12.5 mm/s and 6.25 mm/s. The 
treated PE films were analysed by contact angle measurements using the OWRK-
method. The determined water contact angles and the surface energy with its disperse 
and polar components are shown in Figs. 2 and 3, respectively. It was observed that 
there is already a significant lift in the wettability of the PE surface at relatively low 
plasma doses of 0.4 J/mm2 (corresponding to 6 W power at 50 mm/s scanning speed). 
The change in the total surface free energy (SFE) from 32 to 54 mN/m is mainly due 
to the change in the polar component from 0 to 15 mN/m, indicating the formation of 
polar groups on the PE surface. Thus the used plasma source already causes a signif-
icant change in the surface chemistry of the PE at typical printing speeds of FDM 3D 
printers.

(1)D =

E

A
=

P

s · v
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Fig. 2.  Water contact angle on PE for different plasma doses

Fig. 3.  Surface free energy (SFE) with its polar and dispersive fractions as a function of 
plasma dose of treated PE films
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FDM-printed surfaces are often rough and not always suitable for contact angle 
measurements. Here, the change in surface energy due to the plasma treatment can be 
evaluated with test inks instead (see Fig. 4). For printed PLA polymer a change of the 
SFE from 30 to 44 mN/m was observed.

To investigate the adhesion of a lacquer plasma-treated 3D printed, cuboids (25 
× 25 × 1 mm3) from PLA and PP were 3d-printed. The surfaces were subsequent 
treated with the µ-plasma jet (same parameters as above) and coated with a water-
based lacquer by spraying. After the lacquer has dried, cross-cut tests were carried 
out. No difference could be observed on the PLA surface due to the plasma treatment. 
Here, the untreated reference surface could already be evaluated with a cross-cut 
characteristic value of 0–1, which did not change due to the plasma treatment of the 
polymer surface. On non-polar polymers such as polypropylene, on the other hand, 
atmospheric pressure plasmas can lead to a significant improvement in adhesion. This 
was observed here as well. It is shown in Fig. 5 that the adhesion of the lacquer can be 
significantly improved after a relatively low plasma dose of 0.4 J/mm2, corresponding 
to a scanning speed of 50 mm/s.

Fig. 4.  3D-printed PLA surface with plasma-treated (top) and untreated (bottom) areas wetted 
with test inks



Atmospheric Pressure Plasma Sources for Additive Manufacturing    153

As second application bonding of two 3D printed polymer surfaces was investi-
gated. To determine the strength of the adhesive bond, cuboids of PLA and PP were 
plasma-treated 3D printed and subsequently the surface was plasma treated with 
different doses and bonded with a 2-component epoxy resin. After curing, the parts 
were pulled apart parallel to the 1 cm2 bonding surfaces and the shear forces were 
determined (see Fig. 6). A very similar behaviour to the adhesion of the lacquer was 
observed. On the PLA surfaces, a high adhesion already occurred without plasma 
treatment, which did not change further with the plasma treatment. On the untreated 
PP, on the other hand, only a low adhesive strength of the adhesive was observed, 
which could increase considerably to the level of the PLA by a factor of 2.5 through 
plasma activation (i.e. through the generation of polar groups).

Fig. 5.  Results of the cross-cut ratings on plasma-treated and lacquered 3D-printed PLA and 
PP surfaces
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4  Conclusions

In this work we were able to demonstrate that small stable plasma sources can be 
integrated into commercially available FDM 3D printers. A particularly small (37 × 
20 × 10 mm3), robust (alumina, brass, copper) and light (15 g) plasma nozzle was 
developed, which could be easily integrated into a commercial FDM 3D printer. With 
this plasma nozzle it was possible to create functional groups on the surface of 3D 
printed polymers and thus increase the surface energy. The adhesion on the printed 
polymers can be greatly improved, especially on non-polar polymer surfaces. This 
could be shown in this work for polypropylene. It was possible to improve the adhe-
sive strength of lacquer coating from a cross-cut characteristic value of 5 to 1 and to 
improve the shear strength of adhesive bonds by a factor of 2.5. The treatment speed 
required for this is 12 to 50 mm/s, which is within the typical range for FDM 3D 
printing processes.

Since such treatments are also possible on the inner surfaces of the printed compo-
nents, which are not accessible to subsequent plasma activation, this opens up a num-
ber of new interesting fields of application, especially for the combination of different 
types of materials. The expected advantage of the chosen design for the plasma nozzle 
(small size and mass, the simple construction and the high stability) could be con-
firmed. It is particularly advantageous that the alumina base body of the plasma noz-
zle itself was manufactured by means of additive manufacturing and thus offers great 
design freedom for further developments. Reasonable further developments of the 

Fig. 6.  Shear forces of adhesive epoxy-bonds of plasma-treated PLA and PP samples 
(A = 1 cm2)
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investigated technology concern the use of other process gases (especially air). This 
makes the set-up independent of special process gases. Furthermore, we are working 
on ring-shaped plasma sources that allow parallel treatment of the printed surfaces 
and thus save considerable processing time and costs. Further modifications of the 
source should allow plasma-enhanced chemical vapour deposition (PECVD) pro-
cesses. With this, migration barrier layers, coatings to promote or inhibit cell growth 
or electrically conductive coatings in the printed polymer components can be achieved 
in addition to further modifications of the surface energy.
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Abstract.  Additive manufacturing (AM) enables new design freedoms that 
are often not fully utilized for complexity and price reasons. Lattice structures 
are one use case of AM that, despite being frequently utilized in lightweight 
design, is not commonly used in other areas. Bonding low adhesion materials 
through interlocking lattice structures uses the design freedom of AM in a new 
and innovative way, however the design of these structures is highly complex 
and the mechanical behavior is not easily understood. In order to completely 
tap into design potentials of such structures, it is first necessary to understand 
the design freedoms of lattice structures in general to then apply this knowl-
edge to bonding by interlocking lattices specifically. This publication aims to 
show how lattice structures are designed in a fast and repeatable manner in a 
CAD environment and tries to show the design freedoms of these lattice struc-
tures. These insights are then applied to the use case of bonding by interlock-
ing. It is shown that by using interlocking lattices, the bonding strength of 
bonds for low adhesion polymers can be significantly increased while achiev-
ing low standard deviations, even compared to established methods of increas-
ing bonding strength like plasma pre-treatment.

Keywords:  Additive manufacturing · Design for additive manufacturing · 
Lattice structures · Bonding

1  Introduction

Contrary to subtractive manufacturing, AM processes fabricate a part by adding mate-
rial layer-by-layer. Thus, they offer new design freedom especially considering com-
plex geometric shapes. In addition, multi-material AM, for example by use of material 
extrusion with multiple extruders, opens new pathways to integrate material-specific 
functions, like electrical conductivity or elasticity, without the need for additional 
joining.
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However, bad adhesive properties between different materials often weaken 
the compound structure or even make manufacturing impossible in the first place. 
Nonetheless, the freedom in geometry and material composition offered by AM can 
be used to facilitate the use of multiple material parts in most cases. If the desired 
combination of materials show bad adhesion, interlocking structures such as lattice 
structures can be used to change the failure mode from adhesive failure in the inter-
face to cohesive failure inside the structure, thereby significantly increasing the maxi-
mum load.

In addition, these same structures can be used to facilitate bonding by adhesive 
in cases where adhesion to one adherend is not sufficient. By creating a lattice that 
can be fully engulfed by the adhesive, the problem becomes one of cohesion in the 
adhesive rather than adhesion on the interface. This can be used to make materials like 
polypropylene (PP) that were formerly hard to bond easy to handle. This way, bond-
ing of AM parts becomes possible to circumvent the size restrictions of the manufac-
turing machines or combine AM with conventional manufacturing processes, in order 
to save costs. Since the mechanism of bonding of such structures is mainly given by 
their geometry, their application is largely independent of the manufacturing process 
or the used material. Even though this publication focuses of material extrusion, sim-
ilar structures could be manufactured using other AM processes like selective laser 
sintering or selective laser sintering. Additionally, since the adhesion properties of one 
adherent become irrelevant, the adhesive can be chosen according to the non-AM part. 
It can even be conceived that the process be adjusted for metal parts by replacing the 
adhesive by by solder.

However, the behavior of such lattice structures is highly dependent on their 
design. In order to fully utilize the potentials of lattice structures for technical applica-
tions, their design freedoms need to be understood thoroughly. Hence, this publication 
examines the different freedoms in designing such interlocking structures, and shows 
their application as a way to combine materials with bad adhesive properties into a 
load bearing structure.

2  Mechanical Interlocking Structures by Material Extrusion

Material extrusion (MEX, sometimes also FFF or FDM) is an AM process that uses 
heating and plastification of thermoplastic polymer pre-product to fabricate a part 
layer by layer. Manufacturing costs of MEX parts are independent of the geomet-
ric complexity, but mechanical properties are lower and highly anisotropic.  [1] 
Switching between different extruders during fabrication makes combination of dif-
ferent materials in the same part and even the same layer possible, which gives way to 
manufacturing of multi-material parts without additional processing steps. [2] A sche-
matic depiction of MEX is shown in Fig. 1.

Different categories of multi material AM consist of discrete multiple materi-
als, composite materials and porous materials. [3] This publication focuses on dis-
crete material transitions as a way to increase performance of multi material parts or 
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adhesion bonds. Use of materials with different properties like hardness, temperature 
resistance or electrical conductivity is an effective means for integration of functions. 
[4–8]

Mechanical properties of multi material parts manufactured in this manner highly 
depend on the adhesive properties of the interface. These properties themselves are 
influenced not only by the materials used, but also by the process parameters dur-
ing printing. Previous examinations show that it is possible to influence composite 
strength by choice of material couples and process parameters but also by incorpora-
tion of mechanically interlocking structures. [10]

Lattice structures consist of a regular repeating pattern of unit cells consisting of 
plates or struts and are uniquely suited to form such mechanical interlocks. Usually 
they have high-performance over weight ratio [11], high energy absorption [12] 
and unique acoustic properties [13]. In addition, they offer a high degree of design 
freedom, which allows for graded structures with fine-tuned mechanical behavior. 
Because of the high geometric complexity of these structures, they are exclusively 
manufactured with AM technologies. In addition, these structures can be combined 
with multi material AM in the form of mechanical locks for increasing bonding 
strength and can even outmatch conventional ways of increasing adhesion like plasma 
treatment. [14]

However, the behavior of these structures is not well understood, since they are 
highly anisotropic and can range in sizes close to the resolution limit of most manu-
facturing machines.

Fig. 1.  (a) Schematic representation of material extrusion principle and (b) material transition 
including relevant coupling mechanisms. [9]
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3  Design of Lattice Structures Using Grasshopper Rhino

Several existing tools can generate lattice structures in a CAD environment. Autodesk 
within, nTopology, PTC Creo and many more show the functionality to easily incor-
porate lattice structures into CAD parts. However, those tools are sometimes restricted 
to certain kinds of lattice structures and the outcomes are not always 100% predict-
able. Hence, this publication uses Grasshopper 3D [15], a visual programming lan-
guage for the CAD application Rhinoceros 3D, in order to create stl-files for printing. 
Grasshopper is often used for parametric modelling in structural engineering or archi-
tecture, but is used here for its open nature that allows adjustment of all possible 
parameters in a lattice.

The developed design chain can be seen in Fig. 2. It is fully parametric and only 
needs user input regarding the main design values of the lattice. The script can gen-
erally be divided into 4 steps, voxelation, population, thickening and trimming. It 
first creates a bounding volume either in Grasshopper itself or by importing an stl-
file into the script. After defining the base plane and thereby the orientation of the 
lattice, the volume is subdivided into voxels based on the desired cell size gradients. 
These boxes are filled with unit cells in the next step. For this, a unit cell consist-
ing of line segments has to be defined first either by choosing a pre-made structure 
or manually creating a structure from scratch. Commonly used unit cells are already 
present in plugins for Grasshopper such as Crystallon, however for creating more 
complex or less symmetric cells they have to be generated manually. Next, the unit 
cell is morphed to neatly fit into each seperate box created earlier. This results in a 
collection of centerlines of all struts in the lattice that have to be thickened in the last 
step by subdivision into points that serve as center-points of spheres. The radius of 
those spheres is variable and can be input according as graphical or formulaic expres-
sion or via importing values, for example based on a topology optimization. Creation 
and addition of these spheres is achieved using the plugin Dendro, which is developed 

Fig. 2.  Lattice generation with the Grasshopper script. a) voxelization, b) population, c) 
thickening, d) trimming
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by ECR.Labs and built upon the volume data structure in the OpenVDB library. This 
facilitates quick computation of highly complex lattice structures with high repeatabil-
ity. [16] Since the centers of these spheres are very close to each other, the result is an 
almost completely smooth structure with surface deviation lower than the resolution 
of the used AM machines.

Since the thickening process of the points on the boundary creates structures, that 
slightly protrude out of the design volume, the structure has to be cut using a Boolean 
operation. In the last step this structure is converted into an stl-file and exported for 
printing.

4  Design Freedom of Lattice Structures

In order for product developers to design interlocking lattice structures and utilize 
them in a useful way the design freedoms need to be demonstrated first. Since most 
lattice structures consist of an arrangement of struts it is useful to first evaluate them 
according to their unit cell.

The Maxwell criterion predicts the stiffness of structures consisting of nodes and 
trusses. For example, a system is under-stiff, i.e. bending-dominated, if the ratio of 
struts (s) to nodes (n) is too small, i.e. its Maxwell number (M) given by Eq. (1) is 
lower than 0. Accordingly, it is just-stiff if M is exactly 0 or over-stiff if M is greater 
than 0 and shows stretch-dominated behavior

Under-stiff structures show high compliance and low strength, whereas over-stiff 
structures show very low compliance and high strength due to a reinforcement effect 
of the redundant struts. [17] Most technical uses of lattice structures aim for an over-
stiff structure. Using the Maxwell criterion, the majority of commonly used cubic unit 
cells can be shown to be under-stiff. However, once the criterion is applied to a peri-
odic lattice and not only a single cell, many structures can be determined to be over-
stiff, since they show at least three times the amount of struts than vertices averaged 
over the whole lattice. However, in addition to the Maxwell criterion, lattices should 
also show a connectivity of at least 12 in order to be as stiff as possible. [18]

Hence, in order to achieve stretch-dominated behavior and low density, it is ben-
eficial to construct the unit cell in a way, which maximizes the number of struts by 
simultaneously minimizing the number of vertices. All following considerations will 
only regard cubic lattices, since they are easiest to create and visualize. Nonetheless, 
the results can be transferred to lattices with different symmetries.

There are in total 32 possible struts (12 edges, 12 face diagonals and 8 body diag-
onals) and 15 possible vertices (8 corners, 6 face centers, 1 body center) in a cubic 
lattice as shown in Fig. 3. Adding these numbers for an infinite lattice results in a ratio 
of 32 struts for every 5 vertices.

(1)M = s− 3n+ 6
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Other possible connections of vertices, like struts between the body center and a 
face center or connections of two face centers, will not be discussed in this publi-
cation. In almost all cases these lines can be thought of as the edges, face diagonals 
or body diagonals of a smaller unit cell from which all other structures can be con-
structed using symmetry operations, as shown in Fig. 4. Since these smaller cells all 
show the same connectivity because of symmetry, they are identical for this purpose.

Fig. 3.  Different types of struts in cubic lattices: horizontal edges (yellow), vertical edges 
(blue), horizontal face-diagonals (orange), vertical face-diagonals (green), body diagonals 
(purple)

Fig. 4.  Sub unit cell (green) for a) octet-truss lattice (face diagonals of the sub-lattice), b) 
diamond lattice (body diagonals of the sub-lattice)
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Since the lattice has to evenly tile space, the number of existing corner vertices in 
the unit cell or sub unit cell has to be an integer part of the maximum possible num-
ber of 8. This means each (sub) unit cells can only have 8, 4 or 2 corner vertices (all 
corners, tetrahedral arrangement or diagonal arrangement). Following Fig. 3 for the 
case of 8 corners vertices, a maximum of 4 struts per corner vertex are possible when 
averaging over all corners. In the case of 4 corner vertices only 2.25 struts per vertex 
on average remain. Since a lattice with only 2 corners only consists of body diagonals 
in one direction and can therefore not be three-dimensional, it is not further discussed 
in this publication.

Regarding connectivity, a lattice with 8 corners can have a maximum connec-
tivity of 20 for the corners, 8 for the body diagonals and 4 for the face diagonals. 
Accordingly, lattices with 4 corners can show a connectivity of no more than 18 at 
the corners or 4 at the body diagonals. This shows that face center vertices should be 
avoided for stiff structures, because they do not show the necessary connectivity.

Body center vertices are to be avoided as well albeit less urgently, since they can 
at least add a large number of struts to fulfill the Maxwell criterion. When omitting 
all struts that would result in face center vertices, an 8-cornered cubic cell can have a 
maximum of 26 struts and 7 vertices, since one strut on each face is omitted. Counting 
these vertices and faces for an infinite lattice results in a ratio of 1:7, enough to fulfill 
the Maxwell criterion of a ratio of 1:3. Additionally cutting all but one body diagonal 
and therefore only using corner vertices, results in 19 struts and 8 vertices with a ratio 
of 1:7 as well. This shows that the negative influence of body center vertices is way 
less severe than that of face center vertices.

Apart from the number and types of struts, orientation and placement can play an 
important role in the design of lattice structures as well. It is beneficial to orient the 
lattice in such a way, that most struts are along the load direction. Figure 3 shows the 
possible strut types in a cubic lattice. While face diagonals and body diagonals show 
angles of 45° and 35.3° to the horizontal respectively, values close to these angles can 
be achieved by adjusting the voxel size in one direction. This becomes possible since 
the voxels of the lattice do not necessarily have to be exactly cubic, making changing 
the angle possible through distortion of the unit cell in addition to changing its ori-
entation. However, this means that in order to cover all relevant angles, it is usually 
necessary to include diagonals into the lattice, since edge struts can only ever have 
an angle of 90° to each other. It is further possible to distort the voxels largely inde-
pendently into any shape, adjusting the angles of the struts as needed, as long as they 
still fill the design volume completely. This is useful especially for rotational parts, as 
the cells could also be constructed radially in this manner, adjusting the strut direc-
tions to better carry radial loads.
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Additionally, one big advantage of lattice structures is their adjustability. Since 
stiffness and toughness of these structures depend largely on their density, they can be 
adjusted in different ways. On the one hand, the density can be changed by changing 
the diameter of the struts (Fig. 5b) though overall manufacturing constraints have to 
be taken into account. The minimum strut diameter should not fall below 4 times the 
nozzle diameter or line thickness of the manufacturing machine, meaning at least two 
full shell lines are necessary, since smaller diameters lead to excessive warping and 
increased defect rate. On the other hand, diameters larger than the cell dimensions lead 
to consolidation of the vertices and struts, which in turn makes the structure almost 
completely solid, eliminating them from use in certain cases like interlock bonding.

A rule of thumb for adjusting the density in this manner is that for cells with rel-
atively low density, doubling the diameter roughly quadruples the density. This is 
true, because for small diameters and few vertices the majority of the lattice consists 
almost exclusively of struts. Since they can be viewed as cylinders with unchanging 
length, their volume depends on the square of the diameter. Only at the vertices where 
multiple struts meet, must the structure be approximated by a polyhedron or a sphere, 
whose volume depends on the diameter cubed.

Adjusting strut diameter is an easy way to include density values from a topology 
optimization, since the voxel sizes in the lattice generation script can be exactly the 
same as in the optimization. By not restricting the density values of the optimization 
to 0 or 1, new possibilities arise for the mechanical properties of the design.

Secondly, the density can be adjusted by varying the voxel size (Fig. 5c). Smaller 
cells increase the density, while larger cells leave more space and thereby decrease 
the density. It is important to keep in mind, that changing the cell size also distorts the 
lattice, which changes the angles of the different strut types. Additionally, the relation-
ship between cell size and density is more complicated.

Since the diameter of the struts stays the same, their volume scales linearly with 
their length. This means that the volume of cube edges scales linearly with the respec-
tive cell dimension, while the volume of face diagonals and body diagonals are pro-
portional to 

√

a2 + b2  and 
√

a2 + b2 + c2 respectively, with a, b and c being the side 
lengths of the voxel dimension. This means halving the voxel dimensions evenly in x, 
y and z, roughly leads to quadrupling the density for large voxels with few vertices.

Fig. 5.  Density gradients in a 4x4x4 body-centered cubic lattice through different means. a) 
No gradient, b) quadratic diameter gradient in all directions, c) linear cell size gradient in all 
directions, d) strut type gradient
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The last influence on the density is the cell type of the unit cell (Fig. 5d). By add-
ing or removing struts from the unit cell, the density can be adjusted. Doubling the 
number of struts in the unit cell roughly doubles the density in large voxels with few 
vertices. Additionally, adding struts in areas of major forces in the component prefer-
ably in directions close to the direction of said force can greatly increase mechanical 
properties.

5  Designing Interlocking Lattice Structures

One underutilized case for lattices are interlocking structures as a way increase bond-
ing strength of low adhesion bonds. By utilizing mechanical interlocking low adhe-
sion bonds can be strengthened through cohesive forces in cases where adhesive 
strength is not sufficient. The goal is for the adhesive to engulf a lattice made of low 
adhesion material, in order to enable bonding through mechanical locking rather than 
adhesion. Figure 6 shows a lattice structure used for this purpose in addition to the 
method of characterizing the tensile strength of the bond. The specimen geometry has 
an injection channel and a degas channel, in order to facilitate injection of the adhe-
sive into the joining zone and guarantee a high quality of the bond.

