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Introduction
The improvement of energy and resource efficiency of moving masses plays
an important role in terms of sustainable strategies for CO2 reduction.
Significant weight savings can be achieved through applications of
innovative and cost-attractive manufacturing technologies such as
composite technologies or construction in multi-material-design. This
consequently leads to challenges associated to joining technologies and the
need for disruptive lightweight strategies, which must be integrally applied
along the product development process. A significant contribution towards
this task can be achieved with technology-specific software solutions,
powerful enough to increase the potential of manufacturing technologies.

Product development process
Along the product development process, the component design usually
passes different design changes, since boundary conditions and
development objectives evolve continuously while emerging requirements
could not have been taken into account in the first concept phases. The
resulting adjustments may affect the component properties in such a way
that given targets are achieved only delayed or even not at all due to missing
production-related information at an early development stage. Particularly,
introducing novel lightweight strategies and technologies often lead to timeconsuming validation activities comparing the actual state and target. As a
result, longer development cycles are necessary to ensure the properties and
functionalities of the product are met.
With these challenges in product design, the complexity of technical lightweight solutions and the associated development process are increasing.
With a simulation-driven product development, time- and cost-intensive
prototypes and test series can be saved while product maturity is reached
faster. This requires the use of appropriate engineering software along the
virtual product development chain (e.g. CAD, CAM, FEM). Especially in
terms of lightweight construction, different numerical optimization methods
play an important role, influencing e.g. the product geometry, the material
type or its combination and distribution within the design space.

Computer-Aided Design (CAD)
With Computer-Aided Design (CAD), products are virtually constructed
based on geometric data. The representation of the construction is possible
with line- or edge-models, surface-models, volume-models or hybrid-models.
These data models are the basis for the advancing the further product
development and production planning.
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Another relevant feature of modern CAD tools is the construction of
parametric models in which volume, surfaces, and constraints can be defined
associatively by parameters. With such parametric associative model
construction, design changes can be iterated more quickly.

Computer-Aided Engineering (CAE)
Computer-Aided Engineering (CAE) has been proven to be the most
appropriate way to increase efficiency along the virtual product development
process and to meet the demand for generating different product variants as
well as to shorten product development cycles, while keeping the number of
experimental tests low. CAE supports development engineers in their daily
technical and scientific tasks. Furthermore, particularly in the development
of lightweight products, the subjective “risk-taking” of the engineers is
supplemented or replaced by quantifiable results.

Simulation-driven development with FEM
A key feature of the computer-aided product development is the design and
evaluation of the component or system behavior through the application of
the finite element method (FEM). As analytical solutions can only be
calculated for simple geometrical and loaded cases, a finite element model
(FE model) helps to represent reality sufficiently accurate to enable the
determination of an approximate solution.
The principle: Based on shape functions for each finite element, equation
systems can be constructed and combined into a global system of equations
solved by a numerical solver.
Through the numerical approach during the product development process,
expensive prototypes and experimental setups can be reduced or even
avoided, and the way towards the finished product becomes shorter. To be
able to react immediately to changing customer requirements, FEM offers
the possibility to quickly examine and evaluate product ideas long before a
prototype is built.

FEM-based product development
FEM as a numerical method was first used in the early 1960s for engineering
tasks like structural investigation of aircraft wings in the aerospace industry.
The application of FEM has spread out to the automotive industry,
mechanical engineering, civil engineering and biomechanics. Today, the
FEM enriches a wide range of applications across industry sectors.
Nowadays in commercial well-known CAD systems, such as Catia or
SolidWorks, specific FEM features are integrated, allowing for FEM analysis
during the construction phase. Currently, only analysis with a low level of
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modelling complexity are possible, but constructors and designers do not
need a detailed FEM knowledge.

