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Abstract  

While in general manufacturing and functional integration are separated steps, in this article a continuous 
mass-production enabled procedure is discussed. The essential component of the manufactured laminate 
is a functionalised thermoplastic film that is combined with piezoceramic powder (lead zirconate titanate - 
PZT) and carbon nanotubes (CNT). The challenge is to achieve optimal electrical and electromechanical 
properties and a good processability while simultaneously preserving the high toughness of the composite 
and the required adhesive strength with the joined metal sheet. Determining the optimal joining and surface 
treatment parameters by identifying the interlaminar shear strength between the metal and plastic 
components allows for a continuous rolling production process with a subsequent roll forming process. 
Further investigations on the forming properties are concerned with the optimal placement of the sensors 
as well as the arrangement and shape of the electrodes. A neural network approach is evaluated to facilitate 
detection and localisation of external forces in order to use such functional hybrid laminates for new 
operating concepts in the interior of motor vehicles or for structural health monitoring. 

1 Introduction  and m otivation  

The research and development of technologies for the production of complex plastic/metal-based 
composite components have been the subject of intense scientific and application-oriented efforts for 
many years. By contrast, the technological basis for the production of semi-active and active polymer-
based systems with mechatronic and electrical properties, which are suitable for the integration in 
plastic/metal-based composite components, is still pending, in spite the high potential of such 
multifunctional lightweight structures regarding structure monitoring, vibration and noise reduction, and 
energy harvesting [1-3]. 

In particular, the plastics processing extrusion technology allows for an efficient roll to roll production of 
microelectromechanical systems (MEMS). To embed such systems in hybrid laminates, semi-finished 
sheet products are joined with electromechanical functionalised polymer films by combining the 
extrusion technology with the metalworking rolling technology. These smart semi-finished sheet 
products are also suitable for the integration into hybrid metal/fibre-reinforced composite (FRP) 
structures using a subsequent downstream in-line tape-laying process. As a result of shorter cycle times 
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and process costs, "smart" hybrid structures can be thus manufactured more economically and with 
more energy efficiency, compared to classical sequential technologies. Moreover, this method allows 
the first large-scale in-line production of a PZT-based transducer system without the use of energy-
intensive sintering processes. 

Besides the exploration in materials and processing technologies to enable the manufacturing of 
multifunctional lightweight structures we focus on the development of an embedded signal processing 
system that processes the signals adaptively and forwards them to the control unit. The sensor system 
could be used, for example, in the development of an intelligent input device with gesture control. The 
requirements for the materials used in such a system are an application-oriented forming behaviour and 
high-quality sensory properties, which allow subsequent digital signal processing. 

The combination of a process chain suitable for mass production, structural components with integrated 
sensors and an intelligent evaluation system provides the possibility to develop new smart materials 
whose manufacturing and functionalisation are adaptive to new structural geometries and application 
scenarios. The semi-finished hybrid laminate can be processed with a wide range of established 
manufacturing technologies and the evaluation system can be trained according to the respective 
functionality. On the one hand, the smart composite can act as human machine interface and thereby 
help to save resources and reduce mass by omitting separate components and integrating its 
functionality into the structure. On the other hand, the integrated sensor technology enables structural 
health and condition monitoring. As a result, the structural behaviour is known and possible functional 
failures can be estimated. Thus, the component itself does not have to be overbuilt and consequently 
the lightweight design improves. As part of the bivalent resource efficiency strategy, the following 
objectives have been achieved: 

¶ Energy efficient manufacturing by merging several different production processes and using 
their residual heat 

¶ Resource saving operation due to integrated functionalities 

2 State of the art  

Most adaptronic components have been developed for aerospace applications and use integrated piezo 
sensors and actuators in conjunction with equipment and control electronics for the adjustment of their 
geometry and structure dynamics to external loads [4-6]. Suitable support materials used are typically 
thermoset fibre composites based either on prepregs or on the Resin Transfer Moulding (RTM) process, 
neither of which considers the suitability for mass production of the associated technologies [7-9]. 
Specifically, the research of different technologies for the production of textile-reinforced composite 
components with semi-active and active elements has long been an important objective of scientific and 
application-oriented work [10-14]. In contrast, in-depth theoretical and experimental analyses on the 
technological implementation of active thermoplastic semi-finished products with electromechanical 
functions using the extrusion technology and its embedding in metal components in large series are still 
largely pending. In order to detect impacts that might cause damage to the structure and to localise the 

according points onto the surface, several approaches have been developed. Due to their adaptiveness, 
machine learning algorithms are widely and successfully used in this field [15-21]. Especially neural 
networks [17-21] are a promising method to be used to develop a smart touch-alike input device. 

