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1. Introduction

This document describes the building blocks and the results obtained on the 2" year
demonstrator of the FibreMap project. The 2" year demonstration consists of a robot
able to scan a 3D part, using an automatically generated path based on the CAD data of
the part to inspect. The sensor is able to measure fibre angles and a backward
projection method maps the angles onto the part's surface using CAD data. The
resulting data are fed back into an optimization process that includes the comparison
between predicted and real fibre angles and exploits simulation to estimate optimized
production parameters that could minimize the shearing angle.

2. Demonstrator overview

The 2" year demonstrator (Figure 1a) is the evolution of the 1% year demonstrator
described in deliverable D6.1. The upgrade involved both hardware and software. For
what concerns hardware, the robot and the sensor have been changed, while, at the
software level, the algorithms have been improved in order to handle more complex
robot motions and test parts and to perform different optimizations.

The main software blocks developed for the 2" year demonstrator are depicted in Figure
1b. The input data consist of a CAD model of the part to inspect and the results of the
demonstrator calibration. These data are used to generate a scanning path for the robot
based on a simulation of the whole work cell. This path is then sent to the robot
controller which moves the robot (and sensor) to the desired positions, while images and
robot poses are continuously acquired.

In order to associate images with the corresponding robot pose, time synchronization is
performed at demonstrator startup, so that the offset between camera and robot time
stamps is computed.

Robot poses associated to images are then used, before computing fibre angles, in
order to compensate robot motion and register together every set of images taken by the
sensor with eight different illuminations. The registered images are then used to
compute fibre angles, which are finally projected onto a 3D model of the part in order to
obtain a fully fibre-mapped model.

This model is then fed to the simulation software which compares the measured fibre
angles with the predicted angles and performs an optimization of the draping
parameters.

Path Calibration

planning

< CAD model

Sensor

Poses with
timestamp

Images with
timestamp

| !

2D Fibre o <

orientation

SIMULATION

(a) Picture of the demonstrator (b) Software blocks
Figure 1: 2™ Year demonstrator
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3. Test parts

During the first 6 months of the project, BSCT manufactured three different test parts as
project demonstrators as defined in the project plan. One demonstrator is a flat part with
a rather huge spherical bump in the middle, the so-called spherical bump part.

To realize the required geometry, BSCT designed and obtained a new preform (Figure

2a) and RTM tool in the first 12 months. For the new preform tool, BSCT purchased an
appropriate preform press (Figure 2b).

@) (b)

Figure 2: (a) Tool and (b) press used for producing the Spherical bump test case.

From month 12 to month 20, BSCT manufactured spherical bump preform parts with the
three defined fabrics and different layups:

woven fabric ECC (Figure 3a & 3b):

Producer: ECC
Product name: Style 402
Description: 6K, 2/2 Twill, 400 g/m2, EP-binder
Type of textile: carbon woven fabric
Number of filaments: 6K
Thickness of textile: 0,68mm (1 kPA)
Grammage: 418,38 g/m2
Symmetrical Ply-book: 5 layers 0/90°700x700mm
5 layers +/- 45°700x700mm
Draping Parameters: 45 sec @ 200 T

200 bar closing pressure of the press
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(a) (b)

Figure 3: woven fabric ECC.

non-woven fabric SGL Kiimpers, 0/90°(Figure 4a & 4b):

Producer: SGL Kiumpers

Product name: HPT 310 — C090
Description: 0/90¢ 24K, 307 g/m?

Type of textile: carbon non-woven fabric
Number of filaments: 24K

Thickness of textile: 0,70mm (1kPA)
Grammage: 307 g/m2

Symmetrical ply-book: 5 layers 0/90°- 650x700mm
Draping Parameters: 30sec @ 175 C

150 bar closing pressure of the press

(@) (b)
Figure 4. non-woven fabric SGL Kimpers, 0/90°.
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non-woven fabric SGL Kiimpers, +/-45°(Figure 5a & 5 b):

Producer: SGL Kimpers

Product name: HPT 310 — C45

Description: +/- 45° 24K, 306 g/m?

Type of textile: carbon non-woven fabric
Number of filaments: 24K

Thickness of textile: 0,62 mm (1kPA)

Grammage: 306 g/m2

Symmetrical ply-book: 5 layers +/- 45°- 650x700mm
Draping parameters: 30sec @ 175 C

150 bar closing pressure of the press

(@) (b)

Figure 5: non-woven fabric SGL Kimpers, +/-45°.