Regarding the design of such lattice structures, some things have to be taken 
into account in accordance to the design freedoms mentioned above. First of all, the 
dimensions of the lattice in z-direction must be taken into account. Since adhesive 
bonds are desired to be as space saving as possible, the height of the lattice was cho-
sen to be not greater than 2.4 mm. Since the struts should at least consist of 2 shell 
lines to avoid warping and the used manufacturing machine has a nozzle diameter of 
0.4 mm, the strut diameter has to be at least 1.6 mm. This means, there is not enough 
space for more than one row of struts in z-direction, since the lattice must still show 
undercut area for the adhesive to flow into.

Fig. 6.  Specimen geometry for tensile tests. a) body centered (BC) lattice geometry, b) 
XYZ lattice geometry consisting of vertical and horizontal struts (XYZ), c) gyroid geometry, 
d) printed specimen with BC lattice e) lattice engulved by adhesive (red), f) Poly(methyl 
methacrylate) (PMMA) block (blue) for testing.
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In order to avoid overlap of the struts and assure that they leave space for the 
adhesive, their diameter has to be smaller than the lattice voxel size. Reasonable 
horizontal voxel sizes were estimated to be between 4 and 8 mm, keeping the man-
ufacturing restrictions in mind. In order to leave enough room in between struts for 
the adhesive to flow into, the strut diameter needs to be significantly smaller than the 
voxel size however, since not only the toughness of the lattice needs to be considered, 
but also the toughness of the interlocking adhesive, which occupies the inverse space. 
In the end, a diameter of 2.4 mm (4 shell lines) proved to be the ideal compromise 
between strengthening the lattice and leaving enough space for the adhesive to infil-
trate the structure.

When choosing the unit cell, the ratio of struts to vertices as well as the vertex 
connectivity has to be taken into account. Since there is only enough space for one 
row of struts, the lattice can not be interconnected to a high degree. This means con-
nectivity can be omitted as a criterion and the main goal should therefore be to max-
imize the ratio of struts to vertices. The most stiff structure is therefore predicted to 
be a lattice consisting of body diagonals that meet at the center point and horizontal 
lines further connecting these points. This structure consists of 6 struts and only 2 ver-
tices per cell, when taking the symmetry into account. Vertical struts connecting these 
points are predicted to have adverse effect, because it would significantly reduce the 
undercut area for the adhesive to hook into. However, since the interface for the actual 
adhesive bond needs to be flat, the horizontal lines would need to be only semicircu-
lar in cross section reducing their capacity for load bearing. Hence, while horizontal 
interconnection is predicted to be beneficial for the strength of the lattice, in this case 
they are expected to even have adverse effects, since they reduce the volume that can 
be occupied by the adhesive without significant increase in mechanical stength.

Therefore, the first characterized geometry in this publication is the body cen-
tered cubic geometry (BC) that is depicted in Fig. 6a). This geometry consist of 4 Unit 
cells and occupies about 66% of the joining volume. In order to verify the consider-
ations made before, the BC structure is compared to a lattice consisting only of ver-
tical and horizontal struts (XYZ) as seen in Fig. 6b). In order to compensate for the 
lower mechanical strength of the horizontal struts with only semicircular cross sec-
tion, the structure was chosen to have 9 unit cells and a slightly higher filling degree 
of 78%. Lastly, in order to evaluate the potential of surface based lattice as opposed 
to strut based ones, a gyroid structure with a filling degree of 35% consisting of walls 
thickness of only a single line width was manufactured, as shown in Fig. 6c). All three 
structures are fully open-pored, which allows for complete engulfment of the lattice 
by the adhesive, and avoids non-cohesive failure of the structure.

6  Experimental Setup and Results

All structures were manufactured on an Ultimaker 3 MEX-printer out of PP [19] by 
Ultimaker, Utrecht, Netherlands, using MEX and bonded onto PMMA blocks using 
LOCTITE HY 4070 [20] by Henkel AG & Co. KGaAa, Düsseldorf, Germany.
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In addition to bonding by interlocking adhesive, one set of specimen was fabri-
cated wherein the adhesive in the joining zone was replaced by polyethylene tereph-
thalate glycol-modified (PETG) using multi-material AM creating a flat surface that 
was in turn bonded to the PMMA using the same adhesive.

Furthermore, flat specimen without a lattice and without any additional measures 
as well as flat but plasma pre-treated samples were produced to compare the achieva-
ble tensile strengths.

All manufactured structures have been evaluated visually before bonding and 
show only minor defects mainly in the overhanging areas and due to stringing. While 
minor warping occurred at the very bottom of the specimens due to low adhesion to 
the printing bed, it could not be observed in the lattice zone.

As seen in Fig. 7 the tensile strengths of the sample sets with interlocking lattice 
structures vastly exceed those of conventional adhesive bonding both with and with-
out plasma pre-treatment while also showing low standard deviation. Failure even 
occurred as mixed fracture in the adhesive and on the interface of the PMMA for all 
structures, meaning the stiffness of the lattice was sufficient to bear the load in all 
cases. However, the strength is still significantly lower than the strength of the adhe-
sive on comparable polymers as per data sheet [20], presumably due to weakening of 
the adhesive layer at the very top of the lattice.

In addition to the weakening of the lattice due to the semicircular cross-section of 
the horizontal struts, this weakening effect of the adhesive layer results in the struc-
ture with horizontal struts to be significantly weaker than the other tested geometries. 
This shows, that stiffness of the lattice is not the only metric by which these inter-
locking structures should be compared. Subsequently, since the strength of the lat-
tice is already sufficiently high, further design measures to strengthen the lattice are 
unnecessary. However, since the failure is assumed to occur because of weakening of 

Fig. 7.  Bonding AM polypropylene structures. Comparison of interlocking bonding to 
conventional means of adhesive bonding using Loctite HY 4070
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the adhesive at the very top of the lattice, decreasing the lattice density at the top is 
expected to further increase the strength. The gyroid structure shows slightly higher 
tensile strength than the BC structure for the same reason. Since the filling degree 
is significantly lower, the adhesive is suspected to be weakened less at the top of the 
lattice. Additionally, the weakening of the lattice through the small wall thickness 
of the structure is irrelevant, since the strength of the lattice still exceeds that of the 
adhesive. Nonetheless, all tested structures that utilize interlocking adhesive vastly 
exceeded the tensile strength of a plasma-pretreatment, demonstrating the viability of 
such structures for bonding low adhesive polymers.

Comparing bonding through interlocking adhesive to multi-material AM shows 
however, that the latter is significantly weaker even though the tensile strength of 
PETG is supposed to be higher than that of the used adhesive. Since failure exclu-
sively occurred as delamination between PETG layers—a result that could not be 
reproduced in parts using only PETG—it is assumed that trace amounts of PP con-
taminated the PETG layers during manufacturing and reduced the auto-adhesion of 
the PETG. This means that even though multi-material AM despite its benefit in ease 
of handling cannot compete with structures that facilitate bonding by interlocking of 
an adhesive or even plasma treatment.

7  Conclusion and Future Prospects

This publication shows the design process along with the design freedom of lattice 
structures for various cases of application. Controlling stiffness, as well as orientation 
and density in different ways, is necessary to fully exploit the possibilities that lat-
tice structures pose in designing novel products. Some design principles were estab-
lished in order to maximize lattice stiffness, which were then applied to the use case 
of bonding by interlocking lattices. While it was shown that lattice stiffness is not the 
only mechanism that is affecting the tensile strength of such structures, it was shown 
that by applying these principles tensile strength of bonds with low adhesion poly-
mers could be increased by more than 100% compared to plasma-pretreatment.
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Abstract.  Decisions in factory layout planning can be considered multi-di-
mensional and complex since they need to cope with numerous partially 
conflicting boundary conditions and objectives. However, they do have a signif-
icant impact on long-term efficiency and flexibility. Due to rising needs in this 
area, an assisted solution for optimizing factory layout planning is required. 
Generative Design (GD) is a summarizing term for iterative, mostly nature-an-
alogue approaches that support an efficient analysis of large design spaces, 
allowing to effortlessly achieve mathematically optimized solutions not usu-
ally achievable by traditional methods. Although there have been decades of 
research on the underlying principles, generative planning of spatial arrange-
ments for manufacturing facilities still lacks behind its potential. Therefore, 
the proposed paper will begin with a structured overview of terminology and 
different factory planning requirements, followed by possible mathemati-
cal approaches for facility layout planning problems (FLP) in manufacturing. 
Special attention is drawn to sustainability aspects, defining the requirements 
to be considered in an automated design and including empirical knowledge in 
complex scenarios. The paper finishes with the derivation of identified future 
research areas.

Keywords:  Factory of the future · Design and simulation · Generative design · 
Mathematical optimization · Sustainability

1  Introduction

The factory planning process may be understood as a process for system develop-
ment that covers the overall production facility and its internal sub-systems. Since it 
is described and structured in numerous ways, several summarizing approaches and 
overviews were developed [1]. To generate a common baseline process, they were 
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transferred into the standardized guideline of the German society of engineers VDI 
5200 [2]. In general, the procedure is divided into seven planning phases, which are 
in turn subdivided into further steps. The steps required for structural and layout plan-
ning are in phases 3 (concept planning) and phase 4 (detailed planning). The factory 
layout as a visual representation of the system elements is one primary result of fac-
tory planning. Thus, layout planning and factory planning may even be applied inter-
changeably in some superficial descriptions.

However, it is evident that the planning and design of factory layouts is a mul-
ti-dimensional and complex process that involves many stakeholders. General targets 
related to productivity and logistics need to be aligned with various restrictions and 
further demands (e.g., from construction, energy and media supply, or technical build-
ing supply). Moreover, once it is fixed and implemented, it has long-term effects on 
the efficiency and changeability of factory systems. At the same time, the increasing 
popularity of changeability is visible, for instance with the advent of Reconfigurable 
Manufacturing Systems (RMS). In such cases, it is a general approach to build up an 
infrastructure and select the appropriate flexible production elements that allow easy 
adaption as a response to altering market requirements or circumstances.

The layout design process still involves mainly experience-based decision pro-
cesses and iterative discussions, often ignoring progress in mathematical optimization 
and available software tools. Therefore, more sophisticated and computer-based plan-
ning procedures may support an improved outcome for static layout design problems 
and increased speed for often recurring layout adaptions.

The following section provides a short classification starting with relevant terms 
related to the factory planning domain, specifying definitions for using Generative 
Design (GD) in technology, and providing the base for the overview of distinct corre-
sponding algorithms. Subsequently, special requirements concerning automotive assem-
bly design and sustainability constraints are carved out. The following section considers 
those, providing the authors’ future approaches for tackling layout planning in environ-
ments with ever-increasing complexity and changing requirements. Special attention 
is given to the efficient integration of empirical knowledge based on an agile approach 
allied to iterative GD. An adaption of reinforcement learning then supports this as a 
promising solution approach, which introduces further challenges but is not yet state of 
the art for these types of problem sets. The paper ends with concluding remarks on chal-
lenges and requirements and provides a quick outlook on the next required research steps.

2  Classification and State of the Art

2.1  Terminology and Phases of Factory Layout Planning

The actual layout design process occurs in concept planning and detailed planning (see 
e.g. [2]).The result of the concept planning phase is an evaluated preferred variant of 
the real layout, which includes the dimensioned factory elements, material flow con-
cept, and information and communication concept. Additionally, the associated prelim-
inary building design is considered part of the concept stage. In the detailed planning 
phase, effects on the layout are limited to the first step of detailed planning. This step 
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is characterized by an increase in the level of detail of operating equipment, logistics 
facilities, and all other factory system elements to form the basis for preparing speci-
fications and tender documents. Accordingly, the specification of the equipment’s ori-
entation and media supply also occurs during concept and detailed planning. Typically, 
the planning phases are conducted sequentially and iteratively, involving extensive 
project management and coordination effort. Each phase comprises a set of decisions 
required to specify the factory system’s dimension, shape, arrangement, connections, 
and elements. The applied decision-making strategies vary from qualitative selection 
processes to analytical and mathematical optimization methods. In most cases, the pro-
ject outcome still depends on the discussion of the project teams and their experience. 
Figure 1 illustrates the basic planning phases and their inherent approaches.

An already withdrawn standardization with focus on material flow planning has 
been made in the VDI guideline 2498. Here, slightly deviating from the already indi-
cated VDI 5200, the steps were divided into rough, ideal, actual, and detailed plan-
ning. The co-dependencies of material flow and layout planning are emphasized 
accordingly. There were also frequent references to other guidelines and links to 
energy and media supply. However, both VDI 5200 and VDI 2498 show that influ-
encing variables from an ecological or energy perspective are only included in later 
planning stages of real or detailed planning.

Due to changing external factors in digitalization, software, and market require-
ments, constant request for adapting the sequential process is visible. On the one 
hand, this leads to adapting the project setup itself, for example, introducing agile pro-
ject management philosophies [3, 4]. On the other hand, it raises demand to estab-
lish processes, roles, and tools of Building Information Modelling (BIM) as a major 
digitalization initiative in factory planning in the built environment [5]. Hence, fac-
tory planning is constantly confronted with adaptation requests to cope with increas-
ing complexity. These developments interfere with the tools and approaches that may 
become more relevant in factory layout planning.

Fig. 1.  Illustration of planning phases according to VDI 5200 and established decision 
procedures
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2.2  Specification of Generative Design as a Planning Principle

There may be a variety of available research for software and procedures, which 
could enhance quantitative decision-making for layout planning problems. GD is an 
increasingly popular term in technical development and construction, which is char-
acterized by applying nature-inspired evolutionary principles to optimization tasks 
to generate efficient and creative design solutions. Thus, it should be highlighted that 
the application of GD principles does not necessarily aim to optimize technical or 
architectural systems. Instead, it supports the exploration of large design spaces that 
could not be analyzed manually by any human designer, architect, or factory planner. 
Therefore, the design based on generative principles may also relate to the so-called 
Optioneering (see, e.g. [5, 6]) that alludes to the systematic design process based on a 
large option set. However, GD may be seen as a subtype of automated layout design 
and optimization approaches, which relates to the broadly investigated Facility Layout 
Planning Problem (FLP) and its variants.

The relation between these, especially GD’s application in the manufacturing envi-
ronment, was investigated in a structured literature study by Süße and Putz [7]. It should 
be highlighted that GD was put on the same level as the terms computational design 
and evolutionary design. The analysis has shown that GD is well known in topology 
optimization and manufacturing and receives increasing attention in the built environ-
ment. Therefore, software tools like Spacemaker [8] are already well known and applied 
among architects and urban planners or the early planning stages of urban development.

A further result of this literature study is the identified gap related to GD in differ-
ent layout planning problems. Thus, GD has mainly been applied in more static office 
buildings or exceptional cases apart from the business and industry context (e.g., plan-
ning refugee camps [9]). Therefore, the characteristics of contemporary manufactur-
ing facilities (like resource and energy efficiency or changeability) require further 
development. So, a framework for integrating the conventional sequential planning 
process and the description of a GD model was introduced. A major aspect for future 
research is seen in the frontloading of detailed layout aspects to improve the speci-
ficity of generated layout variants. Furthermore, the integration of energy and ecolo-
gy-related criteria is proposed.

With a comparable aim, Burggräf et al. [10] conducted a systematic literature 
review on the fields of action for automated layout design in factory planning. Thus, 
six specific areas for automating the design process of factory layouts were identified. 
These are briefly described in the following:

• The characteristics of the FLP as a general problem domain in Operations 
Research (OR) and optimization; Concerning this, systematic taxonomies and 
problem subtypes are described by Hosseini et al. [11].

• Multicriteria optimization, which alludes to the fact that the layout planning pro-
cess needs to cover multiple target criteria and therefore requires appropriate deci-
sion methods

• The layout evaluation and selection especially come into play when multiple 
design alternatives reach the same result (e.g., Pareto optimization)

• Heuristics were also available in software applications, although there is much 
room for improvement regarding automation and multicriteria optimization
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• Metaheuristics are well known for a broad application range in combinatorial prob-
lems; Besides local search strategies, they also cover nature-analog principles like 
evolutionary and genetic algorithms or population-based procedures

• The role of human planners, which relates to the model formulation and input data 
definition

One major aspect of future research is the interference of the algorithms, human 
planners, and required criteria selection, including the weight definition. As already 
indicated, the application of automated or GD processes does not replace human cog-
nition and creativity. Especially the necessary formulation of the underlying optimiza-
tion model requires mathematical knowledge and competencies in factory planning, 
especially when qualitative criteria should be integrated. Moreover, the design and 
development of an integrated planning system related to the BIM environment and 
tool landscape is proposed. In general, a closer collaboration between factory planners 
and software engineers is seen as a future necessity.

The terms and research areas mentioned above for automated layout design show 
interdependence and redundancies. Therefore, they may not be investigated sepa-
rately. Moreover, most automated facility layout planning approaches refer to early 
planning phases and reduced decision criteria to handle complexity and improve 
calculation performance. Vice versa, the application of automated or GD-based lay-
out planning becomes more challenging when fine layout aspects (e.g., assembly 
line planning), infrastructure restrictions, and sustainability requirements need to be 
covered.

2.3  Mathematical Formulations and Optimization

As facility layout planning has been a research area for decades, lots of work was 
already performed on finding problem formulations and approaching the automated 
and optimized design. Firstly, it is crucial to notice that the problem is NP-hard [12]. 
This definition from computational complexity theory describes that the time needed 
to solve a task is not in a polynomial relation to the task’s input size. In the case of 
this work, with growing input size—e.g., the number of items to be placed—the time 
to solve the FLP to optimality rises to an unreasonable level. Hence, several different 
directions for categorizing and formulating such problems were found, and approxi-
mation methods were developed.

The review by Kusiak and Heragu [12], dating back to 1987, already includes five 
different modeling concepts—quadratic assignment, quadratic set covering, linear- 
or mixed-integer programming, and graph-theoretic. They also present many algo-
rithmic approaches that are partially still vivid in the more recent research. This first 
glimpse at modeling is an indicator that numerous viewing directions and options for 
categorizing exist, as well as solving opportunities.

The analysis of Anjos et al. [13] describes FLPs with facilities of different siz-
ing and categorizes the approaches according to the way the facilities are laid out– in 
rows (1D), on a plane with unequal areas (2D), or on multiple floors (3D). Various 
concrete formulations for these different conditions are presented, mainly focusing 
on mixed-integer linear, semidefinite, and nonlinear optimization, highlighting the 
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characteristics of the mathematical formulation. They also link to several approxima-
tion techniques like branch-and-bound, genetic algorithms or two-stage approaches.

Drira et al. [14] start their review with the definition of FLP, which is not con-
sistent in literature, and compose a tree representation considering the categories 
workshop characteristics, addressed problem, and solution approaches. To give an 
impression of the factors within these categories, here are some examples:

• the handling system, also corresponding to the aforementioned 1, 2, 3D system 
boundaries,

• the dynamic behavior (i.e., whether the layout should be flexible over time),
• the chosen formulation, e.g. as discrete, continuous, or fuzzy.

They also point out that realistic FLP has multiple objectives contrary to the assump-
tions in most research up to their review.

In another recent review, Pérez-Gonsende et al. [15] analyzed 232 reviewed arti-
cles regarding the problem type, approach, applied planning phase, facility charac-
teristics, and the actual layout generation principle. As an outcome, they state that 
mainly discrete quadratic programming models for equally sized departments as well 
as continuous linear and nonlinear mixed-integer programming models for different 
sized departments are applied. Moreover, specific approaches for the integration of 
expert knowledge were found. In general, it is stated that the most frequent solution 
algorithms were metaheuristics, with about 80% being genetic algorithms.

As genetic algorithms are a prominent option for NP-hard problems, it is no 
surprise that they are prominent for FLPs. Compared to genetic algorithms, other 
methods of the AI spectrum that are a constantly growing field in recent years, it is 
rather counter-intuitive that it is not that present in the FLP research. In the review 
by Burggräf et al. [16], another overview of different categorizing methods is pre-
sented and shows the distribution of publications depending on these. They provide a 
comprehensive overview of the activities using machine learning. In the resume, ML 
emerges in the FLP field but is rarely used for solving the actual problem. Possible 
reasons are that it is difficult to define the learning task and to generate labelled data 
for supervised learning, which is not biased by the respective expert. The subsequent 
Table 1 provides a qualitative overview on the previously mentioned literature reviews.

Table 1.  Comparison of literature reviews on facility layout planning problems

Aspect

Authors Overview on 

model 

formalization

Evolutionary 

solution 

approaches

ML-based 

solution 

approaches

Sustainability-

related criteria

Kusiak and Heragu [12] ● ◑ ◌ ◌
Anjos et al. [13] ● ◑ ◌ ◌
Drira et al. [14] ● ● ◑ ◌

Pérez-Gonsende et al. [15] ● ● ◑ ◑
Burggräf et al. [16] ● ◑ ● ◌

◌ not included; ◑ partial reference; ● extensive consideration 
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As a key result of the meta-level literature study it can be stated that mathemati-
cal formulations for the optimization of facility layouts have been documented exten-
sively. Besides that, evolutionary approaches are very well investigated in the field 
of NP-hard problems. At the same time, it becomes obvious that ML-based solution 
strategies reoccur occasionally but relevance, especially in real application scenarios, 
is still reduced. Moreover, it becomes clearly visible that sustainability-related opti-
mization goals and boundaries are so far of marginal importance in the optimization 
approaches. With reference to this, requirements from sustainability-related aspects 
are introduced in Sect. 3.