3 Composite structure and properties of the piezoceramic hybrid laminate  

In order to meet the requirements of manufacturing, signal processing and future application scenarios; 
the composition and properties of the developed smart composite are crucial. The initial point of 
research is a functionalised hybrid laminate consisting of three different layers (Fig. 1):  

¶ a metal sheet as a structural main component and carrier of the functional components, 

¶ a functionalised film to generate the sensory properties and 

¶ electrodes for receiving sensor signals and their forwarding to the evaluation electronics  
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Fig. 1 Composite structure of piezoceramic hybrid laminate 

 

An aluminium sheet in accordance to EN AW-6082 T4 with a thickness of 0.5 mm will be used as basic 
metallic structure. It has a microstructured surface for better adhesion with the sensory film. In addition 
to its supporting function, it also constitutes the common ground electrode for all sensors of the hybrid 
composite. 

The active component of the hybrid laminate consists of a piezoceramic thermoplastic compound. The 
polypropylene (PP) Moplen HP501H by LyondellBasell (Rotterdam, the Netherlands) was used as a 
matrix plastic. Initial experiments showed that PP filled with ceramic material has much better processing 
properties in comparison to other filled thermoplastics, such as polycarbonate or polyethylene 
terephthalate [22]. For functionalisation purposes the polymer melt was filled with a piezoceramic 
powder of PZT (NCE55 by Noliac A / S, Kvistgaard, Denmark). To achieve high sensory effect, the 
compound requires a large proportion of PZT. However, the rising ceramic content decreases the 
processability significantly, whereby the maximum ceramic content is limited to approximately 70 to 
80 wt.%. As an additional filler, a small amount of CNTs was admixed to improve the electrical properties 
of the compound. In previous experiments optimal filler contents of 70 wt.% PZT and 0.5 wt.% CNTs 
constituted a good compromise between the electromechanical properties and processing [23]. 

The electrodes of the individual sensors consist of a 35 µm thick copper foil. Through the geometry and 
arrangement of the electrodes in the hybrid laminate, a network of sensors is created, whose signals 
are suitable for impact detection or structural health monitoring of the formed components. 

4 Process chain for manufacturing of piezoceramic hybrid laminates  

The continuous manufacturing process of the sensory hybrid laminate is schematically illustrated in 
Fig. 2. It starts with the film extrusion of the piezoceramic thermoplastic compound (1). Parallel to this, 
the microstructuring of the aluminium surface takes place in the first rolling step (2). In the following 
rolling steps the sensor sheet (3) and the copper electrodes (4) are continuously joined onto the metal 
sheet. After the polarisation (5) and the cutting of the manufactured semi-finished product, the hybrid 
laminate is formed into components with functional characteristics (6). Through an embedded evaluation 
system the sensor signals of the components are processed (7) and classified based on neural networks 
(8). The individual sub-processes are detailed below. 
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Fig. 2 Process chain for producing the piezoceramic hybrid laminate 

4.1 Film extrusion of a highly filled piezoceramic thermoplastic film  

The manufacturing of the sensory film was carried out continuously in the extrusion process with a 
subsequent calendering operation (Fig. 3). The thermoplastic material filled with piezoceramic powder 
was heated up to 240 °C in the extruder and sent to the calender unit through a wide slot die with a 
cross section of 350 mm x 0.5 mm. The deduction and consolidation of the film took place in the calender 
by tempered rolling. The temperature of the rolls close to the die were set to 120 °C and the ones farther 
away were set to 80 °C. The roll speeds in the calender allowed for a variation of the stretching and 
thereby the thickness of the film. An increase of the roller circumferential speed from 0.9 m/min to 
3.0 m/min resulted in a reduction of the filmôs thickness from about 325 µm to about 100 µm. In the 
further course of the process, the film was cooled to ambient temperature, wound into a roll and made 
available for the continuous joining process. 
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Fig. 3 Continuous production of the sensory film by extrusion 