Mixed layup with above mentioned non-woven fabric +/-45°and 0/90°(Figure 6a & 6b):

Symmetrical ply-book: 5 layers: +-45° 0/90° 0/90° , 0/90° +-45°
5 layers: +-45% 0/90° +-45°¢ 0/90° +-45°
Draping parameters: 30sec@ 175 T

150 bar closing pressure of the press
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(a) (b)
Figure 6: Mixed layup.

3.1 Test Parts with modified parameters from ESI:

With modified parameters from the draping simulation (ESI), new spherical bump
preform parts were produced at BSCT. Therefore the defined woven fabric was used
with the original plybook:

woven fabric ECC (Figure 3a & 3b):

Producer: ECC

Product name: Style 402

Description: 6K, 2/2 Twill, 400 g/m2, EP-binder
Type of textile: carbon woven fabric

Number of filaments: 6K

Thickness of textile: 0,68mm (1 kPA)

Grammage: 418,38 g/mz

Symmetrical Ply-book: 5 layers 0/90°700x700mm
Draping parameters: 45 sec @ 200 T

and the modified preform process parameters:

Due to the results of the draping simulation, the force of the tentering frame was adapted
to 0,01 — 0,04 N/mmz and the closing pressure of the press was increased to 240 bar.
Furthermore the tentering frame was laminated with abrasive paper (P240) - Figures 7 &
8. A picture of the obtained preform is reported in Figure 9.
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Figure 7: Positioning of the abrasive paper on the tentering frame (drawing).

Figure 8: Positioning of the abrasive paper on the tentering frame (real photo).
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Figure 9: Finished preform part with modified parameters.

Results of this modified process are given in section 10.
4. Measurement sensor

4.1 Sensor Hardware

Figure 10: Version 2 of the fibre angle sensor (FScanH2)

The core components of the fibre angle measurement sensor for the second year
demonstrator (Figure 10) are a light ring with 288 LEDs (compared to 48 LEDs for the
first sensor version) and a Genie TS M2500 GigE industrial camera. Maximum resolution
of the camera is 2560x2048 pixels. The types of LEDs in the light ring are Philips Luxeon
Z ES SMD LED (~300Im, 1A, 4W). The high amount of LEDs increases the number of
lighting directions. LEDs can be switched in pairs. Hence, 144 different lighting directions
are available.

As lighting electronics and camera are both connected to an integrated Ethernet switch,
the new sensor has (besides an optional trigger input) only two plugs: one plug for
Ethernet and a second plug for power supply. The additional serial RS485 connection
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that was used in the old sensor for communication with the lighting electronics could be
avoided.

Additional improvements that were implemented in the new sensor are:
Two integrated Osela compact line lasers (inside the handles) for optional
distance measurements based on laser triangulation.
Increased distance of approximately 75mm between sensor housing and
inspected surface (compared to approximately 40mm for the old sensor).
4 modular LED printed circuit boards (PCBSs).
Core PCB with ARM Cortex-A5 Processor running a Linux operating system
which enables high flexibility in programming.
Xenoplan-M 17/1.4 lens with DC controlled motorized iris.
The possibility to attach the sensor at its top to a robot flange was foreseen. A
much simpler adapter plate (compared to the old sensor) is therefore used.

No single microcontroller is available which is fast enough and has enough outputs to
control 144 LED groups. Further, the sequence patterns of this large number of LED
groups would be quite difficult to process on a microcontroller. Hence, the new sensor
has a more complex electronic design than its previous version (Figure 11).

Figure 11: Electronic design of the fibre sensor.

4 LED boards each host 72 LEDs together with a microcontroller that directly controls
these LEDs. The Cortex-A5 processor (sensor CPU) is attached to the core board which
also contains a microcontroller (master controller) for controlling camera and lasers. The
microcontrollers can be programmed using the programming sockets on the
corresponding boards or via the sensor CPU using a bootloader. The sensor CPU is

10
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programmed via Ethernet network. The microcontrollers take over the time-critical task
of triggering light and camera. Hence, the software that runs on the microcontrollers is
highly optimized. The CPU is responsible for non-time-critical high-level tasks and runs a
non-realtime operating system.

4.2 Sensor Software

The C++ API for controlling the fibre angle sensor as provided for the first sensor version
(see Deliverable 6.1) was only slightly modified. This ensured a minimal effort in
integration of the sensor with the rest of the fibre angle measurement system. Small
extensions to the API were mainly necessary to support some of the new features of the
sensor (e.g. lasers, etc.).