General procedure of a computational analysis
Usually, a FE-based analysis process consists of the following steps:
1. Construction data
Most of the tools for FE modelling offer interfaces to import standard CAD
exchange formats such as step or iges. Depending on the software, an
extended range of interfaces are supporting more CAD formats.
2. Simplification/Idealization
The modelling of all potential physical phenomena is usually not necessary.
In practice, the analyst must specify the appropriate modelling level to
achieve the results while keeping the computational times in an acceptable
range.
3. Modelling/Preprocessing
The focus is to break down the geometry into finite elements, also known as
discretization or meshing. In this step, an automatic discretization is often
carried out by specifying an element type and size. Depending on the
selected element type, the quality of the results can vary. Areas with high
stress changes such as in notch regions have to be finer meshed to improve
the quality of the results. However, higher result quality leads to longer
computational time.
To carry out the FE analysis, a load case must be defined that takes into
account the load scenario and boundary conditions. For this purpose, e.g.
forces/pressures or prescribed displacements can be applied. After finalizing
the modelling process, the analysis can be started with a solver.
4. Solver
Most of the established solvers support fully parallelized calculations using
several processors to significantly reduce the computational times. The
process for modelling a runnable FE model is in most cases an iterative one.
Only when a successful FE run has been carried out and result files are
available, the evaluation can be started.
5. Evaluation/Postprocessing
Within this step, the FE results such as displacement curves and animations
are visualized and interpreted. The quality of the results interpretation
depends on the quality of the FE model as well as on user skills and
experiences. Due to the complexity of the analysis process, in each step
several errors may occur, which are difficult to detect without qualified
knowledge. Therefore, to be able to carry out a reliable evaluation, the user
should have sufficient knowledge in mechanics and in mathematical
understanding.
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Conclusion:
The analysis process described is an iterative process characterized by
constant changes and adaptations along the virtual product development.
The time and effort required for this is difficult to define precisely and can
only be estimated by FEM analysts. From the authors point of view, about
65% of the effort required is needed for modelling, approximately 10% for
error correction and around 25% for the evaluation and interpretation of the
results. This represents the setup of a new FE model, not modifications for
different versions based on a runnable model.

Structural optimization
The goal of structural optimization is to change the shapes that are
mechanically or thermally loaded, so that they can meet the requirements
and conditions as best possible. There are various disciplines of structural
optimization, e.g. topology optimization, shape optimization and parameter
optimization. The individual disciplines are distinguished as follows:
∙ Topology optimization:
Optimizing the material distribution in a given design space.
∙ Shape optimization:
Varying the surface contour of a given component.
∙ Parameter optimization:
Varying of specific parameters such as wall thickness or fiber orientation.
The topology optimization offers usually the highest potential to save weight
on a component. Despite the fact that these optimization methods are strictly
differentiated, an application of all optimization methods usually leads to the
highest lightweight potential.
In practice, the following optimization tasks are frequently used:
∙ minimize mass
∙ maximize stiffness
∙ minimize stress
∙ minimize deformation
∙ maximize eigenfrequency
There are a lot of different optimization algorithms to minimize or maximize
the optimization tasks. Depending on this task, in some cases it might be
necessary to preselect and to test a set of optimization algorithms in order to
evaluate the best optimization performance.

Importance for fiber composites
The increased use of lightweight materials such as fiber reinforced
composites with their anisotropic material properties offers a wide range of
parameter types for optimization, such as fiber orientation, layer order,
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thickness, ply size, ply overlap, etc. An optimization of all potential
parameters is not effective due to the complexity of the optimization task and
the associated computational time. Usually, a prioritization of relevant
parameter types is recommended to make essential progress towards the
objective, such as achieving high mechanical performance or product
producibility.
In this context, innovative composites technologies open up new possibilities
for improving the mechanical performance and production processes in
terms of automation. This leads consequently to a different prioritization of
parameter types compared to classic composites technologies. This will be
exemplarily shown in the next section based on the disruptive Fiber Patch
Placement technology.