4.2 Continuous joining of the piezoceramic film  with alumin ium sheet  

The essential parameters for joining the sensory film with the aluminium sheet were determined 
discontinuously in a joining tool with integrated heating elements (Fig. 4). For this, the aluminium sheets 
(EN AW-6082 T4; 40 mm x 40 mm x 0.5 mm) were inserted into the mould, the piezo compound 
granules were added and heated at bonding temperature. After heating, the temperature was 
maintained at a pressure of 12.5 bar for three minutes. In Table 1 the joining temperatures for the 
various composite structures are listed. The subsequent cooling occurred by means of compressed air. 
For the determination of interlaminar shear strength by 3-point bending in accordance with 
DIN EN ISO 14130, the bonded samples were cut into test specimens (20 mm x 10 mm). 

 

Fig. 4 Joining tool for the discontinuous joining of the piezoceramic film with aluminium sheet 

 

Table 1 Overview of the bonding temperature for the discontinuous process 

 Composition piezo  compound  Joining temperature [°C]  

unfilled PP 165 

filled  PP + 60 wt.% PZT + 0.5 wt.% CNT 175 

PP + 70 wt.% PZT + 0.5 wt.% CNT 185 

 

The discontinuous process examined how the composition of the piezo compound affected the 
interlaminar shear strength, with the parameter surface treatment remaining constant. The aluminium 
sheets were pretreated via sandblasting (Ra = 6.96 µm). Fig. 5 shows the experimental results for 
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interlaminar shear strength. It is evident that an increasing weight proportion of PZT equals an increase 
in shear strength. 

 

 

Fig. 5 Interlaminar shear strength of the discontinuously bonded samples 
depending on the filling content 

 

With the knowledge gained from the discontinuous joining test, a test bench was designed for 
continuously joining the piezo film with aluminium sheets (Fig. 6). 

The experimental setup consists of a run-in table with a short-wave infrared radiator (6 kW). This is used 
to heat the aluminium sheet prior to the joining operation. The joining temperature is monitored by a 
pyrometer just prior to entering the rolling mill. By merging the heated aluminium sheet and the 
thermoplastic sensory film, the piezo compound can be melted and joined by the acting contact pressure 
of the rolls. 

 

Fig. 6 Pilot plant for the continuous joining of piezoceramic films with aluminium sheets 
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To set the test rig, the parameters listed in Table 2 have been proven to be important factors. In this 
case, the pyrometer was used as an essential measuring device for recording the time-temperature 
curve. 

Based on the processes the following factors were evaluated: 

¶ the moment when the required bonding temperature is achieved just before the rolls (depending 
on the distance and the power of the infrared radiator) 

¶ which rolling speed is needed for the necessary bonding temperature and how the temperature 
profile changes over the length of the metal sheet 

For these preliminary tests, a sheet with a length of 2 m was used. 

 

Table 2 Experimental design to determine the optimal bonding temperature 

Parameter  Min  Max 

Distance infrared heater ï metal sheet 15 mm 30 mm 

Rolling speed 0.5 m/min 2 m/min 

Power infrared radiator 50 % 100 % 

 

A constant temperature profile was reached at the necessary bonding temperature (185 °C) at  

¶ a distance of 15 mm between the sheet and the infrared radiator 

¶ maximum power of the infrared radiator and  

¶ a rolling speed of 1 m/min 

In a further experiment the temperature loss was determined through the contact of the sheet with the 
rollers. As shown in Fig. 7 top right, the measurement was made with two thermocouples at a distance 
of 100 mm. The first experiments with the polished steel rollers showed a significant temperature drop 
of 179 K. Through a 3 mm thick heat-resistant rubber layer on the rolls, the temperature loss could be 
reduced to 85 K. 

 

Fig. 7 Measured temperature profile during continuous joining 


