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Abstract
The development of automation approaches for the manufacturing of carbon fiber‑reinforced plastics (CFRPs) parallel to the product development gains rising importance. The reason for this is the increasing interest in using CFRPs on a larger scale in modern aircraft. New product designs and comparatively high quantities require consideration of new production methods and automation techniques. The German Aerospace Center (DLR), Center for Lightweight Production Technology (ZLP) Augsburg addresses the challenges at the development of new production scenarios for the manufacturing of lightweight structures. This paper deals with the development of a new, adapted diaphragm forming process for the manufacturing of an Aero Flap Support (AFS) preform for a new type of Airbus wing. For this purpose the material behavior was investigated by manual draping and compaction tests. The material draping behavior was investigated and transformed into an automation concept. The preforming concept was validated on the basis of a full scale mock‑up automation model. In order to validate the developed automation mock‑up preforming trials with a pressure imaging sensor mat and different Saertex non crimp fabrics were performed. 
1. Introduction
Lightweight materials such as carbon fiber-reinforced plastics (CFRP) play an increasing role in the modern aircraft development. Structures in former times made out of different lightweight metals are progressively replaced against materials like high performance composites. Parallel to the material change new space for innovative design modifications are possible. One possibility for such an innovative design change is elaborated in the project Next‑Move funded by the German Federal Ministry for Economic Affairs and Energy (BMWi) in the national research program LuFo V‑2. 
Next-Move addresses new developments in the field of Next Generation Moveables for a new type of Airbus wing. In this project a composite Aero Flap Support (AFS) and its possible production scenario are one of the work packages of the overall project and developed parallel to ensure manufacturability and later high rate capability in the production. In this project an automation approach for the manufacturing of an outer shell preform of an Aero Flap Support (AFS) (Figure 1, right) is developed by the German Aerospace Center (DLR), Center for Lightweight Production Technology (ZLP) Augsburg. The AFS No. III counted in wing span direction was used as demonstrator.
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Figure 1 Wing segment with flap, Aero Flap Support and kinematics (left) [1], CATIA CPD model of the AFS (right) 
While preforming of the thick walled, textile AFS structure is one essential time consuming process step in the overall manufacturing process next to the resin infusion, the preforming process must be considered more in detail. The overall AFS preform is made out of different frame sub‑preforms and its outer shell preform. Due to the complexity of the outer shell preform, focus for the automation approach was set on an exact manufacturing of this component. Manufacturing of frame sub‑preforms were neglected. 
To ensure a later high rate capability and reproducibility the development of an automation approach for the manufacturing of an AFS is unavoidable. This paper deals with the latest development of an automation approach for the manufacturing of an AFS skin preform also known as Structural Fairing in the Airbus R&T context. 
2. Preliminary investigations 
2.1. 
Manual draping tests 
During the development of an automation approach for the manufacturing of an AFS outer shell preform basic knowledge about the material, its draping mechanisms and the drapability of the used specific NCF semi‑finished product are unavoidable. Therefor manual draping tests for the determination of an appropriate seed point and draping principle were performed. 

The complete outer skin preform consists of 40 plies Saertex ABS5660AA (+/-45°), ABS5660AB (-/+45°) and ABS5657 (0°/90°) non crimp fabric (NCF) with a taper region in the middle of the part and local double curvatures especially at the hinge point region. The taper reduces the total part thickness from 16mm to 8mm. For fixation purposes a co-polyamide-binder fleece PA-1541A (Manufacturer: Spunfab® Ltd) was applied between the NCF plies. The flat wraps used for the manual draping tests were determined using ANSYS CompositePrepPost (ACP) to reduce side effects affected by oversized plies. Four different seed points (SP I-IV) were investigated to meet the requirements of a sufficient preform quality by means of an exact contour fit, minimized draping shear and fiber wrinkling.