3  Elaboration of Specific Requirements

3.1  Planning of Automotive Assembly Lines

Automotive assembly should be separated into at least two distinct areas. Firstly, 
body-in-white assembly is usually performed with the highest automation degree pos-
sible. Secondly, final assembly with a significant amount of manual work, assisted 
by technical solutions whenever possible. This distinction is mainly due to available 
automation capabilities and might change in the future. While automotive assembly is 
not entirely different from other automated assembly lines, some specificities have to 
be considered for the automated planning of automotive assembly lines.

Besides low-cost, high rate production, a primary requirement of the automotive 
industry is the highest possible process robustness. This robustness includes technologi-
cal aspects such as joining technologies, material choice, and tight single part tolerances 
for achieving the highest quality assembled parts. However, additionally, it includes 
robustness in terms of resilience against external factors or internal effects, such as 
machine defects. Different strategies can be followed to achieve resilience: duplica-
tion and parallelization of assembly lines and more recently investigated island-based 
or modular assembly cells (see, e.g. [17, 18]). Such design decisions also significantly 
impact an optimized intralogistics solution, which has to be integrated into automated 
factory design. A further aspect with increasing importance is the adaptability of the 
factory layout to new car models, partially even intending to produce all car models in 
mixed sequence. Since car models are redesigned in shorter periods than assembly sta-
tions could technically last, at least two different approaches can be chosen for optimiz-
ing production sustainability. Firstly, platform-based modularity in the car design allows 
reusing assembly stations at least partially. Secondly, adaptable jigs and tools (see, e.g. 
[19]) can significantly increase the reuse of existing production systems. Adaptability 
can be achieved either by a rigid factory layout with adaptable tools only or by allow-
ing complete adaptability in the factory layout. Another typical requirement is the 
ability to ensure consistent assembly quality. Usually, product design already includes 
easily measurable characteristics for this purpose. Two distinct options should be con-
sidered—either in-line measurement can be used, or a separate measurement room, 
including the required intralogistics system, must be considered. In this case, tracea-
bility, both of the product and the production system, is also essential since it allows 
recognizing complex cause-effect relationships, which can influence assembly quality.
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3.2  Sustainability as an Overarching Paradigm

As a summarizing term for mitigating external risks and hazards caused by goods 
manufacturing, sustainability is broadly applied for strategic agenda setting in the 
industry. Numerous definitions and interpretations exist. One well-known definition 
refers to the Triple Bottom Line [20], which comprises ecological, environmental, and 
social impacts. A more differentiated set of efforts is provided by the United Nation’s 
Sustainable Development Goals (SDGs) [21], defined in 2015. The first one seems to 
focus more on entrepreneurial behaviour and business context; the latter refers to the 
overall future development of peaceful and prosperous societies. However, both inter-
pretations describe the concept on a general level, which still requires specification 
and the development of target-oriented metrics for decisions in manufacturing and 
especially in factory planning.

General guidelines and principles for reducing the environmental impact of fac-
tories are thus well known [22, 23]. For instance, maximizing the use of natural light 
is a typical demand for the facility design to reduce electrical energy consumption. 
Hence, tools for lighting analysis have already been integrated into available software 
solutions allowing the investigation of building designs, e.g., in the established BIM 
software Autodesk Revit [24]. Especially in the case of assembly processes where 
minimum light intensities are required for specific operations.

Also, the minimization of land use while still keeping the ability to modify the 
factory layout in the future is a typical proposal. Whenever possible, grouping 
machines that need the same type of energy may be an intuitive approach to reduce 
energy losses. Additionally, more complex design aspects such as an optimized natu-
ral airflow can improve sustainability.

However, while product and production planning and building architecture prob-
ably have the highest impact on environmental sustainability, some layout-related 
aspects may be underestimated in industrial practice. A framework for GD-based lay-
out planning enhanced by ecological criteria has previously been developed and pub-
lished by Süße et al. [25]. As a baseline structure, the selected environmental impact 
categories for the layout planning framework were aligned with the selected mid-point 
categories of the Organization Environmental Footprint, defined by the European 
Joint Research Center [26]. Those were combined with pre-existing taxonomies of 
FLP goals and constraints. Figure 2 depicts the relation between classical criteria and 
further aspects that affect the environmental performance of a designed factory layout.
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It becomes evident that some established optimization goals already contribute to 
reducing environmental impacts. Primarily referring to the quantitative aspects, the 
monetary target of minimized space costs supports reducing land use and energy con-
sumption in general. Moreover, reducing transport costs also reduces energy consump-
tion and emissions of transport elements. The lead length (e.g., in energy and media 
supply) and distances between heat sources and heat sinks are further layout-related 
criteria that could be minimized to improve overall factory system sustainability.

Moreover, the mathematical formulation can be augmented with additional con-
straints. For instance, connection points for energy supply need to be considered, and 
clearance between facilities (i.e., minimum distances) is required to protect humans 
from chemical emissions or pollutants. The same accounts for renewable energy 
sources like hydrogen-based Power-to-Gas systems, making safety distances between 
gas tanks and machining operations necessary.

However, the addition of criteria expands the number of dimensions to be opti-
mized and may lead to target conflicts. For example, minimizing transport costs and 
waste heat losses reduce distances between different facilities, whereas safety consid-
erations may require larger distances between areas. An overall complex layout gen-
eration problem can therefore be expected. Besides that, the appropriate quantification 
factors and mathematical models will have to be specified to support an integrated 
sustainability assessment in the layout design phase.

4  Future Concepts

4.1  Integration of Empirical Knowledge

According to Stacey and Mowles [27], problems can be categorized by the level of 
agreement among stakeholders regarding a decision to be taken and the certainty 
regarding decisions to reach a particular objective. This relation is usually known as 

Fig. 2.  Extended optimization goals and restrictions for sustainability improvements in layout 
optimization
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the Stacey Matrix, which has been adapted by Zimmermann [28] to explain how to 
deal with different levels of requirements. According to this overview, problems can 
be described as simple, complicated, complex, or chaotic. Complex problems can be 
described as being influenced by several partially even contradicting factors while 
simultaneously not having a visible linear cause-effect relationship regarding the way 
to achieve a solution. According to this definition, factory layout planning falls into 
the complex category, since during planning greenfield as well as brownfield scenar-
ios, several often contradicting requirements from different stakeholders have to be 
considered, and not all influences of the decisions on the final design can be readily 
predicted.

Furthermore, empirical know-how has to be taken into account. In such situations, 
agile project management frameworks, such as Scrum, are usually recommended [29]. 
While Scrum is usually applied to software development, the concept can also be used 
in various other challenges, among others, for assembly or layout planning. For the 
application described in the present article, the artifact product increment is probably 
the most important since it leads to the requirement that factory planning should not 
occur in a fully automated manner based on requirements fully defined right from the 
beginning. Instead, an iterative approach allows stakeholders to analyze development 
increments and adapt requirements along with the development according to their 
empirical knowledge to reach the most promising factory layout.

A fully automated design solution would most likely identify the global opti-
mum solution of such a problem, if the problem can be fully specified, and optimiza-
tion criteria are weighted according to a general agreement between all stakeholders 
before starting calculations. Since, in reality, neither full specification nor a perfect 
weighting can be guaranteed for such complex projects before design starts, it is illu-
sory to assume that a global optimum can be reached based on the initial definition. 
Therefore, it can be accepted that incremental development will allow reaching the 
best possible solution for a given set of stakeholders and goals.

The Scrum framework is based on three roles (product owner, developer, scrum 
master), three artifacts (product backlog, sprint backlog, product increment), and five 
events (sprint, sprint planning, daily Scrum, sprint review, sprint retrospective). The 
goal of the automated factory layout planning system is to minimize manual activities 
in this framework for the specified problem. Regarding the roles, mainly the devel-
oper is replaced by the envisaged algorithms. The scrum master can be replaced or at 
least strongly supported by a self-explaining GUI, leading the user to the most helpful 
workflow. The product owner represents all involved stakeholders with their specific 
requirements for the final factory layout. This role is assisted with a suitable GUI, 
which joins and visualizes all requirements for the different parties, enhancing trans-
parency and thus co-development. The product backlog is linked to the visualization 
of all requirements and is an essential aspect of the GUI.

In contrast, the sprint backlog is of lower importance for automated product incre-
ment calculations due to the virtually unlimited speed of the envisaged algorithms. 
This calculation speed also reduces the need for any sprint planning and daily Scrum, 
and also the actual sprint duration can be virtually zero. The sprint review is again 
facilitated by a suitable GUI, allowing all parties to analyze the outcome of the calcu-
lated factory layout and comment on it in an interactive and concurrent environment. 
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Retrospective aspects would be mainly performed in the development phase of the 
envisaged software and not in a large amount in the final usage phase of the soft-
ware, which will also be developed following the Scrum framework. Therefore, the 
goal of the developed algorithms is to provide almost immediate product (i.e. factory 
layout–)increments. These provide direct and transparent feedback to the stakehold-
ers involved in factory layout definition, especially regarding the combination of their 
requirements, including an automated evaluation of pre-defined key figures required 
for objective comparison and further decisions. Therefore, the presented approach 
facilitates transparency and verifiability to allow adaptations to the design based on 
empirical knowledge.

4.2  Automated Planning by Enhancing Generative Design

As pointed out before, generative design gives way to the exploration of large design 
spaces. Therefore, a methodology needs to be implemented for calculating designs 
and rules on how to explore/improve further. Work in this field was already done 
using nature-inspired algorithms such as genetic algorithms. While these are prom-
ising paths to follow, a challenge could be to integrate empirical knowledge as 
described in the previous paragraph. Because this would require a recurring refactor-
ing of the problem setup, it could also require the recurring refactoring of the genetic 
algorithm’s parameter like the number of iterations or population size.

Therefore, another idea for implementing GD could be using reinforcement learn-
ing (RL), which did receive almost no attention in the past for FLPs. RL, in general, 
is a machine learning (ML) approach of ‘trial & error’ with a variety of applications 
in several research areas (see, e.g. [30]) and very decent success. The main idea is 
to rate a current state with a reward function and deviate a transition to another state 
with a better reward. In the case of FLP, the states would be different layouts with 
defined origin and dimensions for every facility. A rough sketch of this state-action-
space could be formulated in the following way:

• As preliminary, the desired result is a 2D-floor plan of a facility with origin in (0,0) 
and area in R2

≥0 only, the departments are rectangular and aligned to the x-y-axes
• Let D = {d1, . . . , dn} be the set of departments to be placed with |D| = n ∈ N the 

number of departments
• a state for one facility di is a 4-dimensional array {xi, yi, li,wi} with

– {xi, yi} ∈ R
2
≥0  being the coordinates of the origin/lower-left corner of the 

departments’ rectangle,
– li ∈ R>0  the dimension in the x direction, wi ∈ R>0 the dimension in the y 

direction
• An overall state s would be a matrix Ms of dimensions (n× 4), with every row cor-

responding to one department
• Action a would then be defined as the transition between two state matrices Ms,Ms′

, or in other words, as the variation of the departments’ origin and dimensions

The goal or reward/punishment function combines and weights all the layout require-
ments defining the learning algorithm’s development direction. Firstly, if the locations 
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defined in one state would violate any external constraints, e.g., the size and accessi-
bility to necessary supplies, they would be punished in the rating. As we talk about 
mandatory constraints, the punishment must be defined in a way the algorithm tries to 
avoid these in later periods.

As an example, most probably every department di has a minimum size 
(sxi , s

y
i ). Therefore, in the goal function, we can add the term P · (li − sxi ) as well as  

P · (wi − s
y
i ) with P being the weight/scale of the punishment. It should be chosen 

as an enormous, positive value while the numbers in brackets are negative, but either 
zero or negative (but not necessarily as large) if they are positive. Otherwise, the algo-
rithm would learn to oversize as much as possible. As a side remark, we can conclude 
that the weights are not obligatory numbers only but can be (plain) functions as well.

Secondly, optimization depending on different objectives can be applied almost 
arbitrarily through the reward function if all constraints are fulfilled. If, for exam-
ple, no outer limitation on the dimension exists, one could aim for a relatively com-
pact layout, which can be quantified by the area it consumes. Qualifying this further, 
more specifications for the layout need to be defined, which are illustrated in Fig. 3. 
There, three departments are shown, and the minimal rectangular including them is 
the facility.

With that being said, the area of the facility is

A = (xi∗ + li∗) ·
(

yj∗ + wj∗
)

 with
i∗ = argmaxi=1,...,n{xi + li}, and

j∗ = argmaxj=1,...,n

{

yj + wj

}

.

The reward for this area could simply be the negative −A or could also be a product 
with a weight. This depends on the other factors in the reward function and is to be 
explored in future work.

More advanced requirements would consider, for example, the distance to sup-
ply fixed points. These can be formulated as a boundary like the minimum size if an 
upper limit on the distance from a department to such a point exists. Alternatively, or 

Fig. 3.  Possible floor plan with three departments and overall facility boundary
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additionally, it can be formulated as the area one if these distances should be minimized. 
Then the weighting plays a vital role, connecting to the result from the sprint result.

The general advantage of using RL is that it is unnecessary to define any strategy 
for solving the task. Instead, the algorithm develops a strategy based on the bounda-
ries and objectives. It is also possible to integrate expert knowledge in the RL learning 
process, as in interactive or inverse RL [31, 32].

Additionally, ongoing research targets the issue of adapting to changing environ-
ments so that varying specifications or weighting can be integrated as well [33]. On 
the downside, RL is generally computationally intensive. As the state space in FLP is 
almost infinite (since dimensions are continuous), the question arises of how it is pos-
sible to calculate—and re-calculate—in a reasonable amount of time. As the last-men-
tioned supplementary ideas are still active research fields, the quality of the results 
needs to be confirmed.

5  Conclusions

Factory planning is an increasingly complex task due to ever-increasing requirements 
and shorter product and, therefore, production system life cycles. Not only do require-
ments refer to higher expected precision, but also the type of requirements is evolving, 
especially in terms of environmental and societal impact. This variety of requirements 
leads to the need to solve very complex problems in a short time, using the minimum 
amount of resources possible. Therefore, developing automated or assisted planning 
systems is logical and required.

As an active research area for decades, lots of effort has been put into structuring 
and solving this challenge. Activities include classifying the planning steps and find-
ing manual as well as automated solutions. However, particular attention should be 
paid to the possibility of applying generative design as a solution principle since it can 
further expand the possibilities of mathematical modeling.

Looking at current and future requirements in manufacturing, especially in the light 
of automotive assembly, it is clear that the number of possibly conflicting objectives 
increased over the past years and will continue to do so in the future. The ongoing 
strive for more flexibility creates new demands for dynamic layout changes. Therefore, 
future facility changes and variations must be considered in the initial planning phase.

Moreover, the rising focus on sustainability also raises entirely additional per-
ceptions and challenges for factory planning, e.g., by taking the reduction of waste 
heat losses into account. Since such requirements will not necessarily always be in 
line with the most economical solution, methods need to be developed or adapted to 
handle conflicting goals throughout the planning phase transparently. It is proposed 
to handle such complex scenarios by applying agile management methods and inte-
grating an adapted version of such frameworks into the automated planning approach. 
With this approach, every iteration step can be analyzed and openly discussed, adapt-
ing the methods and goals to best match stakeholders’ requests without significantly 
increasing the planning effort. Generative design has been chosen as the most promis-
ing path for each iteration step, which can be executed with metaheuristic algorithms 
or reinforcement learning. Figure 4 summarizes this development.
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The goal is to integrate the discussed topics into a single software solution, which 
can be tested with a real-world use case. Further research is required to increase appli-
cability for project stakeholders in later project phases and multi-dimensional decision 
problems.
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Abstract.  Platform economy enables entirely new value creation processes 
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1  Introduction

The shift from cradle-to-grave to a circular requires the development of new concepts. 
Sustainable development is one of the main topics of daily news. Movements like 
Fridays for Future have started [1]. Europe responded to this change through achieve-
ments and regulations like the European Green Deal [2]. Therefore, the sustainability 
challenge must be met from the customer’s point of view as well as from the point 
of view of legislation, while it forces companies to rethink their production. This 
paper aims to identify unexploited value creation patterns and provides a new flexi-
ble and easily reconfigurable framework to meet this challenge of sustainability and 
humanisation.

The goal of the proposed framework is order-specific ad-hoc combination of 
operating resources, processes and workers with handling, measurement and assem-
bly technologies and methods. The following outline summarizes the structure of 
the paper. Section 2 identifies new approaches in assembly systems and evaluates 
the potential of urbanization in terms of sustainability as well as manufacturer and 
customer attractiveness. It also describes the principle of platform economy, outlines 
the need for research and development. Based on the findings, the Urban CIRCLAS 
framework is elaborated in Sect. 3. Section 4 exemplifies the usefulness of the new 
framework based on user scenarios. They illustrate the advances of the framework 
such as saving of resources, maximizing output per area.

2  Related Word and Scope of this Paper

The principle of circular economy becomes increasingly important for governments, 
customers and companies. However, production companies must face enormous 
challenges to satisfy regulative and customer requirements. The trend of production 
shifts from a mass production to mass customization [3]. Increasing product variants 
challenges facilities caused by higher production costs, which leads to investigate 
in new concepts [4]. The integration using opportunities such as digitization ena-
bles to address sustainability aspects, as waste from conventional mass production is 
reduced [5].

An increase of the urban population is expected in the 21st century [6]. This 
implies a change to urban production, which offers a close-to-market option as well as 
counteracts the increasing environmental demands [6, 7]. Urban processes are mostly 
next to the use stage of the products. Thus, service processes such as maintenance, 
repair and overhaul (MRO) can be realized. In order to comply with the principle of 
circular economy, the cycle must be closed by appropriate end-of-life (EoL) stages. 
EoL aims a second-life, which means that process of and design for disassembly 
becomes increasingly important.

Companies are therefore committed to meet the trend of mass customization as 
well as to increasingly integrate the EoL stages into their production. The connection 
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to multiple stakeholders is essential but also a legislative and organizational challenge. 
Thus, the platform economy regulates and simplifies such cooperation. In anticipation 
of this development, research is conducted in a wide range of production areas [8]. 
The following subsections explain the current findings as well as applications with 
regard to changes in market requirements and increasing urbanization.

2.1  Circular Economy

With the advent of environmental regulations around the world, the term circular 
economy has become increasingly important [9]. The term circular economy (CE) 
describes a paradigm, that consumer goods are used for as long as possible. To achieve 
this, it has to be possible to repair the product and disassemble it at the end of its life 
cycle. At best, it is enabled to reuse the individual parts in other systems or areas. The 
recycling of waste is the last step taken to ensure at least a recovery of raw materials 
[9]. To meet this goal, companies must adapt their business model to the CE paradigm.

Small and medium-sized enterprises (SME) account for 90% of the world’s busi-
ness and 50–60% of the workforce is employed in SME [10]. However, especially 
for SME the adaption to a CE paradigm appears to be much more challenging than 
for larger companies [10]. The factors that influence a successful integration of CE 
are divided into external and internal factors. External factors include public policy, 
market conditions, the ability to develop new technologies and potential stakeholders. 
Internal factors describe the company’s own resources, capabilities, and competencies 
[10]. The CE paradigm is a main part of the Urban CIRCLAS concept development. 
Processes must be identified which profitably implement the circular economy para-
digm. An urban production system enables advantageous market conditions in terms 
of CE paradigm and the market requirements.

2.2  Urban Production

One of the most influential factors at the time of Industry 4.0 is the increasing urban-
ization. Considering the European area, the share of urban population will be 80% 
of the total population in 2050. Thus, a change of product requirements and a demo-
graphic change in production locations are essential [6].

The term “urban production” describes the transformation of production to the 
city. It is the interaction of urban populations and the companies. Accordingly, urban 
production also demands production and resource-saving processes to minimize noise 
and environmental emissions. On the one hand, it offers the possibility of implement-
ing the principle of individualized products directly in the city for the customer, and 
on the other hand, a workplace in the immediate area of the own living space has a 
higher attractiveness for potential workers [6, 11]. Based on this, urban production 
requires high productivity in limited spaces, which are more expensive in big cities 
than uninhabited areas. These requirements necessitate an adaption of production. 
Due to space limitations, productivity must be increased by other measures than 
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economies of scale. This provides a new option for decentralized production in cities, 
especially for SME [10]. Thus, production in small, decentralized units offers poten-
tial for economic impacts and climate-friendly effects, especially in urban environ-
ments [6].

The proposed Urban CIRCLAS concept supports decentralized production in 
urban areas. It focuses on high productivity on a small area and uses the advantages of 
an urban environment to reduce logistical effort. The Urban CIRCLAS concept also 
reduces efforts for various production processes. Thus, different assembly systems are 
carried out in the following.

2.3  Assembly Systems and Factories

Individualized design demands as well as the avoidance of overproduction makes 
today’s production facilities to shift to new concepts [12]. Such concepts are often 
investigated with the term “smart factory” within the era of Industry 4.0. Smart fac-
tory implies greater flexibility in production, the real-time data transfer, and the 
design of personalized products [12]. Thus, flexible production demands a high 
degree of adaptability and agility. This is supported by the integration of “assistants” 
such as the Internet of Things (IoT), which increases the connectivity and information 
transfer as well as cloud manufacturing (CM), which enables new infrastructures and 
service opportunities [13]. This leads to a rethinking of the product and process devel-
opment, and production [3, 14].