Below the interface, the new sensor software was modified in order to support
communication with software running on the CPU of the sensor. A great advantage of
using a cortex processor with a Linux operating system compared to a microcontroller is
that the interface between PC and sensor could be implemented completely in C++
using powerful external libraries. This helped to improve stability of the sensor. For
example, after removing and re-attaching the network cable the sensor can recover and
continue communication with the PC.

More details about the second year sensor prototype are available in deliverable D2.2.

5. Robotic platform

5.1 Comau Smart5-SiX, C5G Open and PC interconnecti ons

The Comau Smart5-SiX robot that composed the 1% year demonstrator has been
upgraded with its newer version that supports the new Comau C5G control unit.
The main differences between the C5G and C4G control units are:
The minimum communication period between robot and control unit is of 0.4 ms
for the C5G and 2 ms for the C4G;
Together with the C5G control unit, a PC with real-time Linux is provided for
directly communicating with the C5G;
The C5G also provides a 3D simulator (Figure 13a) showing the movements of
the robot in real time. This simulator is a perfect replica of the real robot, thus
allowing a check of the output of the motion algorithms before using them with
the real robot.
As depicted in Figure 12, the tasks and interconnections of the processing units
composing the demonstrator did not change from the 1% to the 2™ demonstrator, but the
Real-Time Linux PC is now the one provided together with the Comau C5G control unit,
where we run our FibreMap application.

11
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/ Comau C5G Open \ Target Real-Time Linux PC \ / Windows7 PC \

poses Path
(upP) (TCP) <
‘ L] ] ‘ [N ] '.‘
’;' Windows*7
RTAIL
~e
Robot o Path listener Robot » Path planning
(data) Robot pose streaming ("0533 ¢ Time synchronization
UDP, .. . ubDP o
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Figure 12: Description of how the different tasks are distributed to the different machines for the
2" year demonstrator installed at the University of Padova

(a) (b)
Figure 13: (a) Comau simulator coupled with the C5G robot controller and (b) illustration of the
FLY modality to be used with Comau controllers for obtaining a continuous movement of the robot.

The robot movement for the 1* year demonstrator was in a stop and go fashion; i.e. the
robot was stopping at every position sent by the path planner. For the 2" year
demonstrator, in order to have the robot scanning the part with a continuous motion, we
exploited Comau’s FLY mode.
This mode ensures a continuous motion of the tool center point, thus of the sensor,
avoiding changes in configuration at the same time. Targets are still sent to the robot
step by step but the interpolator takes into account also subsequent targets so as to
adjust the trajectory for a continuous movement. In practice, given three subsequent
moves A, B and C, on the one hand the deceleration of A and acceleration of B are
summed, on the other hand the deceleration of B and acceleration of C. A sample
trajectory is displayed in Figure 13b. In particular, interpolation can still be done either in
joints or Cartesians, nevertheless only the former is of concern because the latter could
be affected by changes in configuration. This motion modality has some advantages with
respect to the stop and go mode:

no stop and go even when interpolating in joints,

we can avoid changes in configuration which stop the robot.

Thanks to this continuous motion of the robot over the part, the scanning time is

considerably decreased. In particular, it takes 10 minutes to scan a Spherical bump part
in FLY mode, with respect to 20 minutes necessary with the old (stop and go) mode.

12
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5.2 Demonstrator calibration

The calibration procedures described in deliverable 5.1 are still used also for the 2™ year
demonstrator. Since a new test part (the Spherical bump) had to be scanned, we had to
define a new procedure for calculating the position of the object to be scanned with
respect to the robot (calibration of the part).

5.2.1 Calibration of the robot/camera with the Spherical bump” part

In order to calibrate the robot/camera with the object to be scanned, an ad-hoc solution
for the Spherical bump part has been developed. At production time, two points defining
the x reference axis of the part are marked with the chalk on the bottom of the part.
These points allow then to define also the y axis of the part and then these points are
marked on top of the part, as outlined in Figure 14.

Then, the three points highlighted with the red markers are touched with the tip in order
to define an external reference frame. The reference frame of the 3D model which is
used for generating the path and for projecting the fibre orientations is defined to be
equal to the one obtained by performing this calibration.

A similar procedure can be applied also to the Three Hills part, as reported in Figure 15.

Figure 14: Part reference frame marked on the Spherical bump part.

13
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Figure 15: Part reference frame marked on the Three Hills part.

6. Path planning

From the simulation and planning side, the main step beyond the 1% year demonstrator
is that the planner now uses a set of heuristics to reach the best performance for the
inspection actors.

The first actor is the sensor, modelled as a pinhole camera (Figure 16) where the focus,
the sensor size and the pan-tilt range are now considered in the heuristics.