Fiber Patch Placement
Fiber Patch Placement (FPP) is the advanced technology for the automated
production of geometrically complex fiber parts and reinforcements. It
enables a new magnitude of freedom in fiber orientation, as defined patches
are automatically cut from a tape and precisely placed by a robot, equipped
with a flexible patch gripper, onto a moving form tool mounted on a second
robot. Through the individual orientation of every patch along load paths,
mechanical properties can be improved up to 100% resulting from a scientific
study1.
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Figure 1: Mass-specific stiffness (normalized representation) resulting from a
comparison between experimental and simulation results 1

The overlaps of patches represent a further parameter which has a
significant influence on the mechanical properties of a component. Improving

1

N. Majic, H. Weidinger, F. Michl, K. Drechsler. Experimental and simulation study on the performance of fiber patch
placement. 17th European Conference on Composite Materials (ECCM 2016), Munich, 26-30 June 2016, THUR-2_LON_5.0504.
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the order of the patches, which are deposited on a preform and thus influence
the production time, offers additional optimization potential.
Therefore, to fully exploit the potential of this technology with all available
parameters, a specific CAD-CAM software is crucial.

Artist Studio (CAD-CAM Software)
Cevotec has developed Artist Studio for the Fiber Patch Placement
technology to increase the technology potential. Artist Studio with its perfectly
aligned CAD and CAM module enables an efficient virtual product
development. Offering an easy usability with an intuitive top-down logic, the
software guides the user through the whole design process – from importing
CAD geometry to the final digital laminate. All user activities along the topdown steps are followed consecutively to accelerate the design process and
to reduce potential user errors. Of course, parameters can be edited and
additional information can be retrieved from every step along the model tree.
Each successfully defined step is highlighted by changing the color of the
specific status indicator in the model tree. The patch-based laminate and the
process simulation can be visualized in the viewport.

Figure 2: GUI structure of Artist Studio

Patch Artist (CAD) – Patch-based laminates
For creating a patch-based high-performance laminate, primarily the
overlaps of the patches to each other, along defined load paths, have to be
optimized, as the level of the force transmission depends on the overlap
length. FE tools such as OptiStruct, Abaqus or Ansys can be used to
calculate stress states, so that dominant load paths can be derived. Based
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on known or calculated load paths, lines or splines can be either imported
into Patch Artist or constructed within the module.
Only a few steps are required from the import of a geometry to a defined
patch laminate:

1. Import of the CAD geometry
All common CAD exchange formats such as step, iges or brep can be
used.

2. Definition of the patching zone
Selection of the areas of the CAD-surface that will be covered with
patches.

3. Definition of the guide curve
Selection of guide curves, which are either preconstructed as part of the
imported geometry or which are completely or partially created within
Patch Artist.

4. Definition of the tape
Determination of the tape width within the available range.

5. Definition of the patches
Determination of the patch length within the available range and
determination of the cutting edges (e.g. straight, round, arrow).

6. Generation of the optimized laminate
The selection of patch zone, tape- and patch-size as defined before is
followed by the patch generation with an integrated heuristic optimization
algorithm in order to cover the whole patch zone with patches (see
Figure 3).

Figure 3: Artist Studio module Patch Artist visualizing a gear box

7. Visualization of the optimization result
The result of the optimization is displayed in the viewport. Figure 4 shows
the quality plot for the entire laminate with minimum, maximum and
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average quality values. Of course, the laminate quality can vary
depending on the optimization parameters.

Figure 4: Plot of the patch overlap criteria

Motion Artist (CAM) – Machine data
The CAM module Motion Artist creates the machine data for the SAMBA
Series production systems. This machine data contains all robot movement
information required to assemble the laminate patch by patch. This process
focuses completely on the interaction of the robots starting from picking-up
the patch from the conveyer belt to placing the patches onto the form tool
(see Figure 5).