One of the relevant processes is assembly. Assembly systems link stations, buffers, 
transport systems and other components. These are divided into specific subsystems 
or modules. The concept of an assembly system is geared to requirements [12]. The 
dedicated assembly system (DAS) is almost replaced by new concepts for reconfig-
urable and flexible assembly systems. The reconfigurable assembly system (RAS) 
is designed for quick adaptations of structure, hardware, and software as well as the 
required product capacity. The assembly system is efficient, if required changes can 
be forecast in advance [12]. A flexible assembly system (FAS) describes the rein-
forced variant of RAS with lower production volume. Main focus of FAS is on a 
wider range of product variants [12]. To achieve this flexibility, redundancies arise in 
the system, which then result in cost disadvantages [12, 15].

The extreme variant of FAS, which focuses completely on product variants, is 
described as the manual flexible assembly system (MFAS). In this system, workers 
handle different variants of products and parts. MFAS strongly influences the work-
er’s performance, productivity as well as comfort. As shown in Fig. 1, the variance of 
product and the ability of mass production are significantly in contradiction. Despite 
its high costs, larger companies apply increasingly the principles of FAS and MFAS in 
their production facilities and ensure their competitiveness in terms of customer-ori-
ented requirements.
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Current trends and regulations force new value creation patterns such as closed 
loops. At the same time, product variety increase due to customer requirements. SME 
can hardly effort to meet both challenges simultaneously [12]. The Urban CIRCLAS 
concept provides a platform for freelancers and SME. It enables a low-cost develop-
ment and testing environment for assembly systems. Thus, the focus is MFAS and 
FAS with high flexibility and productivity. Disadvantages of these systems have to be 
eliminated.

2.4  Platform Economy

A platform economy is characterized by the exchange of service providers and service 
users. Well-known companies in commerce or travel exemplify the advantages of plat-
form economy during the pandemic situation [16, 17]. Therefore, platform economy 
follows specific principles for stakeholders’ interactions. For instance, stakeholders 
are connected and interact during 1) value creation in terms manufacturing, 2) use and 
consumption, and 3) reverse activities and compensation, e.g. a return service from 
stakeholder A to stakeholder B. This principle enables different kinds of services and 
products [18].

In production technology, these characteristics of the platform economy are not 
established yet [13]. A platform economy for an assembly system involves greater 
challenges. It requires a certain know-how and the equipment with the adequate utili-
ties [19]. Efficient control of equipment and processes must be ensured. Additionally, 
regardless of the sector, it must be well considered who is targeted and how efficient 
exchanges between service providers and service users are ensured.

As it was already evident from the previous chapters, the Urban CIRCLAS con-
cept as a platform economy is not only used for the exchange of different stakehold-
ers. It provides a platform for testing and combining approaches with regard to new 
assembly systems, an urban production as well as a CE paradigm.

Fig. 1.  Research scope of this paper—adapted from [15]
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2.5  Research Focus

Platform economy provides profitable solutions for distribution and sale, but it is not 
yet explored in further processes in manufacturing. The available knowledge on the 
circular platform economy in production technology particularly addresses the top-
ics of cradle-to-grave manufacturing, platform architecture and IT-based parts in man-
ufacturing. To realize the closed-loop concept in manufacturing, there is still a lack 
of knowledge and technological capability in the areas of assembly, handling, MRO, 
cloud manufacturing as well as reverse assembly including disassembly and reassem-
bly. Narrowing this gap is helpful to produce and promote products with multiple life 
cycles in the market.

An urban production is useful to shorten the local supply chain costs and emis-
sions, but expensive and small space capacities in big cities is a challenge. The 
principle of platform economy provides an opportunity to meet this challenge. This 
principle aims to combine new assembly systems such as the FAS and MFAS and the 
CE in urban areas. The combination raises the interest of companies to perform CE 
applications for different stakeholders efficiently. This motivates the proposal of a cir-
cular platform economy for manufacturing in this paper.

3  Scope of the New “CIRCLAS” Framework

The emergence of circular economy and urbanization require a significant change in 
production systems including handling and assembly. Platform economy provides an 
approach to fulfil these requirements. This chapter outlines research fields, require-
ments and possible value streams. This chapter describes the Urban CIRCLAS frame-
work and introduces both components the Urban CIRCLAS concept as well as the 
Urban CIRCLAS Lab within its urban space.

3.1  Requirements and Value Stream

The envisioned concept of Urban CIRCLAS relies on granular, regionally configur-
able production resources that achieve economic scaling effects through globalizing 
platform economies. The Urban CIRCLAS framework describes the realization of 
the Urban CIRCLAS concept. Based on the research gap, requirements for the Urban 
CIRCLAS framework are first established. Furthermore, the expected value streams in 
the Lab are specified to highlight possible fields of research.

The concept provides new solutions for industrial knowledge and applied research 
in the field of platform-based production. Main topics are assigned to assembly, life 
cycle services (repair, overhaul, product refurbishment), disassembly and reassem-
bly. A new perspective is the sustainability-oriented character of platform-supported 
production. It highlights how users such as freelancers or SME combine and upgrade 
their know-how and capabilities to realize innovative product and process designs, 
which meet established industry standards.

The resilience and sustainability of production demand a rethinking of produc-
tion technology in circular economy principles [10]. Material use must be developed 
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from a cradle-to-grave to closed loops. Solution approaches for closing the loop 
are 1) localization of production steps and value cycles, 2) sustainability-compati-
ble rationalization and scaling, 3) intensive maintenance, repair and upgrading, and 
4) fair, network-like participation on a broad social basis.

To realize these approaches, various value streams must be ensured in the Urban 
CIRCLAS concept. The platform must be attractive for various stakeholders and 
work profitably. Figure 2 illustrates the value streams to a set of sample stakehold-
ers ensuring an exchange for their individual interests. To serve these interests, the 
Urban CIRCLAS framework must be able to provide expertise as well as resources. 
Resources include the operating resources, IT infrastructure as well as the relevant 
personnel with the appropriate know-how.

The Urban CIRCLAS framework thus offers several interfaces to expand ideas, 
concepts and processes. The various interfaces also provide an opportunity to analyse 
the market from a customer, developer, investor and producer perspective. The platform 
enables interactive exchange about market as well as feasible developments. It also 
continuously structures knowledge and enhances competences as a business consultant 
in order to guide stakeholders. Based on the requirements, interfaces and corresponding 
value streams, the next chapter will explain the concept of CIRCLAS framework.

3.2  Urban CIRCLAS Framework

The Urban CIRCLAS framework represents a production system according to the 
principle of platform economy. The goal is granular production resources under con-
sideration of sustainability effects of a CE. In order to achieve this goal, it applies the 
previously described principles of platform economy in selected fields of production 
such as assembly, life cycle services and disassembly.

Fig. 2.  Determination of stakeholder and value streams
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The key aspect in this context is that a production process is implemented at n loca-
tions and can be executed 1 time each. Despite the implementation effort at the partici-
pating sites, the effects of large quantities are aimed for. According to this principle, an 
ecosystem of centralized and granular or decentralized production resources are linked 
to relevant stakeholders via a platform economy. This ecosystem includes systems such 
as MFAS and FAS. Figure 3 provides an overview of the general process of the Urban 
CIRCLAS concept. A wide variety of requests are accepted in the Lab. The orders can 
be prototypes, repair measures or also testing of new resources and processes.

The left side of Fig. 3 shows input parameters including available competencies 
and resources such as equipment or computational tools for multiple stakeholder 
requests. Based on this the CIRCLAS Lab provides services on different levels with 
regard to innovations such as new disassembly methods, processes or newly designed 
products. Design for disassembly or design to cost are sample methods.

The middle part of Fig. 3 illustrates process steps, from an order to the final 
product. Each order is divided into suborders and the corresponding process steps 
are defined. For each process step, it must be checked whether the Urban CIRCLAS 
framework can realize the process step. Thereby not only the existing equipment is 
considered, but also the possibility of development and expansion of equipment and 
processes in the lab. If no possibilities are given, the urban location is an advantage. In 
the immediate area, possible production facilities for the respective production step can 
be considered. After going through these steps n times, the required product is created.

Fig. 3.  Process and added value of urban CIRCLAS Lab
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In addition to the process and finalization of the order, further output parame-
ters become relevant, which are shown in the right side of Fig. 3. Different variables 
of the product, process and equipment can be analysed. If necessary, new solution 
approaches are developed. The Urban CIRCLAS framework enables the prototypical 
development of new equipment, which can be tested and validated directly on site in 
several scenarios. Due to the fact that the database is filled with real process data over 
multiple orders, the outcome regarding cost estimation or life-cycle assessment (LCA) 
are reliable. Thus, on the one hand, the platform is used for the interactive exchange 
of different stakeholders and, on the other hand, an innovation platform is created by 
identifying gaps and missing tools or resources in the different processes. The follow-
ing case study illustrates the realization of change requests via the Urban CIRCLAS 
framework.

4  E-Scooter Case Study

A case study including multiple application scenarios demonstrate and verify the 
feasibility of the proposed Urban CIRCLAS framework. The E-scooter is used as a 
product for verification. E-scooters have become an essential vehicle for many people 
in big cities. Inhabitants or visitors of cities use e-scooters as a private property or 
through a sharing economy company, which makes the e-scooter a viable case study 
[20]. A repair scenario for e-scooter is used to demonstrate the advantage of the Urban 
CIRCLAS framework with a simple process. With regard to the strong networking to 
different stakeholders for e-scooters, value streams of the Urban CIRCLAS concept 
are specified in this chapter.

Figure 4 illustrates the value streams of the Urban CIRCLAS framework as a 
platform for stakeholders of e-scooters. The stakeholders are represented by 1) a 
manufacturer, 2) a sharing economy/private person as a customer, and 3) a devel-
oper for design and service apps of e-scooters. It is important to guarantee that data 
is exchanged between the platform and the stakeholders under the condition of con-
fidentiality. This information will be processed accordingly in the database. Thus, an 
interactive exchange between stakeholders and the Urban CIRCLAS framework is 
ensured.

The central location of the CIRCLAS Lab provides a direct contact to the cus-
tomer as well as to the product. This is advantageous from both customers’ and 
suppliers’ point of view. For example, all e-scooters within a 5 km radius to the 
CIRCLAS Lab can be automatically assigned to the CIRCLAS Lab as a service pro-
vider for maintenance. Networking with other labs in the immediate area for realiz-
ing the requests reduces transport distances and thus offers new logistics concepts. 
This way, a sharing economy does not have to collect these e-scooters, transport 
them to the corresponding repair sites and distribute them again later. Thus, logistics 
and transport costs for customer like sharing economies are reduced. The principle 
of urban production applied in a platform economy thus delivers a positive impact in 
terms of effort, sustainability and costs.



198    A. Oguz et al.

The interactive exchange is shown through the value streams, which depend on 
the stakeholder request. In order to examine more specifically the procedure and the 
possibilities in the developed concept, the shown stakeholder requests will be car-
ried out. For this purpose, Fig. 4 illustrates the value stream between a customer and 
CIRCLAS, for instance, in the case of repair.

(a) E-scooter scenario between a User and the Urban CIRCLAS framework

The change request is, as mentioned, the replacement of the front mudguard on the first 
wheel of a conventional e-scooter, which is illustrated in Fig. 5. Due to the fact, that the 
stakeholder is a user, less product data is available. The user is only able to provide his 
user data. Thus, based on the existing know-how, the required functionalities can be 
defined and a replacement part for the e-scooter can be developed and transferred in a 
CAD model. This CAD model in turn is used for 3D printing. The new component is 
used to replace the damaged part. For this, two options to replace this front mudguard 
are possible the 1) replacement of the mudguard in the CIRCLAS Lab or a 2) replace-
ment of the mudguard directly at the damaged e-scooter (on-site or remote).

Depending on the change request, a repair in the CIRCLAS Lab can be carried out 
manually or partially automated. This is enabled by using the concepts of FAS and 
MFAS. The decision depends on the workload caused by other requests. The availa-
bility of a service employee as well as the repair equipment is essential. In this cus-
tomer request, it is assumed that an on-site repair is needed.

In aviation and other sectors, the development of a remote guidance for mainte-
nance has become important [21, 22]. Especially in times of the pandemic, it became 
relevant to support repair remotely. Cloud manufacturing (CM) supported approaches 
are being explored, which ensures efficient data exchange. Using CM-supported 
approaches, for example, enables to remotely identify the problem and determine 
the appropriate repair action. Guidance via augmented reality (AR) supports to 

Fig. 4.  User scenarios in the Urban CIRCLAS framework as a platform
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execution of the determined repair actions [23]. The Urban CIRCLAS framework 
tests CM-supported approaches and remote maintenance service for any sector. Thus, 
the Urban CIRCLAS framework provides new equipment for different services and it 
tests how much information in the remote maintenance service is relevant. Therefore, 
it extends the idea of a remote maintenance service.

Regarding to the e-scooter scenario, a sharing economy benefits from CM and 
performing condition monitoring. All e-scooters in the immediate vicinity can be ser-
viced, when a specified period of time has elapsed since the last maintenance or cer-
tain performance parameters indicate possible faults. The possibility of monitoring as 
well as appropriate response are offered. Thus, the Urban CIRCLAS framework real-
izes repairs at an early stage and in case of frequent errors, appropriate design solu-
tions are generated.

If the presence of employees and corresponding equipment becomes necessary, 
further aspects have to be considered. It has to be ensured that the service can be car-
ried out with low effort. An on-site repair imposes new requirements on the equip-
ment. Thereby the weight of the equipment is relevant as well as the number of 
equipment that has to be transported. The savings in the transfer of employees and 
equipment offer cost reductions, for instance, in the maintenance of offshore wind tur-
bines (OWT). The case study shows that the equipment must be appropriately adapted 
to different conditions. Through CIRCLAS, equipment can be developed, tested in 
real scenarios, and evaluated accordingly [24].

(b) E-scooter scenario between a manufacturer and the Urban CIRCLAS framework

The example e-scooter, which has a damaged front mudguard, is further used. As 
illustrated in Fig. 4, a manufacturer provides product data and CAD models along 
with its service request. The manufacturer is interested in effective design solutions on 
the product.

Due to the close proximity of the CIRCLAS Lab to the product, a quick identifi-
cation of the damage and the frequency of the damage is enabled. The front mudguard 
as a part, which is connected to the control arm, has to be replaced. This means that a 
replacement of the entire mudguard is necessary. However, since the front part of the 
mudguard has correspondingly more often foreign damage due to its position, the rear 
part of the mudguard is usually undamaged. A design for disassembly principle can 
ensure faster replacement. Manufacturing the front mudguard in two parts, is a possi-
ble design solution as shown in Fig. 5. These parts can then be connected with a screw 
connection. The front part, which is more often damaged, can be mounted and dis-
mounted directly to the rear mudguard part with two screws. This ensures a replace-
ment of only the damaged part and resulting in material savings. These optimizations 
can already be observed in newer e-scooters, resulting in significant advantages.
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This example shows that the design for disassembly approach can reduce costs 
through material savings on the product as well as time savings in the process. In 
addition, there is the sustainability aspect, which is ensured by reduced waste.

(c) E-scooter scenario between a developer and the Urban CIRCLAS framework

A developer can be a freelancer or an SME and does not have many resources or cor-
responding competencies for the manufacturing process. The missing resources as 
well as competences are offered in the Urban CIRCLAS framework. This results in 
the value streams, which are shown in Fig. 4. The developer has a prototype request 
and a concept or ideally a CAD model. The required process steps are derived from 
the CAD model. The necessary operating resources are then assigned to the respec-
tive process steps. Due to the continuous collection of data regarding the own process 
times, an estimation of the time for the process can be made. A first cost estimation is 
made based on machine hour rates. Developed tools for the cost estimation as well as 
the LCA are used. The developer gets an overview of his product idea from different 
perspectives, whereby the research fields in the Urban CIRCLAS framework expands.

Based on the e-scooter scenario, the developer asks for a prototype to demon-
strate lower crash rates. For example, the developer expects a lower crash rate with 
an e-scooter that has two wheels at the back and one at the front. This should reduce 
the need for repairing the front mudguards and also minimize the risk of injury to the 
user. At this point, an initial evaluation can be made in the early stages of product 
development using virtual engineering (VE) [25]. The Urban CIRCLAS framework 
offers an implementation of this concept throughout the entire life cycle. It is thus 
guaranteed that by means of real data and an implementation of VE, conclusions can 
be drawn about the product and process.

Fig. 5.  Front mudguard with screw connection
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Summary
The application of three scenarios on the proposed Urban CIRCLAS framework 
demonstrates the value streams between different stakeholders. The positive impact 
of the Urban CIRCLAS framework caused by the given opportunities such as compe-
tencies in design methods or equipment and the possibility to develop equipment, are 
elaborated in the scenarios. In summary, the Urban CIRCLAS framework provides 
in these scenarios 1) (remote) maintenance service despite no product data, 2) design 
solutions, which result in reduction of material waste and costs, and 3) prototyping 
using AR and VE, which enables conclusions and forecasts. However, it is evident 
from the three scenarios that the Urban CIRCLAS framework has to react quickly. 
This fact promises a quick identification of weaknesses in the equipment as well as 
in the system set up. For example, a constant retooling of gripper systems does not 
offer any direct added value and is associated with time and costs. The gripper system 
in the e-scooter scenario must be constantly changed if new requests regarding the 
handlebars, battery or wheel arise in addition to a mudguard change. Therefore, this 
is a field of research that ensures a minimization of changeovers. In this sense, the 
sustainability aspect is also ensured, since less material is indirectly consumed due 
to a lower number of equipment accessories. In addition, adaptability to new product 
applications and variants can be expanded. Thus, weaknesses such as gripper system 
are identified based on the implementation of various services.

5  Conclusion and Outlook

This paper investigates the development of a platform economy principle for man-
ufacturing that meets today’s requirements and trends such as mass customization 
and urban production. The proposed concept addresses the challenge of combining 
different disciplines in the field of assembly, handling, disassembly and reassembly. 
This paper promotes the framework “Urban Circular Cloud Assembly and Services” 
(Urban CIRCLAS), which consists of a new concept for platform economy applica-
tions and of a lab for creation and demonstration of granular and order-specific ad-hoc 
new combination of operating resources, processes and workers.

The goal of the Urban CIRCLAS framework is creation of new perspectives 
through networking of different stakeholders. In this context, a database for cloud 
manufacturing as well as generic tools are developed in a platform that offers fore-
casts and justifies effort and costs for different scenarios. In sample scenarios, main-
tenance intervals can be predicted, process costs estimated or product developments 
evaluated.

Based on the scenarios, various benefits for stakeholders are identified such as 
providing competences and the urban location. Further research fields emerge to be 
explored within the Urban CIRCLAS Lab:

• Cloud manufacturing and condition monitoring to reduce repair time,
• Equipment development for on-site maintenance,
• Design solutions using principles such as design for disassembly,
• Reducing material waste and time waste in repair and overhaul processes,
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• Cost reduction in MRO and prototyping,
• Virtual engineering for sustainable manufacturing,
• LCA for the standardization of products and processes, and
• Prototyping for micro mobility solutions.

Research and industrial activities in these fields focus on isolated developments and 
applications, but have not been widely combined. The Urban CIRCLAS framework 
combines multiple aspects, especially advantages of flexible assembly systems, mass 
customization and sustainability consideration in a single multifaceted platform. 
Stakeholders, services and competences can interact in various ways within the plat-
form, which connects the interactions and leads fast and meaningful conclusions.

The CIRCLAS Lab provides a physical environment for research and develop-
ment of pioneer solutions based on the platform characteristics of the framework. The 
framework offers continuously updated services. Urbanization as well as networking 
are essential components of this framework, which support fundamental research pro-
jects and innovative applications. The Urban CIRCLAS framework creates a set of 
technical requirements and solutions for ensuring quality and trust in products and 
services via the platform virtually as well as the Lab physically.

With regard to circular economy, the Urban CIRCLAS framework enables both 
forward and reverse processes. As a main part of end-of-life, separation processes are 
investigated in order to design the recycling process in a low-cost and value-adding 
way. As a case study, a second-life scenario is created by separating the parts or com-
ponents of a e-scooter appropriately. This case study exploits the limits of the continu-
ous reuse of raw materials.

Future work aims to implement the Urban CIRCLAS framework in the Lab. 
Identified research fields will be investigated to develop new methods, tools and 
equipment enhancing benefits of Urban CIRCLAS framework.
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Abstract.  With the increasing focus on the electrification of personal mobil-
ity, shortened development cycles with high cost pressure have to be managed 
quicker than ever in the Automotive Industry at minimal development cost. 
As a global automotive supplier, Mubea develops novel manufacturing tech-
nologies for new products in the electric powertrain. One example in the bat-
tery case of battery electric vehicles is the thermal management system of the 
traction batteries—a key factor in the battery case. As a new production tech-
nology for this product, the Mubea Rollbonding Process of aluminum offers 
several advantages, such as a high design freedom of the channel structure. 
For the product development—even though Mubea consequently makes use of 
automated simulation workflows—the turn-around time of a single CFD per-
formance evaluation is still high. Therefore, our goal is to use all the historic 
simulation results from past projects to build a predictive model that allows the 
prediction of simulation results in real-time. However, given the high freedom 
in the design space allowed by the Rollbonding process, standard Machine 
Learning approaches, based on parameters, are not suitable. Hence, there is 
the need to directly process 3D geometries as such. Using historical engineer-
ing data, the unique deep learning approach of Neural Concept is able to pre-
dict unseen designs in seconds rather than hours, directly from the raw CAD 
file. This innovative approach allows Mubea to iterate faster and shorten the 
response time on customer enquiries. In conjunction with other design disci-
plines and manufacturing data, we look forward to have not only an AI-based 
design evaluation but also a tolerance-aware design optimization. In this paper 
we present an innovative strategy to utilize historic simulation results, and 
the corresponding 3D geometries, to predict the performance of new designs 
instantaneously. After explaining the underlying approach, first results are 
discussed. It can be shown that with as little as 100 training samples, this 
approach is able to deliver predictions with sufficient accuracy and over 90% 
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of lead-time reduction. Finally, we explain how Neural Concept and Mubea 
are collaborating to embed this approach in the Mubea design and simulation 
environment. 