The generation of the coverage path has to be composed by a sufficient number of
viewpoints to cover the whole product with the camera sensor. In order to make the
coverage more robust, an overlapping parameter can be set: this parameter in [0..1] is
called "ratio of intersection”, and it means the relative percentage of covered area
shared between two consecutive images captured by the camera. The simulation results
state that, for a planar surface, the whole product can be covered with an overlapping
area of (ratio of intersection) * 100% (See Figure 17 for (a) the simulation of the part
coverage and (b) the result obtained with the real scan).

Figure 16: Pinhole camera model.

14
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It could happen that the viewpoint position is not reachable by the robot or it generates
collisions. In these cases, a set of solutions near the infeasible one will be computed.
This set is populated following the “move around” heuristic. This heuristic samples a set
of camera points changing the rotation of X or Y axes. The rotation range is limited by
the focus parameters of the camera sensor. Then, the list is ordered taking into account
the distance from the previous good point. Minimizing the distance, the next good point
will be the one that can be reached faster.

Moreover, a safer motion planning has been implemented. It consists in generating a
robot position sequence that respects a user-defined minimum distance from the
obstacles. The algorithm then checks if each position keeps the robot-camera system
away from the obstacles at least this minimum distance. If the minimum distance is not
respected by the new position, the “move away” heuristic is used: it samples a set of
camera points along the z-axis of the unreachable one (see Figure 18).

Figure 19 shows the user interface for the Product page, where the user can choose the
parameters described above.

@)
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(b)

Figure 17: Coverage simulation and real inspection results.

Figure 18: Move away heuristic.

16
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Figure 19: Product page Ul.

17
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7. Fibre mapping

7.1 Fibre orientation estimation with 6dof motion

As for the old sensor, also the new FScan sensor that is used with the 2™ year
demonstrator needs to acquire eight images with different illuminations of the same part
of the object in order to estimate fibre orientation.

Since the robot is moving, each image is acquired in a different position, thus the eight
images will not contain the same portion of the carbon fibre part, but at least they need
to overlap so that each surface point is visible in at least eight consecutive images. This
also limits the robot’s speed.

Since the orientation estimation software expects eight images representing the same
fibres, the raw images have to be registered to the reference frame of one of them
according to the associated robot positions. In the 1% year demonstrator, a translation
was applied to the images in order to align them, but this transformation works well only
if the part is flat and the robot is just translating over the part.

For the 2™ year demonstrator, we exploited a ray-casting algorithm in order to create
aligned images even when the robot is moving with six degrees of freedom over the part
or when the part is not flat. In particular, the eight images acquired by the sensor are
projected onto the geometry of the part according to the camera pose associated to
them. Then, the projected points for every image are back-projected onto eight virtual
images aligned with the reference frame of one of the original images (e.g. the middle
one). This way we can obtain a result as that shown in Figure 20, where eight images
after the registration are shown for (a) a flat part and (b) a 3D part. A red cross is marked
at the same position for all the images of a sequence as a reference to show the
accuracy of the registration.

@)

(b)
Figure 20: Sample results of the image alignment evaluated on (a) a flat part and (b) a 3D part.
The red cross highlights the same pixel in all the images of a sequence.

18
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7.2 Fibre projection onto a 3D model, filtering and merging of
overlapping data

The fibre measurement software outputs a matrix of arrows (pointing in the fibre
direction) and a mask stating which of these arrows are valid, that are those belonging to
the overlapping part of the eight images composing a sequence. The valid arrows have
then to be projected to the 3D model of the scanned part, as illustrated in Figure 21.

The efficient projection of these data onto the 3D model is a by-product of the image
registration that is performed before computing fibre orientation since it already implies
to project all the points to the CAD model before back-projecting them to a virtual image.
As a further improvement with respect to the 1% year demonstrator, we associated to
every fibre arrow the inclination of the sensor with respect to the part surface and we
implemented a method that exploits this information to retain only the arrows for which
the inclination (w.r.t. the camera z axis) is below a given threshold. Since fibre estimation
works better when this inclination is low, such threshold is needed to discard inaccurate
measurements. Our software also allows the user to choose the minimum and maximum
distance from the part that the sensor can have for obtaining valid measurements.
Invalid arrows are then also filtered out according to this.

As a data structure for representing the 3D measurements, we exploited an octree,
whose resolution is a parameter that the user can choose.

Since the sensor can pass twice or more on the same area, there is the need to fuse
overlapping arrows estimated at different moments. To solve this issue, when more valid
measurements are present for the same voxel of the octree, our algorithm retains the
best one in terms of orientation of the sensor with respect to the surface.

