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Abstract. In this contribution, we present a framework for the computer-aided 
planning and optimisation of manufacturing process chains for functional 
graded components. The framework is divided into three modules – the “Com-
ponent Description”, the “Expert System” for the synthetisation of several 
manufacturing process chains and the “Modelling and Process Chain Optimisa-
tion”. The Component Description module enhances a standard computer-aided 
design (CAD) model by a voxel-based representation of the intended graded 
properties. The Expert System synthesises manufacturing process steps stored 
in the knowledge base to generate alternative process chains. All these process 
chains are capable of producing components according to the enhanced CAD 
model. They consist of a sequence of heating-, cooling-, and forming manufac-
turing processes. The interdependencies between the component and the applied 
manufacturing processes as well as between the processes themselves need to 
be considered. For that purpose the Expert System utilises an ontology. The on-
tology represents all the interdependencies in a structured way and connects the 
information of the knowledge base via relations. The third module performs the 
evaluation of the generated manufacturing process chains. To accomplish this, 
the parameters of each process step are optimised according to the component 
specification, whereby the result of the best parameterization is used as a repre-
sentative value. Finally the process chain which is capable of producing a  
functional graded component in an optimal way regarding to the property dis-
tributions of the component description is presented by means of a dedicated 
specification technique. 

Keywords: Manufacturing Process Planning, Functional Graded Components, 
Expert System, Specification Technique, Sustainable Production. 

1 Introduction 

Functional gradation denotes a continuous distribution of properties over at least one 
of the spatial dimensions of a component consisting of only one material. This distri-
bution is tailored according to the intended application of the component [1]. 
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Application areas for the use of functional graded components can be found for ex-
ample in the automotive industry. Car interior door panels for instance are usually 
plastic materials that are supposed to absorb the impact energy of a lateral crash to an 
assured extent. The resulting deformation however must in no case lead to an injury 
of the car’s passengers. To achieve a desired deformation behaviour it is necessary to 
assign exactly defined material properties to specific locations of the door panel. By a 
functional gradation, e.g. of the hardness, the functionality of the component can be 
considerably extended. The formerly purely decorative interior door panel becomes a 
functional element of the passive vehicle safety. 

Functional graded components provide a resource-conserving alternative for mod-
ern composite materials [1] and therefore offer high potential to achieve a sustainable 
production. Instead of using post-processing steps to create the composites and their 
graded properties, the gradation is produced during their moulding process. This 
process integration for example shortens the manufacturing process chain for the pro-
duction of the component and increases the energy efficiency significantly. 

The production of functional graded components requires complex manufacturing 
process chains, such as thermo-mechanically coupled process steps [1]. While there 
are several material scientific approaches on how to develop an isolated process step 
to achieve a certain material structure, the holistic design of connected manufacturing 
process chains is much more difficult. For that purpose in section two an exemplary 
manufacturing process chain will be used to demonstrate our approach. To realise the 
full potentials of functional gradation, a computer-aided framework for the planning 
and optimisation of this manufacturing process chains will be introduced in the fol-
lowing subsection, whereupon the hierarchical process chain synthetisation as part of 
the Expert System will be presented in section three. Section four summarises the 
approach and identifies the significant future research challenges. 

2 Functional Graded Components 

2.1 Exemplary Manufacturing Process Chain 

The manufacturing process chains for functional graded components are characterised by 
strong interdependencies between the components and the applied manufacturing proc-
esses as well as between the process steps themselves. According to the presented interior 
door panel (cf. section 1), a manufacturing process chain for self-reinforced polypropyl-
ene composites is used here as a demonstrator. This process chain uses a thermo-
mechanical hot-compaction process to integrate the functional gradation into self-
reinforced polypropylene composites by processing layered semi-finished textile prod-
ucts on a thermoplastic basis. The semi-finished textile products were previously 
stretched and provide a self-reinforcement based on a macromolecular orientation. This 
self-reinforcement leads to a sensitive behaviour regarding pressure and thermal treat-
ments and is therefore essential for the functional gradation of the composite [1], [2]. 

Figure 1 shows the exemplary manufacturing process chain for self-reinforced poly-
propylene composites starting with a gradual preheating of the semi-finished textile prod-
ucts in a partially masked IR-preheating station. In the next step, the thermal gradation of  
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3.2 Process Chain Synthetisation 

The Process Chain Synthetisation starts only if the Core Process Selection ends up 
with some unfulfilled requirements. This step of the Expert System tries to reduce the 
unfulfilled requirements down to a minimum by creating several alternative process 
chains.  

To create the process chains, the Expert System restarts the Core Process Selection 
as a loop, in which the unfulfilled requirements of a completed iteration loop provide 
the input information for the next iteration. This loop continues until no further proc-
ess step can be found to fulfil the open requirements of the requirements profile. 

After every iteration loop, a pairwise evaluation with the new selected manufactur-
ing process and the already connected process steps is performed to ensure the com-
patibility of the synthesised process chain. If there is only one incompatible process 
step in the process chain a new alternative process chain will be started without this 
step, but with an own unfulfilled requirement profile. This new process chain will also 
be considered during the following iterations, whereby new selected process steps 
will be integrated in every suitable process chain. If the Expert System has to consider 
two or more alternative process chains, the Process Chain Synthetisation continues 
until no further process step can be found to fill up one of the open unfulfilled re-
quirement profiles of the process chains. 

The result of the hierarchical process chain synthetisation is a set of several alter-
native process chains which are all able to achieve the desired component require-
ments (cf. Figure 6).  

 

Fig. 6. Set of alternative process chains for the interior door panel given by the Expert System 

4 Conclusions and Outlook 

Functional graded components offer an innovative and sustainable approach for cus-
tomisable smart products. Thus a comprehensive framework for the computer-aided 
planning and model-based optimisation of components with functional graded proper-
ties has been presented and demonstrated with an application example. 

Future work includes the enhancement of the knowledge base with additional 
manufacturing process steps, materials and interdependencies as well as the adjust-
ment of the ontology. Furthermore the inference rules of the expert system have to be  
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expanded to realise the synthetisation of more complex manufacturing process chains 
and their pairwise evaluation. The Expert System of the comprehensive planning 
framework is able to automatically synthesise process chains for the manufacturing  
of a component with functionally graded properties. However the final selection of 
the best process chain for the specific production objective must still be conducted 
manually since it is not always obvious which alternative fulfils all the requirements 
according to the objective in the best way. The Analytic Hierarchy Process (cf. [12]) 
may offer an effective approach to handle the highly diverse characteristics of the 
decision criteria while not overstraining the decision process with data acquisition and 
examination. 
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