[image: image3]
Figure 2 Investigated Seed Point positions SP I-IV on the seed line of the AFS Tooling [2]
To observe and locate imperfections during and after the preforming process a laser grid was projected onto the tooling during the draping tests. The initial seed point, draping strategy and the draping result with the location of possible implemented imperfections was noted for each type of material and its fiber directions. 
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Figure 3 Draping result of an ABS5660AB NCF with illustrated initial seed point and draping principle based on a manual preforming process 

Figure 3
 illustrates the initial seed point (SP_II) and performed draping principle that guaranteed a wrinkle free manual preforming. During manual draping SP_II showed the best fit for the initial drop‑off of the material. Draping was performed way downwards along the corresponding numbering. Especially in the region of high double curvature (1-4) a higher draping shear was applied to observe wrinkle free draping results. 
2.2. 
Investigations of the compaction behavior 
Basic knowledge of the manual manufacturing process of the AFS preform is known from initial production trials. Former studies showed that an intermediate compaction after each fourth ply lead to a sufficient compaction of the textile structure following exact defined curvatures and defined radii. During the manual preforming processes this intermediate compaction was done for a demonstrator preform on top of a Necuron 702 Epoxy block tooling using a vacuum bagging and an activation of the thermoplastic co‑polyamide in a convection oven. 
The defined process temperature of ~105°C (Melting range: 87°C – 100°C [3]) affected a compaction time of approximately four hours including heating up and cooling down. In addition to the long compaction time in a convection oven, the manual application of the non‑reusable vacuum bagging was identified to be a non‑resource efficient recurring cost (RC) driver with saving potential. In order to reduce the total amount of precompaction cycles observations on the compaction behavior of the material are done.

Different studies [4], [5] showed that the parameters compaction pressure, relaxation time, compaction temperature, compaction period and the number of common compacted plies do have an influence on the total compaction distance. Whereas compaction temperature, compaction period and the number of common compacted plies do provide a higher significance on the overall compaction distance. 
3. Development of a customized preforming chain  
3.1 Analysis of the preforming process

Manual draping tests and the investigations about the material compaction behavior showed that the draping strategy is a decisiveness factor regarding preform quality, while especially the process step toughener activation/ compaction describes a time and cost driver. In order to ensure a repeatability of the manufactured preform quality and later high rate capability a fast and simple draping principle with the possibility of direct toughener activation out of oven were set into focus. The following 
Figure 4
 illustrates the process for a preform manufacturing from material cutting till the final sub-preform assembly.  
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Figure 4 Working sequence for the manufacturing of a dry textile NCF preform
The blue highlighted process modules undergo further investigations and were closer observed in the developed preforming concept. In order to obtain a multitude of possibilities for the implementation of the preforming process, the entire process was divided into the individual subcomponents handling of the NCF ply, positioning of the NCF ply on top of the tooling surface, draping, and toughener activation with subsequent compaction. 
On the basis of a morphological analysis a variety of different design examples for each sub‑component was created. A later evaluation regarding the operability was done in a utility value analysis. Each of these subcomponents was investigated and rated regarding its practicability by means of safe and repeatable execution. The most promising process subcomponents were combined in order to fulfill the requirements of an adequate preforming process. 
3.2 Approach for an automated preform manufacturing
Based on the preliminary investigations a customized preforming process chain for the manufacturing of an AFS skin preform was developed. Here the process was subdivided into four manufacturing sequences. These steps are material handling and positioning using a pick and place end‑effector, followed by a two-stepped pre-contouring of the dry textile (1st and 2nd Preforming step) in a deep-drawing device and a final draping and compaction in a preforming hood (Figure 5).  