The resulting data (points with arrows) are then exported in HDF5 format, where, for
every point, the position (x,y,z) and the orientation (vx, vy, vz) is stored.

Figure 21: Wireframe representation of the CAD model of a Spherical bump part and projection
of the arrows estimated from an image sequence (eight consecutive images) onto this model.

19
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8. Comparison tool

8.1 Introduction

The comparison tool is a software program which is used to compare the optical
measurements of the fibre directions and those obtained by finite element analysis. This
tool is developed by INSA Lyon.

The comparison tool has two objectives: evaluation of the accuracy of a forming
simulation and setting the material parameters of the forming simulation in order to
minimize the difference between simulation and experiments.

8.2 Description of the comparison tool

8.2.1 Principle of the comparison tool

The comparison tool is a set of MatLab files that compares the experimental fibre
orientation measurements and the results of finite element draping simulations. The
schematic presentation of the comparison tool is shown in Figure 22. The data provided
by partners are used by INSA and ESI to perform draping simulations and determine
fibre directions and shear angles. In addition, these data are also used in the
comparison tool in order to obtain the comparison map. The CAD files of tools used
during the preform process are used in the INSA pre-processor “PrePlasfib” to set the
simulation inputs. These data are used by INSA FEM Code “PlasFib” for draping
simulations which are used as another input for the comparison tool.

Figure 22: Schema of the comparison tool

The fibre directions and shear angles are not given at the same level of detail in
simulation and in optical measurements. The simulation is made at the macroscopic
scale: in each element there is one warp fibre direction and one weft fibre direction.
While the optical measurements are made at the fibre level: a few millions of sets of
vector coordinates (x,y,z,u,v,w) for the whole preform. For example, one experimental
measurement of the “3 hills” preform contains 4 million points. So, the optical and

20
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simulation data have to be interpolated to the same scale in order to perform this
comparison. For this purpose the Fibre Direction (FD) script was developed.

The PlasFib code exports the results into a VTK format (ParaView software). The
corresponding file is read using a built-in routine. The mesh of the fabric, together with
fibre directions and shear angles for each finite element, are extracted from the VTK files
and are used as an input for the comparison script.

8.2.2 Fibre direction script

This script is the main part of the comparison tool, because it provides a link between
experimental results and FE results.

The script converts the experimental data (high resolution) into a discrete element-wise
field of fibre directions. For each element of the FE mesh (input), the script searches for
two directions (warp and weft). The here presented version is mainly a 2D version: all
fiber orientation vectors are supposed to be in XY plane (Z components are not used,
and were found to be small).

The main steps are:

1. Loop on elements

1.1. Find experimental points that belong to current element

1.2. Loop on points inside the current element

1.2.1. Getlocal orientation (scalar product with global axis X)

1.3.  Find most representative direction in element and assign to dirl.

1.4. Look for second mostly represented direction dir2 which satisfy minimal
orientation difference with dirl (min_alpha parameter).

2. End of loop on elements

After these first steps, it is possible that some elements do not have a dir2 assignment.
Thus, a second loop is performed to give every element a second direction, using
neighbor elements.

3. Loop over element with missing dir2.

3.1.  Find nearest element with two directions.

3.2.  Use either dirl or dir2 from neighbor element to complete the missing data.

Figure 23 shows the test procedure of the FD script on a dummy fiber pattern. The
pattern is created at 0790%5° (green), and random FE mesh is generated. The result
gives two directions for each element.

Figure 23: Test procedure of the fibre direction script on a dummy fabric

21
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8.2.3 Comparison script

This part consists mainly in graphical post-processing of data obtained from inputs and
FD script. After FD script, experimental shear angle is directly deduced from fibre
direction elementary field, thus it can be compared easily with simulation results for each
element of the FEM mesh. All results were interpolated to obtain nodal values.

22
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9. Simulation and parameter optimization

9.1 Introduction

For the second year demonstrator of the FibreMap project, the objective of the
simulation tasks (Work Package 4) was to provide a set of optimized manufacturing
parameters in order to minimize shearing of the fabric. This work was carried out by ESI
Group using PAM-OPT and PAM-FORM software. PAM-FORM is an advanced
simulation software for plastic and composite forming. PAM-OPT is an advanced
optimization software capable of interfacing with third party software, modifying inputs,
running simulations and analyzing results, in order to find the optimal sets of input
parameters permitting to satisfy an objective.

9.2 Modelling of the spherical bump manufacturing p rocess

The so called spherical bump demonstrator consists of a square with a hemisphere in its
center. Figure 24 shows the forming press in BCST facility.