Figure 5: Artist Studio module Motion Artist placing patches onto a gear box
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Before starting the offline programing with the optimization of the robot
movements, some basic settings are required. First, the corresponding
SAMBA Series production system has to be loaded. The calibration of the
hardware system results in small deviations from the virtual one, which can
be corrected by entering the corresponding measured values. This also
brings the from tool into the position used in Patch Artist. The next step
involves the transfer of the patches from Patch Artist to Motion Artist, having
a patch list in the model tree.
For the optimization of this list, there is a logical dependency to be
considered, as patches from the lower layer in the stack have to be placed
before patches from the subsequent layers. This combinatorial optimization
problem, enriched with the logical constraint, can be optimized with different
optimization method. With a modified nearest neighbor heuristic algorithm, a
result for a few hundred patches can be achieved within few minutes (tested
on the basis of a PC Intel Core i7, 2.7 GHz, 16 GB RAM, Win 10 64-bit). In
this process, all distances from each patch to its neighboring patches are
measured. The next patch is evaluated based on the time for the 6-axis robot
to reach the best neighbored patch. However, another algorithm can be used
with an integrated genetic algorithm providing an improved solution. But for
this type of algorithm the solution takes much longer compared to the
nearest-neighbor algorithm solution.
After a successful collision-free optimization of the robot movements, the
manufacturing process can be simulated. In a challenging optimization task,
certain patch positions may lead to collisions. For such cases, a manual
correction can be realized e.g. by adjusting the location where patches are
handed-over from the gripper to the form tool.
Finally, the machine data can be exported from Motion Artist and the
production of patch-based laminate can start.

FE-Plugin (FEM) – Automatic modelling
The modelling effort of fiber reinforced composites can be challenging for
structural simulations. The fiber orientation heavily influences stiffness and
strength of composites and is usually not constant over the entire laminate.
This is the main reason why traditional ply-based composites rely on draping
simulation for complex shapes. While draping effects are only of secondary
importance for patch-based laminates (due to the size differences between
patches and part), the key advantage of Fiber Patch Placement is the fiber
orientation along load paths to achieve an effective lightweight design and
high mechanical performance. The modelling of these patch-based
laminates on spatial geometries is challenging as technology-specific
modelling features are missing.
Therefore, in addition to the stand-alone software Artist Studio, Cevotec
offers a patch-based FE-plugin in HyperMesh, one of the leading FEA
preprocessors on the market. This allows users to generate a patch-based
laminate fully automated, based on geometry, position and orientation of
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patches as exactly defined in Artist Studio (see Figure 6). The features of the
plugin enables the modelling of the precise fiber orientation of each patch
and even the thickness distribution due to gaps and overlaps.This is possible
on a sublayer- or even on patch-level for a more detailed analysis. The plugin
supports a variety of automated modelling approaches, including (thick-)
shell-based laminates and even cohesive zone modelling of the interfaces
between individual patches for a detailed delamination analysis.

FE model of patch-based laminate

Simulation results (failure plot)

Figure 6: Exemplary modeled patch laminate (left) and simulation results (right)

The FE plugin also offers extended modelling capabilities for FPP laminates
directly inside HyperMesh. This empowers the user to create local
reinforcements and layers with curvilinear fiber orientation on the fly. Further
FE plugins in other well-known commercial modelling software like Ansys
and Abaqus are on the development roadmap of Cevotec.
A well-designed fiber orientation is the key to have superior mechanical
performance for fiber reinforced composites. Compared to traditional plybased technologies, composites engineers can be sure that with FPP, the
fiber orientation after manufacturing is exactly the same as it is modeled.

Conclusion
Only with a technology-specific virtual process chain, development cycles of
lightweight technologies can be significantly shortened. This is especially
true in the case of necessary frequent iterations in order to transfer the
prototype stage to a maturity for serial production more efficient.
Using the Artist Studio platform, which integrates both CAD and CAM
modules and is perfectly matched to the Fiber Patch Placement technology,
developers and manufacturers significantly save time in creating laminates
and preparing for production. The additional use of the Cevotec’s FE plugin
in HyperMesh allows an automated modelling of patch laminates to predict
mechanical properties.
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About Cevotec
Cevotec enables manufacturers to build complex fiber composites in high
volume and quality – by smart process automation based on Fiber Patch
Placement technology. With SAMBA Series, Cevotec offers tailored,
automated fiber layup systems for challenging 3D geometries and laminates
with complex fiber orientation. ARTIST STUDIO is the matching CAD-CAM
software for generating patch-based fiber laminates and automated robot
programming. Along with development services that include FE-based
modelling and simulation, Cevotec offers the entire process chain from digital
design to final fiber product.
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