Keywords:  Machine learning · CFD-simulation · Design and simulation · 
Rollbonding · Cooling plates · Battery electric vehicles

1  Introduction

Rollbonding (RB) is a manufacturing process where two or more metallic sheets are 
welded together by a flat rolling process. The bonding can be performed at room tem-
perature or after a heat-treatment—in warm condition [1]. Applications of this process 
range from production of bimetal sheets for electric engine components to manu-
facturing of heat exchangers. Since it is possible to print a separator medium on one 
of the sheets with a pattern the bonding can be controlled: Only the bare metal sur-
faces are bonded, while the painted surface remains separated [2]. The joined plate is 
inflated by applying pressurized air after the rollbonding, which forms out a channel 
geometry. Figure 1 shows the basic principle.

With increasing focus on electrification of personal mobility, the commonly 
known manufacturing process for freezers and refrigerators was advanced by Mubea 
to fulfill the requirements of automotive thermal management systems. The Mubea 
rollbonding process delivers thermal management systems that are characterized by 
the highest cooling and heating capacities as well as outstanding economy and max-
imum design freedom. The channel design can be varied in topology as well as in 
geometry. As shown in Fig. 2 the topology can be anywhere between a dimple 
design and classical channel design. The high design freedom makes it possible to 
truly optimize the cooling systems performance, but requires several dozen of design 
iterations.

Fig. 1.  Schematic illustration of the manufacturing of rollbonded plates
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To design the cooling channels adequately, the thermo-hydraulic behavior is sim-
ulated using computational fluid dynamic (CFD) codes. The designer evaluates key 
performance indices (KPIs) like the maximum temperatures, fluid velocities and 
pressure drop throughout the design process. Due to the shape of the cooling plate 
(approx. 1500 mm x 2000 mm x 3 mm), a simulation model that covers all details 
consists of around 30 million cells. To reach a steady state numerous iterations have to 
be calculated by the CFD solver on a high performance computing cluster.

Since 2015 Mubea continuously works on the application of optimization methods 
on the design of body components [3]. We identified the automated design evalua-
tion as huge synergy between manual and automatic design optimization. Hence, we 
democratized simulation methods and enabled our designers to evaluate performance 
without the need of becoming a CAE expert. Even though our designers can evaluate 
on themselves, the turnaround time is in the range of a day. This is why a quicker 
design evaluation becomes necessary to enable automatic design optimization and 
faster manual design.

Classical design optimization is based on parameterized designs and the evalua-
tion of scalar KPIs. Design variables are expressed as vector x, while responses are 
denoted as vector y, with x, y ∈ Rn. The general relationship between design variables 
and responses can be expressed as:

Here f  is the simulation model. For computational demanding tasks, optimization 
algorithms typically are not applied to the design problem directly but to a surrogate 
problem [4]. A so called metamodel is trained based on machine learning algorithms 
to predict the KPIs by interpolating the performance landscape given a low dimen-
sional parametrization of the shape space. This metamodel is then used as a proxy for 
the true objective to speed-up the computation. The altered model relationship can be 
expressed as:

Now the simulation model is replaced by the approximation ̂f , which delivers pre-
dicted responses ŷ. To train a metamodel, necessary training data is generated based 
on a design of experiments, where parameters are varied in a controlled manner to 
reach a good design space coverage [4].

(1)y = f (x)

(2)ŷ = ̂f (x)

Fig. 2.  Design freedom of rollbonded plates
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However, this approach is only effective for shape deformations that can be 
parameterized using relatively few parameters. Their performance therefore hinges on 
a well-designed parameterization. Furthermore, the models are specific to a particular 
parameterization. Historical simulation data lacking a joint parametrization cannot be 
leveraged easily.

Therefore, when designing rollbonded cooling plates, two challenges arise:

1. Response distributions are of interest, hence we need a prediction of the response 
field rather than scalar KPIs,

2. A meaningful parametrization of the design space is nearly impossible when the 
design freedom of the technology shall be covered.

A common approach to tackle the first challenge is the so-called reduced order mod-
eling (ROM), which enables the prediction of field responses. Based on an proper 
orthogonal decomposition (POD) the field response can be expressed with a reduced 
set of eigenvectors and predicted based on classical metamodeling [5–7]. The down-
side of this approach is that the field response is smoothed and non-linearities are not 
well captured. Other than that, a good parametrization is still needed.

The Neural Concept approach, based on 3D Deep Learning and Geodesic 
Convolutional Neural Networks (GCNN), is the first AI approach which is able to 
deal with unstructured 3D data from CAD geometries directly, and learns how they 
interact with the laws of physics. It is able to predict both global quantities and fields 
responses from a single geometry. As neural networks are designed to model any 
response function, they are also able to accurately capture even highly non-linear 
phenomena, or discontinuities in the physical response. Moreover, as this approach is 
handling raw CAD data, it is free from any underlying parametrization of the geome-
try. This means these predictive models can learn from many different topologies from 
various sources, hence handling a much wider design space. This is especially suited 
for use-cases with a large freedom in the design space, as enabled by the Mubea 
Rollbonding process.

In this work, we applied the Neural Concept Shape approach to a set of historical 
CFD simulations of cooling plates.

2  AI Based Preformance Prediction with Neural Concept 
Shape

The Neural Concept Shape approach is based on Geodesic Convolutional Neural 
Networks (GCNN). These neural networks models are able to deal with a 3D rep-
resentation of the geometry and extract the relevant features from it. This is the result 
of years of research from the Computer Vision Laboratory of EPFL, later further 
developed and implemented by Neural Concept [8].

It uses multi-scale geometric neural networks, through a combination of surface 
such as geodesic and euclidean network architectures. The first part of the model 
pre-processes the input and constructs a set of features by means of the previously 
introduced geodesic convolution operations. These features are used to predict the 
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global scalars via average pooling within two dense layers. The second branch of the 
network generates fields relying on an additional set of geodesic convolutions and 
point-wise operations. The global architecture is shown with Fig. 3

This new network takes advantage of a GPU efficient implementation of geodesic 
convolutions, removing the need to use a Cube-Mesh mapping or any prior remeshing.

3  Application to Cooling Plates

In the development process of cooling plates, the task of the designer is to develop 
a channel topology that provides an uniform temperature distribution with minimum 
pressure drop �p. Module areas, heat flux Q, inlet temperature Tinlet as well as the 
mass flow rate ṁ are given quantities. Figure 4 depicts those analysis quantities.

Fig. 3.  Neural Concept Shape network architecture

Fig. 4.  Cooling plate with analysis quantities
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Mubea uses Ansys Fluent to solve the underlying steady state conjugated heat 
transfer problem by applying a coupled solution scheme and kω-SST turbulence mod-
eling. As important as the right specification of material properties is the appropri-
ate meshing of the geometry. In order to correctly model the thermal behavior on the 
fluid wall, mesh refinement is applied. This results in a high number of elements, long 
meshing and solving times and huge amount of data to handle in post-processing. 
Even though meshing, solving and post-processing can be done without user interac-
tion, it still requires serious time. A typical mesh is shown in Fig. 5.

In order to speed up the design evaluations, the Neural Concept Shape algorithm 
was trained using historical project data. The used data originates from five different 
vehicle programs, whose project and design space characteristics are quite different, 
as shown in Table 1. In addition to the design space, also the input parameters vary 
between projects: the inlet mass flow ṁ ranges from 6–16 l/min, the inlet temperature 
Tinlet is defined within a range of 288.15–298.15 K, while the module heat flux  Q var-
ies within 1.7–6.1 kW/m2.

To train a model, first the inputs x and the output quantities y have to be defined. 
The new aspect here is, that next to the obvious inputs, heat flux Q, inlet temperature 
Tinlet and mass flow rate ṁ, the geometry is used as it is, without further simplification. 
Anyhow, the geometry file has to contain the relevant areas such as the inlet and outlet 
surfaces, the module areas as well as the solid and fluid regions.

Fig. 5.  Cut through a channel mesh (gray: top/flat side, green: coolant, red: bottom/channel 
side)

Table 1.  Characteristics of the different vehicle programs

Vehicle program Number of 
modules

Average plate 
length [mm]

Average plate 
width [mm]

Number of 
samples

A 9 2000 1000 25

B 5 2300 650 33

C 4 1150 500 27

D 3 800 550 33
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The aim of the model is to predict all relevant responses the designer typically 
analyzes such as: temperature field on the top of the plate T top, velocity field in the 
fluid midplate vfluid, temperature field in the fluid midplane Tfluid, pressure field in the 
fluid midplate pfluid, pressure drop �p, maximum top plate temperature Ttop,max, maxi-
mum fluid velocity vfluid,max and max fluid temperature Tfluid,max.

3.1  Evaluation of Prediction Accuracy

Based on the mentioned inputs and outputs a model is trained using 108 training sam-
ples from the vehicle programs A–D. The training took about 30 h on a single NVIDIA 
Tesla K80 GPU. Afterwards the model was tested with 10 samples that were hold out.

To evaluate the prediction accuracy of the model, the relative mean absolute error 
eRMAE is calculated across all nd samples, by normalizing the mean absolute error 
eMAE with the value range of the sample:

Table 2 shows the RMAE for the different field responses, averaged across the sam-
ples of the programs. The error is within an appropriate range below 10% with 6.78% 
as maximum and 4.15% as mean.

Table 3 shows the prediction errors on the scalar KPIs as absolute and relative val-
ues. For most programs, the error is far below 1%, while single responses show errors 
of up to 9.1%. The mean error is 2.01%.

(3)eMAE =
1

nd

nd
∑

i=1

∣

∣yi − ŷi
∣

∣

(4)eRMAE =
eMAE

ymax − ymin

Table 2.  Field prediction accuracy of the test set averaged across different programs

Program T top[%] vfluid[%] Tfluid[%] pfluid[%]

A 2.47 2.47 5.81 6.00

B 3.21 2.08 5.89 6.78

C 4.42 4.33 5.47 4.43

D 1.66 3.78 3.26 4.28

Table 3.  Scalar prediction accuracy of the test set averaged across different programs

Program Ttop,max[K] vfluid,max[m/s] Tfluid,max[K] �p[Pa]

A 0.0481 (0.02%) 0.0742 (2.91%) 0.0820 (0.03%) 1146.8 (4.75%)

B 0.1625 (0.05%) 0.2592 (5.23%) 0.0709 (0.02%) 978.0 (3.29%)

C 0.2285 (0.07%) 0.3614 (9.10%) 0.3614 (0.01%) 412.3 (0.84%)

D 0.0763 (0.02%) 0.1583 (5.09%) 0.0742 (0.09%) 285.3 (0.71%)
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To show the qualitative difference between simulation and model prediction, two 
characteristic test samples are selected (B20 and C14).

Figure 6 shows a good prediction with minor differences in the values on sample 
B20. Here the maximum error is 0.266 K (6.65%), which is fairly low. Hotspots are 
well captured in position and size. Most predictions in the test set are comparable to 
this in quality. In Fig. 7 “the worst” prediction from the test sample C14 is shown. 
This prediction misses several hotspots and has a maximum error of 1.35 K (9.64%).

3.2  Evaluation of Model Uncertainty

In order to use the NCS prediction in project context rather than CFD simulations, 
hotspots have to be captured accurately and the prediction error should be low in 
general. Worst case would be when the prediction drives the design in the wrong 
direction. In order to judge if a prediction is reliable, the evaluation of the model 
uncertainty is a possible method.

To derive the model uncertainty, the model was trained in such a manner, that it 
was not only learning the function that maps inputs to the outputs, but it also was 
learning the distribution of possible outputs given a single input. Thus, during 

Simulation Prediction Absolute Prediction Error

Temperature in K Temperature in K

Fig. 6.  Prediction of temperature field on the top of the plate T top of Sample B20

Simulation Prediction Absolute Prediction Error

Temperature in K Temperature in K

Fig. 7.  Prediction of temperature field on the top of the plate T top of sample C14
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inference, the model produces an ensemble of predictions sampled from this learned 
distribution. While the average of this ensemble is considered to be the actual output 
prediction, double of its standard deviation is taken to be the 95-% confidence interval 
for uncertainty estimation.

Figures 8 and 9 show the prediction uncertainty on the two test characteristic test 
samples.

On sample B20, the uncertainty and the error do not correlate well. Areas of high 
uncertainty show low errors and vice versa. For sample C14 the uncertainty is high in 
the areas of high error and especially in regions where hotspots were missed.

3.3  Evaluation of Generalization Capability

The shown results were created by using the same vehicle programs for training and 
validation of the model. In the industrial context, the generalization capability of the 
model is of high interest. Therefore, we evaluated how good the approach can predict 
the unseen vehicle program, by training a model with vehicles A–C and validating 
against D.

Because the training space of vehicle D was different to A–C, two samples from 
program D were used to transfer the learned model to the new boundary conditions. 

Prediction

Temperature in K

Prediction Uncertainty

Temperature in K

Absolute Prediction Error

Temperature in K

Fig. 8.  Prediction uncertainty on sample B20

Prediction

Temperature in K

Prediction Uncertainty

Temperature in K

Absolute Prediction Error

Temperature in K

Fig. 9.  Prediction uncertainty on sample C14
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After adding just two samples from the new program, the overall location of the hot-
spots was predicted correctly, while the difference in the field prediction reaches 20% 
of the value range (Fig. 10).

After training the model with five samples from program D, the prediction got 
more accurate and difference in the field prediction drops below 10%, as shown in 
Fig. 11.

4  Conclusion and Outlook

With the presented approach it is possible to predict full field responses based on 
scalar parameters in conjunction with native CAD input. This enables the re-use of 
historical simulation results in order to train predictive models. For the prediction of 
the thermo-hydraulic performance of Mubea Rollbonded Cooling Plates, 118 historic 
CFD simulations were used for model training and verification.

Simulation Prediction Absolute Prediction Error

Temperature in K Temperature in K

Fig. 10.  Prediction with two samples from unseen program

Simulation Prediction Absolute Prediction Error

Temperature in K Temperature in K

Fig. 11.  Prediction with five samples from unseen program
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As shown in Sect. 3.1 the overall prediction error is below 10%. Given the fact 
that predictions can be generated in quasi real-time, the model performance is rated 
well. With the help of such a model the designer can quickly evaluate dozens of 
design ideas until a reaching certain maturity. Nevertheless, it is necessary to validate 
the final design with the legacy CFD process and make adjustments were necessary.

Whenever a critical area in the prediction shows a high uncertainty, this might be 
an indication for the necessity to evaluate the design with a full blow CFD run. With 
the uncertainty prediction shown in Sect. 3.2, the designer is enabled to judge when a 
CFD verification is required.

After studying the generalization capability of the algorithm in Sect. 3.3, it can be 
concluded, that an existing model can be adapted well to new circumstances. In the 
presented study, the prediction error was below 5% after adding five samples from 
an unseen project. With Mubea’s PLM and SDM databases, the amount of project 
data is continuously growing. Automated simulation workflows in the hands of CAD-
designers further accelerated this data growth.

Using historical data, expert users can now create model training workflows on 
the NCS platform. With web technology, the finalized models are deployed via REST-
APIs or web interfaces. This enables Mubea CAD-designers to evaluate the models in 
batch mode or to investigate the performance in an interactive manner easily.

As explained in Sect. 1, optimization methods are hard to apply to cooling plate 
design problems. With the NCS approach, optimization becomes feasible again, by 
searching for optimal topologies in the GCNN embedding. To achieve this we look 
forward to integrate more simulation load cases in the training process. This enables 
the designer to firstly evaluate manufacturability, stiffness and durability more quickly 
and secondly delivers a holistic model for the topology search.

Data from manufacturing and quality assurance delivers information about the 
scatter of material properties, in conjunction with manufacturing simulations it is 
possible to derive the geometric variation of the channel geometry. Training the NCS 
algorithm with this data will enable us to include 3D manufacturing tolerances in the 
topology search and guarantee robustness and reliability.
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Abstract.  The shift toward electromobility requires innovative solutions for 
battery design and the associated peripherals in order to increase the efficiency 
and safety of electric vehicles and increase sustainability. This major challenge 
was taken up by a consortium of five Fraunhofer institutes as part of a research 
project. The goal was to develop new designs and manufacturing technologies 
for e-mobility applications, which would then be implemented in a resource-ef-
ficient battery module demonstrator. This module demonstrator (Figure 1) 
initially consists of two identical cast aluminum half-shells with integrated 
copper channels for active cooling of the battery cells. These halves are bonded 
together via fire retardent fiber composite side panels (right, left and back). The 
adhesive used is thermally releasable, allowing easier disassembly. The module 
lid is attached to the front face and consists of a metal foam sandwich, which 
is infiltrated with phase change material (PCM). The PCM serves as a passive 
cooling system for the power electronics located on the backside of the lid, 
enabling thermal load peak flattening and increased temperature homogeneity 
within the power electronics. The heat stored in the PCM can be released to 
the environment or be removed via the active cooling system subsequent to the 
peak loads. The overall cooling management of the module thus also allows 
very heat-intensive charge and discharge cycles. Thin fire protection materials 
are located between the cells to prevent thermal propagation in the event of a 
thermal runaway of a cell. Several modules can be interconnected to form a 
stable unit that can be expanded as required.

Keywords:  Traction batteries · Battery module · Lightweight design · Metal 
foam · Active and passive cooling
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1  Introduction

The ongoing electrification and digitalization in the automotive sector as well as 
the intensifying requirements regarding sustainability and resource efficiency pose 
new challenges for the automotive industry in manufacturing and product develop-
ment [1]. The social and political relevance of the topic of sustainability continues 
to grow and is also becoming visible at EU level [2]. The project futureFlexPro was 
therefore launched within the Fraunhofer-Society. In this project, which is funded by 
the German Federal Ministry of Education and Research (BMBF), the interdiscipli-
nary consortium consisting of five Fraunhofer Institutes (IWU, IAO, IFAM, IST and 
WKI) and the Fraunhofer Center for Lightweight Construction and Electromobility 
in Wolfsburg developed demonstrators and concepts of variant-flexible and eco-effi-
cient system components for future vehicle generations in the sense of a holistic cir-
cular economy. In the sub-project “battery module construction”, a concept for the 
structural redesign of a hybrid battery module housing was created and manufactured 
in the form of a demonstrator module. The focus of the conceptual design was on 
better dismantling capability, improved thermal management and fire protection. This 
futureFlexPro module is presented and explained in detail below (Fig. 1).

2  The Futureflexpro Module

The vehicle battery systems currently available on the market consist of a battery 
housing containing individual modules, which in turn contain individual cells. The 
mechanical functions and the different cooling system are usually located at system 
level, such as in the battery system with pouch and prism cells of the Mercedes EQS 
[3, 4]. In the case of round cells, the market leader Tesla relies on a cooling system at 
module level [5].

Fig. 1.  FutureFlexPro Module complete (l.) and cut (r.). (Source: Fraunhofer IWU)
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The developed module consists of a cell stack built up from twelve individual 
pouch cells. Two identical cast aluminum halves with fiber composite side panels 
enclose this cell stack. For self-sufficient use, the module has its own power elec-
tronics for monitoring and controlling the cells and can be easily opened for mainte-
nance and repair purposes via the screwed on module lid (Fig. 2). The entire module 
is 150 mm wide, 184 mm high and 340 mm deep. Mainly the battery cells used inside 
the module determine its size.

The core of the battery module is the cell stack (see Fig. 3). The stack consists of 
twelve LiFePO4 pouch cells with 3.3 V nominal voltage. These cells have a capacity 
of 20 Ah each and are connected in series (in 12 s) via a connector component. The 
voltage of the cell stack is thus 39.6 V. Between the cells there is a high thermal con-
ductive sheet (copper or aluminum) to transport the heat from the inside of the cells 
to the edge as well as a layer of fire protection material, which also compensates the 
swelling of the cells by two thicker layers. As shown in Fig. 2 a connection element is 
attached to each the plus and minus pole for the electrical connection of the stack with 
other modules or an electrical consumer.

Fig. 2.  The futureFlexPro battery module. (Source: Fraunhofer IWU)
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The cell stack is enclosed by the module housing. In this new type of module, the 
housing consists of two identical parts. These half-shells have internal copper chan-
nels for an active temperature control system (see Fig. 4). This allows the cells to be 
tempered from above and below.

The module halves were designed to be manufactured from aluminum using a 
low-pressure casting process to integrate the fluid channels. During the production of 
the castings, the copper fluid channels were inserted into 3D-printed core packages, 
where they were then enclosed by the molten aluminum.