Figure 24: Manufacturing press @ BCST facility

Three different tools are to be considered:

The punch: moving tool that pushes the fabric into the die to give the desired
shape (yellow on Figure 25)

The die: fix tool that gives the shape of the final part after compression of the
fabric by the punch (blue on Figure 25)

Blank holder: metallic frame that applies pressure on the fabric to control its
sliding onto the die (multi-colour on Figure 25)

(a) (b) (©)
Figure 25: BCST tools meshing

Those three tools were meshed with 9755 shell elements; Figure 25 shows in details the
meshing used for this study.
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The manufacturing process at BSCT consists of forming 5 layers of 0/90 ECC Woven
fabric which are 700x700 mm2 in size. To simplify the simulation and thus reduce the
CPU time, it was chosen to model those 5 layers of fabric by an equivalent ply of the
same thickness and mechanical properties identical to the 5 layers of fabric. Such
methods reduce the number of contacts to take into account in the simulation. It is
possible to use this methodology because the 5 plies are made of the same material and
oriented in the same direction (0/90). Material properties and meshing of this equivalent
ply is described below.

Tension stiffness in both fiber directions: 20GPa

Bending stiffness in both fiber directions: 7.2GPa

Shearing behavior: see Figure 26

Compressibility: constant thickness

Shearing Stress as fucntion of shearing angle
0,007
0,006
0,005
0,004
0,063

0,002

Shearing angle (MPa)

0,001

0 0,2 0,4 0,6 0,8 1 1,2

Shearing angle (rad)

Figure 26: Shearing behavior of the equivalent fabric

The equivalent ply was initially meshed with 1225 square shell elements but automatic
refinement was used during simulation to improve contact modelling. This automatic
refinement was set with a maximum level of 4, one level of refinement consists of
splitting an element into 4 elements, and so, level 4 implies that one element can be
divided in up to 64 elements.

9.3 Optimization of manufacturing parameters to min imize
shearing of the spherical bump

9.3.1 Optimization problem description

BSCT confirmed they were able to control two manufacturing parameters: blank holder
pressure and friction. Indeed, as shown on Figure 24, the blank holder pressure is
controlled by a set of four springs that can be changed, additionally it is possible to add
some layer of abrasive paper to increase the friction between the blank holder and the
first layer of fabric. The pressure being imposed by a set of spring, it will grow linearly
with displacement during the forming process. Table 1 shows the possible values for the
input parameters as communicated by BSCT.
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0.01 — 0.04 MPa
0.02 — 0.07 MPa
0.26
1.5
Table 1: Input parameters possible values for the optimization analysis

Blank holder pressure

Blank holder friction

Concerning the friction coefficient, it was decided to split the blank holder into 20
different sections as shown in Figure 27 in order to apply different friction coefficient on
each of them. Each section is 100mm long.

Figure 27: Blank holder model

Therefore, there are 21 design parameters with discrete values (blank holder pressure +
20 friction coefficients). Each design parameter has two possible values.

The main objective of this analysis was to minimize the maximum value of the shear
angle within the part. However to drape a composite part (by press forming or by manual
draping), it is necessary to deform the fabric to make it fit to the shape of the mould.
Fabric deformations are of two kinds: fiber elongation and fabric shearing. Minimizing the
shear angle for a given initial position of the fabric (0/90 or + 45 / -45 orientations)
necessarily result in an increase in fiber elongation. However, the deformation of the
fibers can lead to fiber failure and involve substantial resulting forces on the press.
Therefore, in this study, we seek to minimize the shear angle and the resulting force on
the punch while imposing fiber elongation to be less than 2% (elastic limit for carbon
fibers).

We could have tried to minimize the maximum value of the shear angle. However, very
small elements (necessary for the contact simulation) which can overestimate the
shearing angle lead to instabilities. Those instabilities have been shown by running a job
with different numbers of processors or by slightly modifying the input. These two
methodologies gave the same scatter for the instabilities. However those elements are
located on the edges of the blank, outside the blank-holder influence, where shearing
angle is not controlled by the process so it was decided to eliminate them from the
analysis. In order to avoid those instabilities, we have used the 99.95 percentile of the
shear angles.

The 99.95 percentile is calculated as follows:

We have sorted all the finite elements of the blank with their shear angles. Then we have
removed the 0.05% that had the biggest values because all extreme finite elements
belong to these 0.05% max. Then we retrieve the maximum value of the remaining
99.95%.

As explained above, the minimization of resulting force on the punch is also a target.
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There are two ways for solving a two objectives optimization problem. We can either
launch the calculation of a Pareto front (see Figure 28) or the minimization of a single
function that aggregates the angle and the section force.