[image: image6]
Figure 5 Process sequence for the automated preform manufacturing [6]
For the handling of the shear‑flexible and limp dry fiber NCF material a simple and reliable handling end‑effector was developed. This end‑effector consists out of an Item® Profile frame with 16 mounted Schmalz® coanda composite grippers. The coanda grippers were arranged to ensure the safe gripping of the single fullply NCF`s as well as the shorter NCF reinforcement plies. Orthogonal to the pick‑up area a glass fiber‑reinforced plastic (GFRP) caul plate in the shape of the upper AFS contour was mounted. During the process the robot is picking the relevant ply after the cutting out of a storage or directly from top of the cutter table for the material handling and positioning. 
Afterwards the ply is defined dropped on top of two lower work surfaces which describe a plane tangential to SP_II. The inner contour of the work surfaces is contoured in the shape of the AFS Tooling to reduce the unguided length of the cutpiece and avoid sagging. In a following process step the NCF cutpiece is sandwiched between the two lower work surfaces and identical upper work surfaces made out of a CFRP sandwich to ensure high bending stiffness at light weight. Spacer elements between the lower and upper work surfaces ensure a distance of at least once the NCF thickness and an almost frictionless slip between the cutpiece and the work surfaces.

At lowering of the work surfaces within the deep-drawing device, the NCF cutpiece slides out between the work surfaces and undergoes a precontouring by local shearing. Parallel to the lowering, the GFRP caul plate of the pick and place end‑effector is rolled on top of the AFS tooling to ensure a defined sliding of the cutpiece towards the AFS contour. The deep‑drawing unit is departed sideways after lowering the work surfaces to the lower slack point and frees the space around the tooling for the further draping process. 
Afterwards the final draping of the NCF material and compaction is done using a combined draping and compaction unit (DCU). The following Figure 6 shows the cut section of the DCU in side view with its basic components the double shell structure with integrated vacuum chambers, an inner control contour near the shape of the AFS tooling an elastic Mosites Diaphragm (Type 1453-D, cured) and an air in- and outlet for the hot air toughener activation.

[image: image7] 
Figure 6 Cut section of the draping and compaction unit in side view with its basic components
The function principle of the compaction unit is explained below. In a first process step the vacuum chambers of the double shell structure are evacuated to suck the air out of the upper cavity and attach the elastic membrane straight at the perforated inner control contour. This step ensures the availability of enough space for a contactless imposes of the draping and compaction unit onto the precontoured cutpiece on top of the AFS tooling. After lowering the unit onto the tooling bottom surface the diaphragm is released. The released diaphragm fixes the predraped cutpiece on the top centerline.
In the following process step the lower cavity is evacuated while the air flows into the upper cavity. The bell‑shape (in cross-section) of the inner control contour ensures a draping of the NCF starting from the top center line to the bottom and therefor a material transport corresponding to the compaction behavior towards the boundaries of the cutpiece. Due to the elastic diaphragm a homogenous pressure distribution at a pressure differential of approximately 1 bar was observed. 
In order to melt the Spunfab co-polyamide-binder fleece a Leister Hotwind System fan heater was used for the introduction of the thermal heat. Therefor the hot air flows between diaphragm and inner control contour from the smaller to the larger cross section and ensures a thermal activation of the binder fleece. A ventilation of the lower cavity and evacuation of the upper cavity as final step is following the activation cycle to provide enough space for the lift off of the DCU. The following illustration Figure 7 shows the finalized DCU including pressure sensors at ten of the total 17 used vacuum chambers, pneumatic tubing and attached Hotwind System.
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Figure 7 Finalized combined draping and compaction unit (DCU)
4. Validation of the developed preforming concept 
4.1 Validation of the preforming mechanism 
In order to investigate the function principle of the nontransparent DCU and visualize a qualitative pressure distribution development, a flexible pressure sensor mat (X3 PX100 series) from the XSENSOR® Technology Corporation was used. The used 80,0” x 40,0” mat was equipped with 1664 sensing points that ensured a capacitive pressure imaging [3]. Basic idea behind this test was not the evaluation of the absolute pressure distribution, but the detection of the pressure distribution over time to validate the draping principle. The capacitive sensor mat was attached using double sided adhesive and the overhung was folded symmetrically to prevent asymmetric pressure imaging results 
For the evaluation of the function principle the draping was performed using the DCU like in a real preforming process (see chapter 3.2). The following Figure 8 therefor shows some qualitative interim pressure distribution plots at 0 bar pressure difference between the upper and lower cavity (left) and reduced atmospheric pressure in the lower cavity (middle), until the maximum pressure difference of approximately 1 bar was reached (right). The red line in the figures virtually marks the boundary geometry of an ABS5660AA (+/-45°) cutpiece.
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Figure 8 Pressure distribution over time at 0 bar pressure difference between upper and lower cavity (left), ongoing reduction of the atmospheric pressure in the lower cavity (middle and right)
The dynamic response of the pressure plots hereby confirmed the execution of a comparable draping strategy like as sufficient determined during the manual draping tests.  
4.2 Validation of the draping principle 