The two housing shells are joined together via fiber composite (CFRP) side and 
rear walls with thermally separable adhesive. To assemble the module, the complete 

Fig. 3.  The cell stack and its components. (Source: Fraunhofer IWU)

Fig. 4.  Module shells with integrated copper fluid channels. (Source: Fraunhofer IWU)
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cell stack is therefore pre-stressed over the side panels and placed between the module 
halves. In the next step these are brought together and the stack pretension is released 
(Fig. 5). A small amount of residual pre-stressing remains on the cells through the 
module halves to counteract swelling of the cells.

The front of the module is tightly closed by a lid with bushings for the cooling 
lines and electrical connections. With regards to good assembly performance, the lid 
is fixed with screw connections. On the outside of the lid in the area of the electri-
cal connections a bumper made of an aluminum foam sandwich (AAS) structure is 
placed, which protects the module from side crash loads. However, the lid also fulfils 
a further function. The module's power electronics are located on the backside of the 
cover. These generate a load-dependent energy loss in the form of heat, which results 
in a temperature increase of the power electronics themselves and the surrounding 
areas. In the developed module, the lid serves as a passive temperature control system 
or rather as a buffer storage. It consists of an AAS structure additionally infiltrated 
with a phase change material (PCM). The sandwich base plate of the front lid contain-
ing a closed cell aluminum foam core layer was produced via powder metallurgical 
foaming route. The complete foam process is shown in Fig. 6. During the foaming 
process the sandwich aluminum cover sheets build a metallic join with the foam. The 
base plate setup is AAS15/1/1, whereas the bumper setup an AAS25/2/2. The bumper 
is joined vertically on the base plate. Inserts for joining the lid with the module frames 
are placed and the sandwich is sealed along the edges.

Fig. 5.  Assembly of the module: positioning of the cell stack in the joining device (left), 
assembly of the module shells (right). (Source: Fraunhofer IWU)

Fig. 6.  Powder metallurgical production route for closed cell aluminum foam sandwiches with 
aluminum cover sheets (AAS). (Source: Fraunhofer IWU)
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The by definition closed cell foam, which consist of cell rods as well as cell walls, 
has micro and macro cracks in its wall structure enabling the foam to be infiltrated 
with the PCM. For that reason, the foam offers a permeability and enabling it to be 
infiltrated with fluid. The PCM was infiltrated into the AAS base plate with an infil-
tration plant and metering unit, see Fig. 7. The infiltration process was pressure sup-
ported. Finally, the infiltration ports of the lid were sealed.

The PCM, in this case paraffin, is able to absorb thermal energy, store it and 
release it again. This is achieved by a phase change from solid to liquid and vice 
versa. Although PCM has a good heat capacity, it has a low thermal conductivity of 
0.2 W/mK. However, the infiltration of the PCM into the aluminum foam compen-
sates this disadvantage, as the aluminum ridges and walls act as a thermal conduction 
matrix, thus enabling rapid heat transfer into the storage material. The thermal con-
ductivity of the composite material with a density of 0.5 g/cm3 is 17 W/mK [6, 7].

Paraffin is used in the front lid, as it is particularly suitable for this application due 
to its corrosion behavior. Paraffin waxes are available with different melting points 
and can thus be selected to suit the specific application. Thermal simulations were 
carried out to dimension the AAS-PCM composite in terms of foam cover layer thick-
ness and the selection of a suitable paraffin wax. A fast charge condition of 20–80% 
State of Charge (SOC), where the power electronics generate 50 W of dissipated 
heat, was selected as the load boundary condition. The goal was the temperature not 
exceeding 50 ℃ to prevent damage to the electronic components.

Figure 8 shows simulation results for different configurations of AAS and PCM. 
The first number of the AAS description represents the total sandwich thickness, fol-
lowed by the cover sheet thicknesses in mm. Results for the AAS15/1/1 and AAS 
20/1/1 in combination with PCM with melting areas at 35 ℃ (PCM35) and 44 ℃ 
(PCM44) as well as a 1 mm thick aluminium plate reference structure are shown.

Fig. 7.  Infiltration setup for infiltrating AAS with PCM. (Source: Fraunhofer IWU)
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The simulation showed a significant reduction of 52.6% in the maximum temper-
ature for the PCM setup with a melting point at 44 ℃ and a reduction of 60.8% for 
the PCM with a melting point at 35 ℃ relative to the reference. With both PCM44 
and PCM35, the maximum temperature could be kept below the target mark of 50 ℃. 
Furthermore, it can be seen that increasing the foam thickness from 15 mm to 20 mm 
has only a small influence on the resulting maximum temperature. For the planned 
application, the configuration AAS15/1/1 with PCM35 offers the biggest potential. 
This is confirmed by the temperature-time curve shown in Fig. 9.

Fig. 8.  Thermal simulation results for maximum temperatures (Tmax) of the front lid with 
power electronics for different lid setups and PCM. (Source: Fraunhofer IWU)

Fig. 9.  Temperature-time curve of the maximum and minimum temperatures of the power 
electronics for different cover configurations. (Source: Fraunhofer IWU)
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The thermal behavior was also simulated at the overall module level. For this 
purpose, the heat generation of the cells during the charging process was taken into 
account in addition to the heat loss of the power electronics. The charging process 
with a charging rate of 4C in the range of 20–80% SOC was assumed as the load case. 
This corresponds to a fast charging process of 9 min. The assumed heat generation 
was based on the internal cell resistances.

The fluid streams in opposite directions through the two cooling channels of 
the module shells. The assumed cooling medium is water-glycol with a flow veloc-
ity of 18 l/min and the ambient temperature is 20 ℃. The system simulation result in 
Fig. 10 shows that the maximum temperature of the cells does not exceed 38 ℃.

The scalability is another functionality of the developed module. It is possible to 
line up and connect several of them via interface structures located on the sides and 
back, as shown in Fig. 11. The fluid channels of the cooling system line up, so that it 
is possible to form one big cooling circuit, best with a dividing inlet on one side and a 
collecting outlet on the opposite side analogous to the simulation with top and bottom 
flow in opposite directions. The number of modules used can thus be selected accord-
ing to the specific application and thanks to the modular design, it is easy to add addi-
tional modules to an existing configuration or swap out damaged modules.

Fig. 10.  Thermal simulation of the entire module; full model view (left), sectional view (right). 
(Source: Fraunhofer IWU)

Fig. 11.  Connection of several modules. (Source: Fraunhofer IWU)
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3  Conclusion

The battery module demonstrator developed in futureFlexPro shows an approach on 
how future battery systems for mobility applications can be improved with new fea-
tures like scalability due to a modular design and the energy efficient passive cool-
ing system in combination with an integrated active cooling system. The focus during 
module development was not only on new technologies for function integration and 
lightweight materials, but also on ease of maintenance and disassembly for compo-
nent recyclability. These goals were achieved through a removable lid and a detach-
able adhesive connection between the module shells and the fibre composite walls. 
Product design with repair, disassembly and recycling in mind is key for meeting the 
sustainability requirements, which will continue to be raised in the future, all the way 
to a circular economy.
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Abstract.  Hybrid metal-composite structures offer high potential in light-
weight engineering. These hybrid structures bring advantages in strength, stiff-
ness and weight. These hybrid structures are predestined for highly stressed 
elements such as car body parts. The combination of the different materials 
leads to a complex process in the design as well as in the manufacturing phase 
with a multitude of adjustable and interacting parameters. This publication 
focuses on a deep understanding of the hybrid component to further support 
the development and digital observed manufacturing process. A stiffness-to-
weight improvement for the structure is presented. Potentially relevant param-
eters are identified from a wide range of geometric variables in each structural 
element. They were used to set up a parameterized model in SolidWorks and 
perform a CAD-based parametric FE simulation in ANSYS Workbench. The 
generated results are used to perform a sensitivity analysis to identify relevant 
parameters. These key parameters can be readjusted in the design process and 
provide the basis for a Digital Master in terms of geometry parameters.

Keywords:  Hybrid structures · Lightweight design · Development methods · 
Sensitivity analysis · Key parameters

1  Introduction

Due to their outstanding mechanical properties, fiber reinforced polymers (FRP) are 
becoming increasingly important in the automotive industry. The combination of 
FRP with metallic components allows the realization of new hybrid metal-compos-
ite structures (MCS), which offer advantages compared to classical solutions in terms 
of degree of function, design space and weight. On a prototype scale, such hybrid 
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structures have been already designed, manufactured (cf. Fig. 1 a–d) and tested suc-
cessfully [1–4]. They show a high potential for highly stressed structural elements 
such as body parts of cars [2]. Furthermore, automated process chains for manufac-
turing have been demonstrated [4, 5]. Some of the hybrid concepts were successfully 
transferred into application (cf. Fig. 1c) [3, 4].

The transfer of such MCS into industrial application is still difficult. The mul-
titude of interacting parameters in the areas of design, material, manufacturing and 
quality assurance leads to a complex and multi-disciplinary development process [6]. 
To handle such issues in the field of design and dimensioning processes, a variety of 
methods for structural optimization is known [7]. In general, parameter-based struc-
tural optimization can be divided into three classes according to Schumacher: topol-
ogy optimization, shape optimization and dimensioning. Dimensioning includes the 
optimization of e.g. the cross-section, wall thicknesses, but also fiber angles or layer 
build-up. In the case of dimensioning, the FE mesh remains static, since only the 
properties of the elements need to be adjusted in each iteration, while in the case of 
shape optimization, a shift of the FE nodes is required.

The relationship between the design parameters and the simulated mechanical 
properties can be modeled in different ways. In this context, a distinction is also made 
between mesh-based and CAD-based parameterization of the FE simulation. Mesh-
based methods usually need less computing time but lead to incorrect calculation 
models in case of larger shape variations and require a time-consuming back trans-
formation of the optimization results into a CAD model [8]. For a holistic parametric 
optimization, it is necessary to handle a complex CAD geometry with a high number 
of design parameters. Therefore, metamodels are often used as a substitute for compu-
tationally intensive simulation when the number of design parameters is high. In con-
trast to high-fidelity simulations, the processing time of metamodels is significantly 
lower. Metamodels show an inaccuracy compared to a simulation, but they have a 
high benefit especially in an early phase of the product development with unknown 
correlations and interactions of the design parameters.

As an example, for metamodel techniques, optiSLang implements the “model 
of optimal prediction” (MOP), which performs an automatic feature and metamodel 
selection via an algorithm in the training phase. The goal in the search for an optimal 
metamodel is the minimization of the prediction coefficient, a criterion that quantifies 
the prediction quality of different metamodel variants [9]. A combination of ANSYS 
and optiSLang is shown by Egerland, where the mass and mechanical properties of 

a) b) c) d)

Fig. 1.  Hybrid metal-composite structures for automotive application (a–c) and a generic 
hybrid metal-composite structure (d)
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an automotive fan were optimized. The high number reference dependent parameters 
and the used skeleton construction showed limitations to link ANSYS and the CAD 
software for automated parametric optimization. The problem was solved here with a 
FEM-capable CAD model with the ANSYS DesignModeler [10]. These investigations 
show the challenges in an automated CAD-based parameter optimization to handle a 
high number of design parameters.

For the developer, this results in the questions how to define the geometry for 
the different components and in which component an invested mass has the largest 
influence. A generic hybrid metal-composite structure (GHS) is developed, which 
represents a section of a complex and highly stressable area of a car body compo-
nent (A-pillar) (cf. Fig. 1d) to get a deeper understanding of the MCS. Such a simpli-
fied but representative profile in terms of design and technological aspects allows the 
investigation of the complex interactions between the parameters of geometry, mate-
rial and technology. The geometry is simplified and symmetrically designed, whereby 
the respective thicknesses of steel and organic sheet as well as the material combi-
nation are taken from the A-pillar. The GHS consists of the four main components 
hot-formed steel (HFS), cold-formed steel (CFS), organosheet (OS) and an injection 
molded part (IMP). Each of these components can be described by a various range 
of geometrical and technological parameters. Due to the integrating design, there is 
a strong interaction between the parameters of the different components. A correla-
tion study allows to determine the significance of the design parameters to the per-
formance indicators in an early stage of the design process to support the design 
engineer.

Subsequent, significant parameters can be monitored for quality assurance during 
production. This parameter monitoring can be used to generate a digital twin of each 
physical part. According to the WiGeP, the digital twin can be understood as digital 
representation of a product instance and is generated by the linkage of a digital master 
and a digital shadow. The digital master as a collection of models contains a geome-
try of the structure as well as behavioral models. The digital shadow can contain data 
about an actual structure. This includes operating and status data as well as data on 
manufacturing. While the product development process brings a digital master as a 
digital prototype, digital twins can also be prepared for complex use cases like deci-
sion support or the controlling of autonomous systems [11].

For a wide industrial application, a better understanding on the geometric influ-
ences of the different components in hybrid metal-composite structures is needed. To 
support this understanding, a geometric design study with a CAD-based parametric 
FE-Simulation is presented in this publication. Subsequent, parameters that have been 
identified as relevant can be monitored in the manufacturing and quality assurance 
process. These data can be used to refeed a digital twin.
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2  Identification of Parameters for Digital Linked Processes

The generation of a digital twin of the generic hybrid metal-composite structure 
(GHS) can be supported by the refeeding of parameters from the manufacturing and 
quality assurance. To identify the relevant parameters, a workflow for the correlation 
analysis contributes to the creation of the digital master by corresponding models as 
well as identifying relevant parameters for capturing in the digital shadow (cf. Fig. 2). 
In the workflow, the parameters are being identified and systematically reduced to the 
key parameters. Models of the GHS are being built in parallel that represent different 
aspects and levels of detail and can thus be brought into the digital master. The first 
step is to identify the full parameter space. Geometric models are then built, defined 

according to the identified parameters. Then the parameter space is reduced and the 
relevant parameters are identified. Simplified models which cover a large parame-
ter space can be used here. With a decreasing number of parameters also advanced 
numerical models, like non-linear crash models, can be deployed. With their increased 
modelling effort, they can provide accurate results for a smaller number of parame-
ters. Subsequent to the identification of the key parameters, they can be used for defin-
ing the digital twin.

When creating comprehensive models of hybrid structures, a large number of 
parameters has to be considered. They can be classified into geometric, material and 
manufacturing parameters (cf. Fig. 3). Geometric parameters mainly include prop-
erties related to the dimensions of the component. The manufacturing parameters 
include settings such as process temperatures or holding times, while the material 
parameters define the material specification, for example through strengths and stiff-
nesses. As described in [6], the material and manufacturing parameters can strongly 
influence each other. This can influence, for example, the strength of the hybrid 

Fig. 2.  Identification of key parameters out of full parameter as input for a digital twin (top) 
and correlating modelling effort (bottom)
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component. Here, process steps such as the pre-treatment of the sheet metal compo-
nents or also the process and component temperatures during the injection molding 
process can have a significant influence on the strength against boundary layer sepa-
ration between the steel and polymer components. Therefore, the parameters of these 
two categories are summarized below as technological parameters. The interactions 
between different technological parameters usually have strongly non-linear relation-
ships, some of them are not yet been fully described.

Classical development processes focus the elaboration of the geometry and after-
wards allocate required materials and manufacturing processes. According to these 
classical development processes, the focus for the GHS will be on geometrical param-
eters for the studies on design of experiment (DOE) in this publication. This compo-
nent consists of four structural elements (cf. Fig. 3, left), with each individual element 
having its own geometric parameters. Due to the integral design of the structure, these 
parameters are directly interconnected, interdependent and interrelated.

Fig. 3.  Individual elements of the metal-composite structure (left) and corresponding 
geometry, material and manufacturing parameters with a representative visualization

Fig. 4.  Stepwise exemplary categorization of the geometric parameters for the components 
hot-formed steel (HFS), organosheet (OS), cold-formed steel (CFS) and injection molded part 
(IMP)
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3  Digital Linked Model

The respective parameters were identified for the four structural elements in the GHS 
(cf. Fig. 4). These parameters were categorized in a first step into determining (green) 
and dependent (yellow) parameters (left). Secondly, the determining parameters can 
be divided into variable (determining, green) and external defined (constrained, red) 
parameters (middle), where the external defined parameters result from the boundary 
conditions, e.g. the total length or width. In the last step (right), the final set of varia-
ble parameters can be extracted.

The final parameter set is the foundation for the definition of a parametric CAD-
model, whereby the geometry model is controlled by the determining parameters and 
the determined parameters resulting from given constraints. Other selections on the 
parameter set can be made based on further constraints as well as estimates of the 
influence on the overall stiffness. With this method it is possible to extend and reduce 
the parameter sets to get further insights on the sensitivity.

For this purpose, SolidWorks 2020 (SW) is used. The SW model, as created in 
this way, can be linked directly (from software to software) with a numerical model 

SolidWorks: geometry generation 

transfer of new geometry

Ansys Workbench: modeling and calculation

transfer of designpoint specific parameter set

Fig. 5.  Interaction of SolidWorks for geometry definition (left) and ANSYS Workbench for 
FE-modelling and sensitivity analysis (right)

in ANSYS Workbench 2020 R2 (WB), whereby the variable parameters are recog-
nized and can be varied from WB. The interfaces between the two programs are pro-
vided and the data formats are compatible. WB controls the geometry modification in 
SW, which updates the geometry and passes it back to WB for calculation and evalua-
tion. Figure 5 shows an example of the multi-component model from SW (left) with a 
defined parameter set and the WB project with the parameter linkage (right).
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The geometry linked from SW is transferred into an FE model, boundary and load 
conditions—force in transverse (X) and longitudinal (Y) direction of the profile—are 
applied and material parameters are defined. The parameter set is created from all var-
iable parameters defined in SW. Based on the parameter set it is possible to use the 
parameter correlation method of WB. Spearman’s rank correlation is selected as the 
correlation type. In the method of parameter correlation, a DOE is created according 
to the Latin hypercube sampling. In this case, the recommended size of the experi-
mental design corresponds to 15–20 times the number of input parameters.

Over 50 geometric parameters were identified in the GHS, with 11 shown to be 
determinant (cf. Fig. 4). To minimize the sample size and robustness of the geometric 

model, these were further reduced to six parameters.
Table 1 lists the varied parameters for this investigation and initially includes 

parameters of the components hot-formed steel (HFS), organosheet (OS) and 

Table 1.  Table of varied parameters of the correlation analysis

Parameter name Parameter Variation range (%)

P7 Wall thickness HFS 80–120

P10 Floor width HFS 80–120

P12 Lower radius HFS 85–115

P17 Wall thickness CFS 80–120

P38 Wall thickness OS 80–120

P109 Height difference HFS/CFS 80–120

Fig. 6.  Correlation matrix for the model (left) and an exemplary response surface for the 
parameter floor width HFS and wall thickness HFS (right)
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cold-formed steel (CFS). The injection molded part (IMP) includes options for topol-
ogy design in addition to the parameterized geometry. This has an influence on the 
definition of the mechanical parameters and is difficult to parameterize for a robust 
model.

The calculation finally results in a correlation matrix, which visualizes the rank of 
the sensitivity to the selected output parameters. The correlation matrix for the pre-
sented example is shown in Fig. 6.

The correlation matrix shows the influences of the individual input parameters 
on the target parameters mass and deformation of forces in the X and Y directions. 
The strength of the correlation to the target parameters is color-coded and allows a 
quick overview of the ranking. The differences between the two load cases are strik-
ing. The load case for compression in the Y-direction is dominated by the wall thick-
nesses of the HFS and OS. For bending in the X-direction, a larger influence is shown 
by the change in cross-section geometry by means of the width at the bottom of the 
GHS. The direct influence on the deformation for the second load case is shown for 
the HFS thickness and the floor width of the HFS in the response surface in Fig. 6 
(right). According to the correlation matrix, the increase of the bottom width results 
in a larger deformation and thus a lower component stiffness. This correlation can 
be explained by a torsional moment resulting from the load direction, which causes 
twisting of the section. The unevenly distributed densities and material stiffnesses due 
to the components lead to an anisotropic structural behavior, especially when loaded 
outside the plane of symmetry. The superposition of these effects leads to torsion 
which can explain the high rank of sensitivity for the bottom width. However, whether 
the influence has to be evaluated as this large for the real component should be con-
sidered conclusively e.g. with detailed numerical models.

4  Conclusion

To get a deeper understanding of hybrid metal-composite structures, a parameterized 
modelling for a GHS is presented. As part of it, a workflow for identifying a param-
eter space and reducing them to the relevant key parameters is described. In parallel, 
models are built up to support the definition of a digital twin. In this publication, the 
workflow for a simplified numerical model is done. In that workflow, the parameters 
are classified and systematically reduced to a parameter set, which can be investigated 
in detail. In the next step, a numerical model of the GHS is built using SW and WB 
for a geometric parameterization.

With the presented method, the sensitivities of the parameters to different target 
variables for different load cases could be determined with the help of the parameter-
ized model. With the help of a correlation matrix, these sensitivities of all parameters 
could be visualized. To view individual key parameters, a response surface is used. The 
results for the presented component show varying sensitivities depending on the load 
cases. These findings can be used to support developers in the efficient design of hybrid 
components based on load cases and target variables. Furthermore, the key parameters 
can be used for quality assurance by measuring them during or after production.
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Furthermore, several detailed analyses of the GHS are necessary. The parameter 
set should be extended to include geometrical parameters previously excluded as well 
as material parameters or the fiber orientation of organic sheet and injection molded 
components. Additionally, a research on the topology design of the injection molded 
part can increase the comprehension depending on the load direction. Afterwards, these 
results can be transferred to advanced numerical models according to the presented 
workflow.