Figure 28: Example of Pareto front

The calculation of a full Pareto front needs much more CPU than the minimization of a
function. In our case, the minimization of the angle is more important than the
minimization of the resulting force on the punch. So, it was possible to aggregate the
objectives in one function by using ponderation coefficient, leading to the following
equation:

Section _Force )‘ + (Ar!g!e_l?l?.l?fprk_nerrer!ri!e )‘
EBDesd an

Objectif :( (Eq.1)

9.3.2 The optimization software and hardware

PAM-OPT™ is a software package from ESI Group which organizes repeated process
calls to an executable program, such as PAM-FORM™, Each process call computes
points in a parametric solution space. PAM-OPT™ organizes the parameter set for the
repeated process calls, controls the execution of the chosen solver with these
parameters on a single computer or distributed network, then manages the results in the
output space, as shown schematically in Figure 29. PAM-OPT™ was developed to solve
optimization problems using a variety of techniques.

Figure 29: PAM-OPT™ flow chart
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PAM-OPT, like several optimizers on the market, has the following key-features:
Optimization, Sensitivities, Stochastic analysis, Robust design.
Management of networks of machines
Multi-Disciplinary Optimization (MDO)

PAM-OPT has been used with more than 30 applications.

The optimization problem described in the previous section (8-Simulation and
optimization parameters) was run with PAM-OPT™ software on an ESI computer
located in Rungis (France) with a maximum of 64 parallel calls (by call we instantiate
one PAM-FORM™ simulation), each call using a single core. The complete analysis
lasted for 20 days but the computer was not fully dedicated to this analysis and PAM-
OPT™ had to wait for core availabilities.
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10. Results

10.1 Scanning results

In this section, we report some fibre mapping results obtained with the 2" year
demonstrator.
After the calibrations described in deliverable D6.1 and in Section 5.2 of this deliverable,
an automatic scanning path is generated with IT+Robotics’ software. Then, this path is
sent to the robot that performs the whole scan.
In Figure 17a, the path generated for scanning a Spherical bump part has been
reported, while a color-coded representation of the fibre azimuth angles obtained after a
scan with the robot moving at 3.75 cm/s has been shown in Figure 17b.
The adoption of the FLY mode described in Section 5.1 allowed to obtain a continuous
motion of the robot (and thus of the sensor) over the part, thus avoiding repeated
accelerations and decelerations typical of the stop and go motion. As a result of this, we
are able to perform a whole scan of a Spherical bump part in 10 minutes, half the time
needed with the stop and go mode.
With the sensor, we captured images at 800x400 pixel resolution, then down-sampled
twice in x and y for obtaining high processing speed while maintaining a good density of
fibre measurements.
In particular, the frame rate of the mapping application depends on the amount of
visualization that we enable and on the operation of saving an intermediate HDF5 file at
every frame. These intermediate files are then merged into a single result at the end of
the scan. The frame rate of the whole scanning and mapping application is then:

Without visualization and without saving intermediate files: 47 fps

Without visualization, but with saving: 40 fps

With minimal visualization and with saving: 30 fps

In Figure 30, we report also the result obtained when scanning a Three Hills part with an
automatically-generated path. This representation of the data allows to appreciate that
all the images are correctly mapped to the 3D model.

For the Spherical bump, there are some regions around the sphere that cannot be
measured because the sensor or the robot would collide with the part if placed at the
distance and inclination requested to scan those areas. Anyway, this was already known
from the automatic path generation, so it is something that could be mitigated at
planning time by choosing the parameters that could provide a better coverage.

A further improvement to this could be reached by decreasing the size of the sensor.

A quantitative evaluation of the scanning errors obtainable with the 2™ vyear
demonstrator is reported in deliverable 5.2.
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(a) Top view (b) Perspective view
Figure 30: Color-coded mapping of the fibre azimuth angle measurements onto the CAD model of
the Three Hills part.

10.2 Optimization results

1709 PAM-FORM simulations were done during this analysis, for each simulation the
resulting force on the punch and the 99.95th percentile of the shearing angle were post-
processed resulting in the following Pareto front.

Figure 31: Pareto front of the spherical bump optimization analysis (Punch resulting force; Shear
Angle 99.95 percentile)

On Figure 31, three points are highlighted. Point 1 is the best solution according to PAM-
OPT algorithm. Point 2 is another good point that could be used as a solution depending
on stability analysis. Finally, point 3 was the best result after 10 days of computation
when we had to provide the design parameters to BSCT.
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After stability analysis on the point 1, it was decided to keep it as the optimized result.
More detailed description of the optimization analysis especially concerning the solution
choice will be presented in deliverable D4.4, Method for optimizing accurate draping
simulation.