After the preliminary investigations showed a promising preforming mechanism, the draping principle of the overall developed automation approach was observed. For this purpose the three different kind of NCF Saertex ABS5660AA (+/-45°), ABS5660AB (-/+45°) and ABS5657 (0°/90°) were taken for the validation run. The single plies were cutted net‑shape like for the manual draping tests in fullply and reinforcement ply configuration with manually preapplied Spunfab® co‑polyamide toughener fleece. In order to validate the whole developed preforming chain the complete process sequence for the automated preform manufacturing was realized without affecting the cutpiece manually. The preforming process itself was performed like described in chapter 3.2.
The NCF handling using a pick and place end effector showed a sufficient and repeatable concept for the transport of single plies. The flat ply repositioning with its initial contact at the predefined SP_II at the subsequent use of the deep‑drawing unit showed an adequate predefinition and initial shear deformation of the NCF. A later final draping using the DCU lead to the final exact contour fit of the single fullply and taperply cutpieces. 
Due to the homogenous pressure application using an elastic diaphragm a homogeneous compaction of the NCF was observed. A homogeneous compaction reduces the probability of wrinkles occurring later in the process. The following Figure 9 shows the preforming results using the developed automation mock‑up. 
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Figure 9 Preformed ABS5660AB (left) and ABS5657 (right) NCF`s using the developed automation mock-up
An activation of the Spunfab® co‑polyamide could not be achieved due to the combination of the high heat capacity of the Necuron block and the use of a for this usecase under dimensioned heating system.
5. Conclusion and Outlook
At the DLR Institute of Structures and Design a new automation approach for the production of NCF preforms using an adapted diaphragm forming process was developed. Preliminary manual draping tests and investigations of the compaction behavior were used to determine the necessary draping strategy of the dry fiber textile. Here, the seed point II (SP_II) was identified as promising position for the initial laydown. An application of a higher draping shear was especially necessary in stronger double curved areas to provide a wrinkle free preforming. 
Knowledge from the manual tests was transferred to define a process sequence and develope a preforming mock‑up as automation approach. For the handling of the NCF plies a simple and reliable profile construction with attached coanda composite grippers was used. By using a flat deposition surface (work surface) next to the AFS tooling an exact drop‑off of the material was observed. After the depositioning, the NCF ply was sandwiched between two lower work surfaces and identical upper work surfaces. During a kind of deep‑drawing process the single plies were precontoured near the AFS shape.

The final draping and compaction of the plies was done using a new developed, combined draping and compaction unit (DCU) that follows a diaphragm forming principle. The shape of the DCU and the process management allowed a repeatable final draping and compaction of the used material. The preforming method was on one hand validated using a pressure imaging sensor mat on the other hand using different Saertex NCFs. Due to the high heat capacity of the tooling and an underdimensioned heating unit a thermal activation of the applied co-polyamide fleece could not be investigated. 

An adaption of the DCU and the tooling are part of the further investigations to ensure a reliable activation of the co​‑polyamide fleece.   
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