Acknowledgements.  This research has received funding under the grant number 100339955 
(“robust EVP 4.0” project) by the European Regional Development Fund (EFRE) and the 
German Federal State of Saxony.

References

 1. Modler, N., Adam, F., Maaß, J., Kellner, P., Knothe, P., Geuther, M., Irmler, C.: Intrinsic 
lightweight steel-composite hybrids for structural components. Mater. Sci. Forum 825–826, 
401–408 (2015)

 2. Kellner, P.: Zur systematischen Bewertung integrativer Leichtbau-Strukturkonzepte für 
biegebelastete Crashträger. Dissertation, Technisch Universität Dresden, Dresden (2013)

 3. Haider, D.R., Krahl, M., Gude, M., Kellner, P., Knötschke, D.: Quality-assured process 
chains for the production of highly loaded lightweight structures in metal-FRP design. 
Plastics in Automotive Engineering, 14.–15.03.2018, Mannheim (2018)

 4. Gude, M., et al.: Qualitätsgesicherte Prozesskettenverknüpfung zur Herstellung höchstbe-
lastbarer intrinsischer Metall-FKV-Verbunde in 3D-Hybrid-Bauweise. Plattform FOREL 
Abschlussbericht Q-Pro (2018)

 5. Koshukow, W., Liebsch, A., Kupfer, R., Troschitz, J., Schneider, F., Gude, M.: Entwicklung 
und Aufbau einer automatisierten Prozesskette für die Herstellung komplexer Kunststoff-
Metall-Hybridstrukturen. 27th TECHNOMER, 4.–5.9.2021, Chemnitz (2021)

 6. Haider, D.R., et al.: (2021) Contribution to Digital Linked Development, Manufacturing 
and Quality Assurance Processes for Metal-Composite Lightweight Structures. In: 
Dröder, K., Vietor, T. (eds.) Technologies for economic and functional lightweight design. 
Zukunftstechnologien für den multifunktionalen Leichtbau. Springer, Berlin (2021)

 7. Schumacher, A.: Optimierung mechanischer Strukturen – Grundlagen und industrielle 
Anwendungen, 2nd edn. Springer, Berlin (2005)

 8. Seiler, M.S.: Geometric constraints in the context of geometry-based structural optimization 
of machine components with free-form entities. Dissertation, RWTH Aachen University 
(2013)

 9. Gräning, L.: Automation of multi-disciplinary analysis processes with ANSA/META and 
optiSLang. 8th BEFORE REALITY conference, Munich (2019)

 10. Egerland, M., Roos, D., Will, J.: Optimization of a fan shroud by ANSYS/DesignModeler 
and optiSLang. 25th CADFEM Users’ Meeting 2007, Dresden (2007)

 11. Stark, R., et al.: WiGeP-Positionspapier zum Thema „Digitaler Zwilling“. Zeitschrift für 
wirtschaftlichen Fabrikbetrieb vol. 115 issue. s1, Hanser, Munich (2020)



Reports from the Research Clusters



Cluster of Excellence Living, Adaptive 
and Energy-Autonomous Materials Systems 

(livMatS)

© The Author(s), under exclusive license to Springer Fachmedien  
Wiesbaden GmbH, part of Springer Nature 2023 
K. Dröder and T. Vietor (Eds.): Future Automotive Production Conference 2022, 
Zukunftstechnologien für den multifunktionalen Leichtbau, pp. 239–, 2023. 
https://doi.org/10.1007/978-3-658-39928-3_18

Thomas Speck1,2(*), Monika E. Schulz2, Anna Fischer2,3,  
and Jürgen Rühe2,4

1 Plant Biomechanics Group, Faculty of Biology, Botanic Garden, University 
of Freiburg, Schänzlestrasse 1, 79104 Freiburg, Germany
thomas.speck@biologie.uni-freiburg.de

2 University of Freiburg, Cluster of Excellence livMatS @ FIT—Freiburg 
Center for Interactive Materials and Bioinspired Technologies, Georges-

Köhler-Allee 105, 79110 Freiburg, Germany
monika.schulz@livmats.uni-freiburg.de, 

3 Institute for Inorganic and Analytical Chemistry (IAAC), University of 
Freiburg, Albertstr. 21, 79104 Freiburg, Germany
anna.fischer@ac.uni-freiburg.de

4 Department of Microsystems Engineering (IMTEK), Laboratory for 
Chemistry & Physics of Interfaces, Albert-Ludwigs-Universität Freiburg, 

Georges-Köhler-Allee 103, 79110 Freiburg, Germany
ruehe@imtek.uni-freiburg.de

Abstract.  The Cluster of Excellence “Living, Adaptive, and Energy-
autonomous Materials Systems” (livMatS) develops bioinspired materials 
systems that adapt autonomously to various environments and harvest clean 
energy from their surroundings. The intention of these purely technical—yet 
in a behavioral sense quasi-living—materials systems is to meet the demands 
of humans with regard to pioneering environmental, sustainability and energy 
technologies. The societal relevance of autonomous systems and their sustain-
ability thus plays a crucial role in their development within the framework of 
livMatS. The current contribution provides an overview of the vision, research 
agenda and research goals of livMatS.

Keywords:  Energy Autonomy · Adaptivity · Longevity · Societal Implications

1  Introduction

The vision of the Cluster of Excellence livMatS is to merge the best of two worlds, 
the biological and the technological realm, to develop living, adaptive and energy-au-
tonomous materials systems. While today’s materials are largely static, in that their 
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properties (except for ageing) do not change with time, livMatS envisions materials 
systems that are autonomous from an external power supply and can respond to a 
changing environment by adapting their properties. Such systems, which are inspired 
by living nature, will harvest the energy they need from the environment and will 
show complex adaptive behavior via interactions across all length scales, i.e. from the 
molecular to the macroscopic level [1].

Although these materials systems do not contain biological cells or living subsys-
tems and are not alive in a biological sense (e.g. exhibit no self-reproduction), they 
are “vital”, meaning autonomous, durable, adaptive, programmable, self-regulating, 
self-repairing and self-protective, so that they can function under adverse conditions 
and survive limited damage without encountering a system failure [2–4]. The Cluster 
is also generating several lines of demonstrators that serve as lighthouses and help to 
keep the livMatS efforts focused [5–7].

LivMatS also addresses important challenging and overarching questions of the 
societal perception and philosophical implications of materials systems with life-like 
features. To do so, Cluster research integrates sustainability analyses, psychological 
research and philosophical reflection of the approaches developed. The convergence 
of and interaction between disciplines is the essential driver of the Cluster’s approach, 
crossing disciplinary and institutional boundaries and integrating biology, chemis-
try, soft matter science, process engineering, energy materials research, physics, and 
microsystems engineering, as well as philosophy, ethics, behavioral science and sus-
tainability research to achieve a holistic view on the topic of living materials systems 
[3, 8–10].

2  From Bioinspired/Smart Materials to Living Materials 
Systems

The key goal of livMatS is to make the transition from equilibrium or (“deeply fro-
zen”) meta-stable, and thus static, materials to dynamic, life-like, non-equilibrium 
materials systems. We have identified key principles to make this decisive advance 
towards “living” materials systems: (see Fig. 1).
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Energy is a key aspect of this design, as it powers active responses to changes 
in the environment and enables the performance of (mechanical) work. In the liv-
MatS context, energy has to be harvested from the ambient environment and eventu-
ally stored to be available on demand. [11] To convert and store the required energy, 
energy harvesting functionalities must be an integral part of the materials systems to 
provide true autonomy. Internal control over energy distribution, and active adaption 
to external signals will require the installation of chemical, structural, and microsys-
tem-based regulatory networks, which will allow for self-regulating properties and 
generate adaptability [3]. Ultimately, such materials systems may exhibit self-im-
provement, and capabilities for simple forms of “learning” and training, yet, the mate-
rials systems envisioned will allow a (manual) override via human intervention when 
properties other than those generated automatically are desired.

Such an approach will far surpass current technological pathways to so-called 
“smart” materials and embedded systems. Our approach will also go well beyond 
biology. By using the strengths of synthetic and robust materials, applications can be 
envisioned in environments where biological systems would clearly fail (extreme heat, 
dryness, pH, etc.). Consequently, such systems will not contain integrated living bio-
logical cells or living subsystems, as such cell-based systems would always be limited 

Fig. 1.  From bioinspired/smart materials to living materials systems
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by conditions mandatory for biological life (e.g. presence of water, moderate tempera-
tures). These re-strictions do not apply to livMatS materials systems.

Having systems, which can adapt their properties in various ways also paves the 
way for interesting approaches to self-repair [4]. The compartmentalization, miniatur-
ization and integration into complex assemblies allow for the introduction of redun-
dancies into the systems, which in turn will enable the systems to survive (limited) 
damage without encountering a complete system failure. This combination of fault 
tolerance and self-protection/-repair will increase the longevity, robustness and resil-
ience of the system and ultimately lead to systems with self-improving properties. The 
progress of livMatS science and technology will thus offer novel systems that inte-
grate well with the human environment, feed from clean ambient energy, and serve 
human needs. Consequently, an integral part of livMatS research will be to reflect on 
the challenges and implications of these developments for the environment and soci-
ety [8, 9].

In the last decade, materials research has significantly progressed by developing 
concepts inspired by biological materials and systems which have been optimized 
over billions of years of evolution. At the same time significant advances have been 
made in the energy arena by developing (engineering) concepts for energy harvest-
ing, conversion and storage using increasingly efficient devices. However, both fields 
of science have been developing rather independently, and progress in developing 
new materials and devices has mostly focused on individual aspects, for example in 
producing highly efficient harvesters, sophisticated 3D structures, or in generating 
uniquely responsive materials.

While such impressive advances push forward individual frontiers, the various 
aspects have only rarely been combined and integrated into a single materials system. 
This is due to the extraordinary challenge of integrating and harmonizing the often 
conflicting needs, approaches and concepts, and contradictory operating conditions of 
the materials and energy worlds, which would be needed for simultaneous integration 
of energy harvesting, adaptivity and longevity/robustness in one system.

Hence, to reach the goals of the Cluster of Excellence livMatS, it will be essential 
to overcome this dichotomy and combine efforts and integrate concepts from the var-
ious research branches. Obviously such efforts require an interdisciplinary approach 
with contributions from complementary fields such as biology, chemistry, materials 
sciences, physics and (microsystems) engineering.

3  Overarching Topics and Research Areas in Livmats

Inspired by living systems, where structure and function are inseparably interwoven 
on all levels, and in contrast to today’s (micro-)systems, where sensors and actors 
act separately from each other and are driven by an external power supply, livMatS 
aims for the full integration of structures and functionalities across all interacting 
hierarchical levels in space and time. The combination and integration of bottom-up 
approaches (biological or chemical syntheses, nanostructuring, self-assembly) with 
advanced top-down (micro-)engineering tools (e.g. 2D to 4D printing), will enable 



Cluster of Excellence Living, Adaptive …    243

flexible, single step assemblies of multi-component and multi-functional materials 
systems across differing length scales. Although we do not exclude the use of elec-
tronics completely, and in some cases employ hybrid approaches, the adaptivity of the 
systems will be due to intrinsic properties of the materials-system itself and will not 
be dominated by microchips and motors.

These challenging topics are investigated and combined with each other in four 
research areas: A—Energy Autonomy, B—Adaptivity, C—Longevity, and D—
Sustainability and Societal Implications (see Fig. 2). Research from all four areas 
feeds into demonstrator projects [1].

3.1  Energy Autonomy

The energy for powering autonomous and adaptive functions must be harvested 
from the envi-ronment, using e.g. solar energy [12], vibrations or thermal gradi-
ents [13] as a source. This energy must then be stored for later use in, for example, 

Fig. 2.  Interplay of the closely interconnected research areas in livMatS (A—Energy 
Autonomy, B—Adaptivity, C—Longevity, D—Sustainability and Societal Implications).  
© livMatS/Daniel Hellweg
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supercapacitors/batteries [11, 14, 15], energy-rich chemicals [16], or as mechanical 
stress/strain. To feed the system, this energy frequently needs to be converted into a 
different form, for example from electrical to chemical energy. Moreover, forms of 
distribution must be established to either decentralize the power units in the bulk of 
a material or to distribute energy into remote material areas to be able to energize the 
systems.

Adaptive reconfiguration of decentralized power units to optimize harvesting 
is then the next step. As the cluster progresses and the level of system integration 
increases, the interplay between energy generation and energy consumption required 
for the system’s adaptivity and longevity will tighten, thereby leading to more adap-
tive and interactive energy harvesting systems with optimized harvesting activities.

3.2  Adaptivity

The harvested energy must be introduced into soft materials to generate active and 
adaptive materials systems. Such systems will change their properties by adapting 
to the environment. Adaptivity concepts will be developed which are increasingly 
directed towards non-equilibrium systems, because active and fast adaptation ideally 
proceeds from or between kinetically trapped energy-rich states (multistability) or 
proceeds in dissipative steady states.

In contrast to conventional, responsive (so-called “smart”) materials, internal feed-
back systems and signal processing will empower such systems to adopt self-regu-
lating properties and distinct functional levels in a linear or non-linear fashion (e.g. 
opposing properties). Such advanced, material inherent information processing will 
ultimately pave the way for materials systems having a memory, and, as a conse-
quence, capabilities for training, “learning” and self-improvement [3, 6, 7, 17–21].

3.3  Longevity

Just as living entities ensure their survival in a sometimes rather hostile environment, 
livMatS will develop similar approaches to protect, extend and recover the materials 
systems’ vitality. In this context, the term vitality means that the essential functions of 
the system persist for a longer period of time even when the system is exposed to hos-
tile conditions. While changes of the outer appearance might occur, functionality is 
retained. This will be achieved by “training the materials”, early damage recognition, 
and active repair mechanisms as well as the implementation of redundancy that will 
ensure longevity without system failure [4].

Training here means that if a material comes under stress, i.e. through a mechani-
cal force acting at a certain location, internal transformations occur, which strengthen 
the material locally. The concept of active self-healing breaks with established strat-
egies of passive self-healing and will require signal-induced activation of recovery 
mechanisms and/or exploitation of flux states of dissipative materials settings [17–21].
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3.4  Societal Implications and Sustainability

As the generation of living materials systems is a revolutionary technology, it will 
have a major impact on society. Typically, the influence of a disruptive technology 
is studied only after implementation of the technology has already begun. However, 
it is not very efficient to fully develop a technology first and only assess whether 
the developed systems are sustainable or whether they are accepted in society after 
all these efforts have been made. As can be seen from today’s progress in computer 
sciences, the development of autonomous vehicles or the replacement of humans by 
expert systems transform society as a whole, while societal discussion lags far behind 
the technological development process. This discourse will be initiated in the early 
stages of livMatS and then be ramped up as the technological developments unfold. 
A key question is how society responds to self-regulating, active, adaptive and auton-
omous materials with life-like features. livMatS addresses these questions integrating 
sustainability analyses, psychological research, and philosophical reflection [8, 9].

3.5  Demonstrator Lines

The four different research areas are integrated and focussed in their efforts using 
technological demonstrators designed and built in livMatS. The demonstrators rep-
resent attractive research challenges and serve as lighthouses guiding the research 
efforts. They will showcase the feasibility of the livMatS technologies developed, be 
the first steps towards later implementation in collaboration with suitable industrial 
partners, and will highlight their wide application range.

Demonstrators are being conceptualized along three different lines: two proof-of-
concept demonstrators, an artificial venus flytrap [6] and a soft autonomous machine 
[5], and a set of demonstrators oriented towards practical applications, such as shape 
adaptive objects [7, 22]. There are myriad potential applications for the materials 
systems developed in livMatS. One example are “soft” machines that can recognize 
and grasp objects by feeling them, without the help of a computer. The capability 
of a materials system to adapt itself to temperatures, lighting conditions, or pressure 
opens up perspectives in a wide range of application areas, such as protective clothing 
like helmets and back protectors or prostheses that can adjust themselves to fit the 
wearer automatically, autonomously and without needing external energy supply—for 
instance through the use of body heat [23]. Other ideas include packaging materials 
that grow stronger automatically when placed under stress and building envelopes that 
level out temperature differences, for example to prevent overheating.

3.6  Institutional Composition, Project Structure and Staffing

livMatS is based at the Freiburg Center for Interactive Materials and Bioinspired 
Technologies (FIT) and unites researchers from the Faculty of Engineering, 
the Faculty of Chemistry and Pharmacy, the Faculty of Biology, the Faculty of 
Mathematics and Physics, the Faculty of Economics and Behavioral Sciences, and 
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the Faculty of Humanities. The cluster’s institutional composition reinforces the uni-
versity’s strategic alliance with Freiburg’s Fraunhofer Institutes, with the Fraunhofer 
Institute for Solar Energy Systems (ISE) and the Fraunhofer Institute for Mechanics 
of Materials (IWM) as partner institutions within the cluster, and is complemented by 
the Institute for Applied Ecology (Öko-Institut e. V.). The interdisciplinary spokesper-
son team of livMatS includes Prof. Dr. Jürgen Rühe (Faculty of Engineering), Prof. 
Dr. Anna Fischer (Faculty of Chemistry and Pharmacy), and Prof. Dr. Thomas Speck 
(Faculty of Biology).

Since 2019, the cluster has developed and set up three different types of projects 
to provide flexible formats for the implementation of its research agenda. Doing so 
has allowed us to strike a balance between long-term projects (36 months) and com-
plementary booster and impulse projects (six to eight and three months respectively). 
A total of 21 long-term projects, each with a duration of 36 months, were set up fol-
lowing the livMatS calls for projects 2019 and 2020. Long-term projects within the 
cluster are collaborative, combining the expertise of several Principle Investigators, 
Responsible Investigators, Postdocs and PhDs within and across the four research 
areas and the demonstrator area. These long-term projects have been complemented 
by 25 impulse projects which were completed in 2020 and 2021, and 16 booster pro-
jects completed in 2021. This has added to the Cluster’s scientific positioning and 
research output.

Over the past three years, the Cluster has been able to recruit excellent early 
career researchers for its projects. Currently, a total of 107 researchers at all levels, 
from doctoral researchers to experienced principal investigators, are working in long-
term projects directly funded by the Cluster or associated to it. In addition to the 59 
PhD and Postdoc researchers working in these long-term projects, a total of 29 PhD 
researchers and 14 Postdocs have contributed to livMatS research in booster and 
impulse projects over the course of 2020 and 2021.

4  Science Communication and Outreach

Science communication and public outreach are of great importance to livMatS [24]. 
A central component of public outreach is situated at the University of Freiburg 
Botanic Garden, which is an integral part of livMatS and thus ideally suited to demon-
strate similarities and differences in biological and technical materials and illustrate 
concepts in both the biological and the technical realms. The field of biomimetics is 
an ideal entry point for discussing the relationship between material properties, mate-
rial structures and materials systems with the general public who generally have a 
strong interest in “how nature works”, as it directly relates to their daily experience. 
Most visitors, for example, are interested in how the Venus flytrap functions, why nuts 
are so very hard, or why pine cones open and close in response to humidity.

In order to facilitate outreach activities, the livMatS Pavilion, a resource-efficient 
lightweight construction developed through digital planning and robotically manufac-
tured, was built in the Botanic Garden of the University and is now open to the public 
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(see Fig. 3). The pavilion is a model for a bioinspired sustainable construction and 
stems from the successful collaboration of an interdisciplinary team of architects and 
engineers from the ITECH master`s program at the Cluster of Excellence “Integrative 
Computational Design and Construction for Architecture (IntCDC)” at the University 
of Stuttgart and biologists from livMatS at the University of Freiburg [25].

The inspiration for the livMatS pavilion came from columnar cacti such as the 
saguaro cactus (Carnegia gigantea), and the prickly pear cactus (Opuntia sp.), which 
are characterized by their special wood structure (see Fig. 4). The up to 20 m tall 
saguaro cactus has – like many other columnar cacti – a cylindrical wooden body that 
is hollow on the inside and thus particularly light. The individual wooden elements 
grow together to form a net-like structure, which gives the wooden body additional 
mechanical stability. The same holds for the cylindrical stem of plants belonging 
to the genus Cylindropuntia. The tissue of the flattened side shoots (“ears”) of the 
prickly pear are traversed by net-like woody fibre bundles, which are arranged in lay-
ers and interconnected. As a result, the tissue of the prickly pear is also characterized 
by a particularly high load-bearing capacity [26–29].

Fig. 3.  Cacti-inspired livMatS Pavilion in the Botanic Garden Freiburg. © ICD/ITKE/IntCDC 
University of Stuttgart
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By analyzing the (micro-)arrangement of the reticulated wood with µCT (Micro-
Computer Tomography) and MRI (Magnet Resonance Imaging), and abstracting these 
net structures (see Fig. 5), the structural and mechanical properties of the cross-linked 
biological fibre structures could be transferred to the pavilion's lightweight load-bear-
ing elements [28, 29]. As a technically feasible and affordably mode of production 
robot-assisted coreless winding – replacing the intergrowth that causes the netlike 
structures in the biological models – was chosen for the production of cross-linked 
resource-efficient lightweight material systems for architecture.