In the following, input parameters and simulation results for initial configuration,
optimized solution (point 1) and intermediate solution (point 3) will be presented and
compared together.

10.2.1 Initial configuration:

In this section, the initial manufacturing parameters and associated simulation results
are presented. By initial configuration, we mean the parameters used by BCST since the
beginning of the project to manufacture the spherical bump demonstrator.

In this configuration, no abrasive paper is used and the first set of springs is mounted on
the press leading to the following input parameters:

Blank holder pressure : 0.01 to 0.04 MPa
Blank holder friction : 0.26

Those parameters are leading to a maximum shearing angle of 55°located in a small
triangular zone oriented along the 45° direction on the edge of the hemisphere, from
there one can note that shear bands are propagated along 0°and 90°direction up to the
edge of the fabric as shown on Figure 32. The 99.95" percentile of the shearing angle is
52.12°

Figure 32: Shearing Angle results for initial configuration

10.2.2 Optimized solution (point 1)

In this section, the final result of the optimization analysis is presented. The second set
of springs should be used with some abrasive paper in specific location. So, the
optimized parameters are as follow:

Blank holder pressure : 0.02 to 0.07 MPa
Blank holder friction : 0.26 and 1.5 spread as indicated on Figure 33
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Figure 33: Friction coefficient spreading on the blank holder for optimum solution

Those parameters are leading to a result similar to the initial configuration but with a
lower maximum shearing angle of 53°and thicker she aring band (see Figure 34). In this
case the 99.95" percentile is 50.57°

Figure 34: Shearing Angle results for optimum parameters

10.2.3 Intermediate solution (Point3)

Due to the time necessary for manufacturing the demonstrator, shipping it to Padua
(Italy) and then measuring it with the sensor, time schedule for simulation was very tight
and optimization analysis was not over when parameters were requested by BCST for
manufacturing. Thus, the best result at this moment (halfway of the analysis) was sent to
BCST for manufacturing.

This so called intermediate optimum solution was to use the first set of springs with
some abrasive paper in specific location. So, the optimized parameters are as follow:

Blank holder pressure : 0.02 to 0.07 MPa
Blank holder friction : 0.26 and 1.5 spread as indicated on Figure 35
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Figure 35: Friction coefficient spreading on the blank holder for intermediate optimum solution

Those parameters are leading to a result similar to the initial configuration but with a
lower maximum shearing angle of 54° and thicker shearing band (see Figure 36),
however this shearing ban is thinner than in the optimum case. In this case the 99.95"
percentile is 51.3°

Figure 36: Friction coefficient spreading on the blank holder for intermediate optimum solution

10.2.4 Conclusion on optimization analysis

As a conclusion, we can point out some interesting facts due to the lowering of the
maximum shearing angle. First, it leads to higher resulting forces on the punch due to
the fact that if the fabric is prevented from deforming, its constituent will be deformed
instead (fibres) while they have a higher rigidity. Second, it leads also to wider shearing
area, so, shearing is smaller but more spread within the part. Third, the gain seems
small, the shearing angle was lowered by 2° this c an actually be explained by the fact
that a hemisphere is a non-developable surface and there is no other way than shearing
the fabric to form it.

The intermediate optimum solution was actually manufactured by BCST and presented
in section 3.1. The manufacturing of this part brought up wrinkles that were not predicted
by the simulation and are still under investigation at ESI.

Evaluation of the demonstrator with comparison between simulation and experiment is
presented in Deliverable 5.2 Evaluation report of 2nd year demonstration.
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11. Conclusions

This document described the building blocks and some results of the 2" year
demonstrator of the FibreMap project. With respect to the 1% year demonstrator, this 2™
year demonstrator includes the following new features

It allows an automatic generation of a scanning path and to scan in real time
parts with a 3D shape, such as the Spherical bump test case.

The robot’s motion is continuous instead of a stop-and-go motion, which reduces
the scanning time by 50%.

A new, more precise version of the sensor used for fibre orientation
measurement is included in the demonstrator.

Algorithms for aligning images and projecting fibre orientations acquired when
the sensor is moving along a generic path (6DOF) over the part have been
integrated.

New procedures for part calibration and new features of the path planner have
been added.

From the simulation side, this demonstrator is able to compare measured data with

simulated data and to exploit simulation results for obtaining optimizing process
parameters that could decrease the shearing angle of the produced parts.
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