Fig. 4.  Habitus and reticulated wood structure of the biological concept generator Carnegia 
gigantea, Opuntia sp. and Cylindropuntia sp. © livMatS & Plant Biomechanics Group, 
University of Freiburg

Fig. 5.  Micro-Computer Tomography (µCT) scan of the branching regions of a columnar 
cactus showing the reticulated wood structure (left) and Magnet Resonance (MR) scan of a 
prickly pear cactus (Opuntia ficus-indica) showing the reticulated wood tissue in blue and the 
periderm in orange (right). © right picture livMatS & Plant Biomechanics Group, University of 
Freiburg and ILK TU Dresden, left picture from [29].
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The supporting structure of the livMatS pavilion consists of 15 flax fibre elements 
designed by digital planning and prefabricated exclusively from continuous spun nat-
ural fibres in a robot-assisted coreless fibre winding process [30–32]. With a total area 
of 46 m2, the entire fibre structure weighs only about 1.5 t and is designed to with-
stand the full snow and wind loads of the applicable building codes (see Fig. 6).

The pavilion, made (nearly) entirely of recyclable materials, points the way to 
a new greener architecture of the 21st century. Made of reticulated interconnected 
robotically wound flax fibers and sisal cords, the structural set-up of supporting ele-
ments is inspired by the net-like structure of the wooden body in the trunks of saguaro 
cacti and by the interconnected wood fibres in the flattened shoots of prickly pear 
cacti. Contributing to the resource-efficient architectural approach are the load-bear-
ing elements made of renewable raw materials (flax, sisal) and the transparent ceiling 
elements made of polycarbonate. The ceiling elements can be shredded and remelted 
at the end of their useful life. The pavilion illustrates how a combination of natural 
materials used for thousands of years with advanced digital technologies can turn a 
unique bio-inspired sustainable architecture into reality [30–32].

The pavilion fits naturally into the surroundings of the Botanical Garden in 
Freiburg. It demonstrates the spatial and structural possibilities of building with natu-
ral materials. This creates a distinctive space with a novel architectural expression for 
visitors to the garden and users of the building. The livMatS Pavilion will serve as an 
outdoor lecture room for livMatS to vividly communicate the research of the Cluster. 
Researchers will present their work to the public there, for example, in guided tours or 
workshops.

5  Conclusion

The work of the Cluster of Excellence livMatS will enable the foundation of a new 
multidisciplinary center on bioinspired materials research and systems integration 
with high international visibility at the University of Freiburg. livMatS will perform 

Fig. 6.  Resource-efficient lightweight constructions through digital planning and manu-
facturing by means of winding (core-less winding) “More form – less material”. ©ICD/ITKE/
IntCDC University of Stuttgart
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research across institutional boundaries and help bridge the gap between engineering, 
natural sciences and behavioral sciences/humanities.

We expect that the progress of research in livMatS will help to meet the needs of a 
future society that relies heavily on new materials and systems and will provide break-
throughs in the development of materials systems that integrate well into the human 
environment, sustainably serve human needs, and run on clean energy.
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Abstract.  The increasing worldwide demand for lithium-ion batteries is no 
longer an estimated forecast, but a fact. Observable trends, such as the increas-
ing variety of battery cell formats and materials, present enormous challenges 
for the design of production processes. Many cause-effect relationships can be 
seen in the individual manufacturing processes, but are not yet properly or only 
partially understood. To meet these requirements and challenges and to ensure 
effective manufacturing, intelligent processes are needed in battery cell produc-
tion. Methods of digitization, artificial intelligence and the use of digital twins 
offer a high potential to optimize the processes both in commissioning and in 
operation. These methods can be applied within a virtual production system 
for process optimization in battery cell manufacturing. In this paper, the poten-
tial of a virtual production system for battery cell manufacturing is discussed. 
Further, the design of a suitable infrastructure consisting of standardized inter-
faces, data models and process models is provided. The result is a system that 
offers the possibility to virtually quantify cause-effect relationships, to test 
optimization approaches along the entire process chain of battery cell produc-
tion and to apply recommendations for action to the real production system. 
The process step of cell assembly is considered as an example. Here, the simu-
lation model and the associated data model are specified.

Keywords:  Battery cell production · Digital twin · Smart production · Virtual 
production system

1  Introduction

The measures to meet the Paris Climate Agreement of 2015 are reflected in the 
request for battery cells. The trend of this rising global demand has been confirmed 
in recent years. Especially worth mentioning is the momentum with which growth has 
developed. The reasons for this are mainly the increasing demand and application in 
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 electromobility [1]. To meet this demand, production will have to be ramped up in the 
upcoming years, and the battery cells’ performance needs to be improved. This under-
taking will face several challenges. Battery production is a complex process consist-
ing of many steps and parameters which significantly influence the product quality. 
However, many interactions between the process and the product are not yet, or only 
partially understood [2]. In [3], another challenge is named. Improvements in materi-
als and production in the future will lead to the current battery cell configurations not 
being permanent. The trend here is towards a greater variety of formats, new materi-
als, continuously thinner electrode foils, and smaller separator thicknesses [4–6]. 
Consequently, the ramped-up production in the future must be able to react flexibly to 
changing boundary conditions in battery cell production.

Methods of Industry 4.0 and digitalization offer a possibility to meet the challenges 
and achieve a more efficient and flexible production process. A digital twin of the pro-
duction process makes it possible to test the processes without risk in a virtual space, 
develop optimization approaches, and give recommendations for action to the real pro-
duction system. First applications of digital twins of lithium-ion batteries and entire 
production systems as a virtual production system have already been carried out and 
will be described in the following. In [7, 8], digital twins of lithium polymer batteries 
are introduced to estimate the state of charge and state of health. Particularly in [9], a 
reduced-order model is used to decrease computation time and enable real-time appli-
cations. An approach using a cloud application is described in [10]. Measured data sets 
are sent to a cloud platform and are evaluated by a digital twin of a battery manage-
ment system. In [11], a digital twin of a production system in the automotive industry 
is proposed. This can be used to optimize the process before an upcoming introduc-
tion of a new product variant. In [12], a multiscale simulation approach for produc-
tion systems in battery cell manufacturing is presented. This approach also considers 
the dependencies of the product quality over the entire process chain. In [13, 14], the 
development of a digital twin and modeling methods for the process step of calender-
ing is described. Approaches to simulate the process of single-sheet stack formation 
are shown in [15]. Further explanations on the development and application of digital 
twins of energy storage systems are given in [16–18]. In [19], the development of a 
digital twin of the production machine for flexible cell stack formation is described. 
The model presented here will be taken up further in the context of this paper.

However, to meet future challenges in battery cell manufacturing, a digital twin is 
needed that models the production processes, machines, systems and product quality. 
The following describes the development of such a virtual production system for the 
cross-process optimization of battery cell production. Thereby, individual aspects of the 
system are highlighted and the process step of cell assembly is described as a use case.

2  Structure and Development of a Virtual Production 
System

This chapter describes the structure and design of the virtual production system and 
its integration into a suitable infrastructure to optimize battery cell production along 
the entire process chain. The objective is not only to develop virtual process models, 
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but also to provide a corresponding infrastructure to use these models in their entirety. 
Specific aspects of this system are explained in more detail based on the assembly 
process of pouch cells. Figure 1 illustrates the overall structure and integration of the 
virtual production system employing selected processes of battery cell manufacturing

The overall structure consists of three levels. These are the higher level control 
and optimization system, the model platform, and the real production system. The 
model platform is the central element of this entire system. Here, models of the 
individual processes are integrated both as semantic data models and as simulation/ 
prediction models. These models simulate the individual processes and production 
machines and are intended to represent the real production system in the virtual envi-
ronment. The real production system includes the machines and equipment and its 
individual control systems. The control and optimization system is able to request, 
process, and also send data and information of the different process models of the 
virtual production system and the real system. The levels are linked to each other via 
corresponding data interfaces. One way to accomplish this data transfer with a suita-
ble middleware is described in [20, 21]. Here, the implementation of a manufacturing 
service bus (MSB) and the use of the corresponding cloud-based platform virtual fort 
knox (VFK) is explained.

The functionality of the virtual production system and its infrastructure is described 
as the following. The control and optimization system systematically addresses the 

Model Platform

Database 
structure

Virtual Production System 

Mixing Coating Calendering Assembly Filling Formation

… … … … …

Real Production System

Mixing Coating Calendering Assembly Filling Formation

… … … … …

Control and Optimization System
Coating Speed

Web Tension
Filling Pressure …

Parameter adjustmentAI ModelVisualization
Input-/ outputparameters of models of 
the virtual production system

Control parameters and 
machine data

Fig. 1.  Design and structure of the virtual production system based on the ViPro project 
(grant number: 03XP0324C) of the InZePro Cluster
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individual process models of the virtual production system in the model platform. 
Here, input data such as material characteristics, production volume and required cell 
format are processed by the individual process models. Output data, such as infor-
mation on the respective intermediate product properties, machine behaviour and the 
associated control parameters of the machines and plants are then evaluated, for exam-
ple, by a machine learning algorithm. Thus, the objective is to determine optimal con-
trol parameters of the individual machines and systems for the respective production 
requirements virtually and without risk. These control parameters are then applied to 
the real systems. A manual, iterative search for the optimal parameters of the individual 
processes in the real production system level would thus be avoided. Above all, there is 
the potential to reduce material waste during the commissioning of the individual pro-
cesses and increase throughput while maintaining the quality of the end product.

2.1  Model Platform

In the following, aspects of the model platform are described using the process step of 
cell assembly as an illustration. The focus here is specifically on singulation and cell 
stack formation. The Coil2Stack machine described in [22, 23] for flexible separation 
and cell stack formation is considered here as a reference process. In the process, the 
electrode material is fed over a roller system to a flexible handling element. This han-
dling element can wind up the electrode web and separate electrodesheets of different 
lengths. These sheets are then stacked on a table. The process is mainly characterized 
by mechanical aspects, respectively kinematic sequences. As already described, the 
model platform has the task of structuring data and integrating the individual models 
of the virtual production system. To ensure a meaningful data structure, a standardized 
semantic description of the processes is required here. Figure 2 illustrates the detailed 
structure of the model platform using the example of the cell assembly process step.

The simulation/ prediction model of the cell assembly process is shown on the right 
side. In this case it is a system simulation by using the software Simcenter Amesim 
(detailed description in Sect. 2.3). The simulation/ prediction model is configured 
with appropriate interfaces for the input and output parameters. The provision into 

Fig. 2.  Detailed illustration of the model platform for the process step of cell assembly



Potentials and Design of a Virtual Production System for …    257

the platform is done by transferring the model into the Functional Mock-up Interface 
(FMI) standard [24]. The simulation/ prediction model now generates data describing 
the process and machine operation. For example, the energy demand and the material 
load are simulated here. On the left side, for each process the corresponding standard-
ized semantic data structure is implemented. Different simulation runs with different 
input parameters for the simulation/ prediction models are executed. The models' input 
and output values are structured and stored here. On this basis, the control and optimi-
zation system can access simulated datasets along the entire process chain.

Figure 3 shows the semantic data structure for the assembly process model with 
its in- and output parameters in detail. The input parameters are structured into bound-
ary conditions/general parameters and control parameters. The boundary conditions/
general parameters mainly comprise material-side parameters and specifications for 
the cell format and throughput to be produced. The control parameters include the 
parameters that can be set on the production machines. The output parameters are 
classified into general parameters and quality-related parameters. The general out-
put parameters include variables that each process step exhibits, such as the energy 
requirement of the machine and the processing time. The quality-related parameters 
contain values that describe the process quality respectively the quality of the inter-
mediate product. For example, statements on the material stress within the machine 
and tolerances of the dimensional accuracy of the electrode sheets can be derived 
from the web tension. The parameters are specified regarding their unit and data type. 
This data structure is created for each process. The selection of the parameters here 
requires a deep understanding of the process. However, to be able to perform optimi-
zation approaches along the process chain, it is of significant importance that output 
parameters of one process are equal to input parameters of another process. In this 
case, the modeled areal weight of the coating after the coating process and the coating 
thickness after the calendering process are fed into the assembly model.

Simulation Run

1 2 3 4 …

Process

…

Mixing

…

Assembly

Semantic Data Structure

Actual web tension electrodes [N]

Actual web tension separator [N]

Actual electrode length [mm]

Maximal stress separator [MPa]

Maximal stress electrode [MPa]

Assembly

In Out

Boundary Conditions 
& General Parameters Control Parameters General Parameters Quality-Related 

Parameters

Young’s modulus electrodes [MPa]

Total width electrodes [mm] 

Coating width [mm] 

Coating thickness [µm] 

Foil thickness [µm] 

Areal weight coating [mg/mm²] 

Areal weight foil [mg/mm²] 

Young’s modulus separator [MPa]

Total width separator [mm] 

Separator thickness [µm] 

Target web tension electrodes [N]

Target web speed electrodes [mm/s]

Target electrode sheet length [mm]

Target web tension separator [N]

Target stacking speed [Sheets/s]

Energy demand of the machine [W]

Actual processing time [s]

…

Name: Actual electrode length 
Unit: Millimeter
Data type: array

Specification

Coating thickness [µm] 

…

Calendering - Outputs

Coating - Outputs
Areal weight coating [mg/mm²] 

…

Fig. 3.  Data structure for cell assembly with the focus on singulation and stack formation
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2.2  Control and Optimization System

The control and optimization system provides selected input parameters to the indi-
vidual models. Concerning the output data, subsequent interaction relationships are 
determined across processes and optimal control parameters for the individual pro-
cess steps are derived for each production scenario and transferred to the real sys-
tem. The optimization is carried out against the background of different production 
criteria. These include aspects of quality, throughput and energy demand. In this case, 
machine learning methods could be used to optimize the process. The data generated 
in the virtual production system can be evaluated against the background of the pro-
duction criteria and parameters of the individual process steps can be determined for 
an overall optimization of the process chain. Furthermore, the control and optimiza-
tion system includes the Human Machine Interface (HMI) and the visualization of 
data of the virtual and real production system.

2.3  Process Model of Cell Assembly

In the following, aspects of the actual simulation/ prediction model of the cell assem-
bly process step, focusing on singulation and cell stack formation, are given. The sim-
ulation model is built with the software Simcenter Amesim. Individual aspects are 
based on physical relationships described by differential equations. The modeling of 
the machine behavior and the determination of the resulting material behavior and 
intermediate product properties are addressed.

Figure 4 illustrates the aspects considered in the model development. These are 
the description of the individual machine components, the motion control and the 
material behaviour. These include, for example, roller systems, screw drives and 
belt drives. The descriptions are based on equations of motion and friction models. 
In addition, the control of the machine via corresponding cam plates of the drives is 
considered. Here, the cam plates defined in the real control system are used. The char-
acteristics of the drives with corresponding delay or inertia elements is as well part 
of the considerations. The behavior in the machine and the material stress are derived 
from the modeling of the machine components and their control via the drive mod-
els. Optimization concerning the defined production criteria requires the simulation 
model to provide data on the throughput, quality and energy demand of the process. 

Machine Components Motion Control Material Behavior

Roller System Screw Drives

…

M
 [N

m
] 

Time [sec] 

Drive Behavior & Cam Plates

… …

F

F

Web Tension & Material Stress

Fig. 4.  Aspects considered in the development of the simulation/ prediction model
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Here, the throughput is set by web speed, statements on quality are derived from the 
web tension that occurs, and statements on energy consumption are derived from the 
power of the electrical drives.

Figure 5 shows the simplified machine concept. The system consists of an 
unwinder, roller system and handling system. Three drives move the entire system. 
The unwinder and the handling system are each actuated by a drive for the rotational 
movement. A vertical movement of the entire handling system is realized by means of 
a screw drive and a third motor. The position of the web tension measurement is also 
shown. It is located in front of the handling system. Hereafter, modeled results for sin-
gulation of the anode material are presented.

Table 1 illustrates the selected input parameters. Three simulation runs are per-
formed with different target web velocities of the electrode. The descriptions of the 
material behavior are based on the law of conservation of mass. The corresponding 
differential equations in the context of web guiding are described in [25].

Figure 6 shows the behavior of the three drives. The modeled speed of the servo 
motors integrated into the machine is illustrated here. The specified target web speed 
considered here is 100 mm/s. This motion behaviour drives the entire system. All 
machine components and the material response are finally affected by this. So also the 
occurring web tension and energy demand.

Unwinder Roller System

Handling System

Drive - Unwinder

Drive –Vertical Movement

Drive –Handling System

Electrode Web

Web Speed
Web Tension 
Measurement

Fig. 5.  Simplified illustration of the machine concept

Table 1.  Input parameters

Boundary Conditions and General 
Parameters

Control Parameters

Young’s Modulus 
Electrode

100 GPa Target Web Tension 
Electrode

12 N

Total Width Electrode 200 mm Target Web Speed 
Electrode

50; 100; 150 mm/s

Coating Width 147 mm Target Electrode Sheet 
Length

210 mm

Coating Thickness 108 µm

Foil Thickness 11 µm

Areal Weight Coating 0.236 mg/mm2

Areal Weight Foil 0.098 mg/mm2
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Figure 7 shows an example of the modeled web tension at the measurement posi-
tion in the machine for different web speeds. It can be seen that there are deviations 
from the set target web tension of 12 N in all setups. Periodic progressions of the web 
tension can be recognized. It should be noted that the frequency of these periodic pro-
gressions also increases with the increase of the web speed in the system. However, 
the course of the web tension enables further statements to be made about the dimen-
sional accuracy of the electrode sheets [26]. It can be seen that the fluctuation of the 
web tension can negatively influence the web guidance in the system. Furthermore, 
the web tension is not constant at the time of singulation. Conclusions can thus be 
drawn from the web tension to the variation of the dimensional accuracy of the elec-
trode sheets.

Figure 8 shows the demandmodeled power of the machine at different web speeds. 
Here it can be seen that the power also increases with the rising web speed. The 
fluctuations that can be detected correlate essentially with the drive for the vertical 
movement.

Fig. 6.  Modeled speed of the drives for 100 mm/s of web speed

Fig. 7.  Modeled web tension at different web speeds
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Figure 9 shows a summary of the modeled results. The quantities were related to 
a reference battery cell of the Karlsruhe Institute of Technology with a cell capacity C 
of 20 Ah. The calculation of the throughput is shown in equation (1). Here LSheet (= 
210mm) donates the length of the sheets, and NSheets (= 41), the number of sheets 
within a cell. The calculation of the specific energy demand is shown in equation (2). 

The standard deviation (STD) of the simulated web tensions are illustrated as well. It 
can be seen that, in addition to the increase in throughput with increased web speed, 
the standard deviation of the web tension trises too. It can be assumed that at higher 
web speeds, the electrode sheets are separated with a higher variation of web tension. 
Therefore the deviation of the dimensional accuracy of the electrode sheets increases 
with an increase in the web speed. Furthermore, it can be observed that the specific 

((1))Throughput =
vweb−C

LSheet−NSheets

((2))Specific Energy Demand =
∫
t2=50 sec
t1=0sec Power (t) · dt

Throughput − t2

Fig. 8.  Modeled power at different web speeds

Fig. 9.  Results modeled in summary
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energy demand decreases with increasing web speed. Therefore, from an energy point 
of view, it makes sense to produce electrodes at the highest possible web speed. The 
ratio between produced cell capacity the specific energy demand of the drives is more 
advantageous.

In summary, this example illustrates the virtual exploration of parameters and their 
effects for the process stem of cell assembly. Data sets on throughput, quality and 
energy demand can thus be compared and contrasted. It can be seen that a higher web 
speed in the system is energetically more favourable but leads to higher quality fluc-
tuations. In the overall context of the virtual production system, this data is analysed 
with corresponding data from the other process models. Optimal control parameters 
are then determined for the entire process chain.

3  Conclusion and Outlook

Both the strong global increase in demand for lithium-ion battery cells and the asso-
ciated trends in material and format diversity present extreme challenges for battery 
cell production processes. The effects and interactions occurring in the sub-processes 
and along the process chain are only partially understood or not known at all. To meet 
the demand and to meet observable trends, production processes must be made ready 
in the shortest possible time and need to be operated efficiently. In this context, the 
use of virtual production system respective digital twins enables the processes of 
battery cell production to be optimized along the entire process chain to achieve an 
increase in efficiency. This paper presented the design and structure of a virtual pro-
duction system for battery cell manufacturing. Using the process step of cell assem-
bly as an example, the corresponding data model was explained and insights into the 
process simulation were provided. In the simulation model of the assembly process, 
the machine behavior and the resulting material behavior were mapped. This provides 
information on the energy demands of the process, the throughput and the possibility 
of deriving corresponding qualitative intermediate product properties. A virtual explo-
ration of different setting parameters on the machine and material parameters can be 
carried out. Recommendations for action can thus be derived for each new production 
scenario.

In a next step, corresponding simulation/prediction models and data structures of 
the other processes have to be provided. Connections of the individual processes are 
made by the input and output parameters of the models. These models are integrated 
into the presented platform with the respective interfaces. Virtual production scenarios 
can be executed via the control and optimization system and parameter relationships 
can be identified. Employing of the systematic training of an AI model, the optimal 
parameters at the individual processes are to be determined for each production spec-
ification, according to selected criteria, and transferred to the real plants in a final 
step. This provides optimization potential, especially when commissioning processes 
in response to changing production specifications. Furthermore, the outlook is to link 
the simulation models directly with the control system of the respective machine. 
This makes it possible to use virtual sensors to record process variables that cannot 
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be measured but are highly relevant for determining process quality. Model-based 
control of the individual processes is therefore possible. This also allows optimiza-
tion approaches to be identified during operation. This would require the provision of 
models that are capable of being operated in near-real time. The transfer to reduced 
order models is the focus here.
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