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Abstract

Automatic draping of carbon-fiber prepreg plies for the aerospace industry is a promising technique for lowering the
manufacturing costs and to this end, a thorough in-process quality control is crucial. In this paper, out-of-plane defects
in the layup are investigated. After draping, air pockets are occasionally encountered. The question is, if such apparent
defects can be mitigated sufficiently during vacuum debulking. The 3D topology is measured by means of a structured-
light 3D scanner and air pockets are segmented. An approximate mass-spring ply model is used to study the behavior
of the air pockets during application of vacuum pressure. The model is computationally fast and will indicate online
whether the air pocket will be removed or manual intervention is required. Upon comparing the model predictions with
experimental data, it is shown that the system is capable of correctly predicting 13 out of 14 air pockets in a test layup.

Keywords: Draping, Debulking, Approximate modeling, Vision system

1. Introduction

Composites are known for their excellent mechanical
properties but suffer from high manufacturing costs. One
cause of the expensive manufacturing is the involvement
of manual labor, which is especially pronounced for small
batch production. A particularly costly step is the manual
draping or lay-up of the fiber plies in the mold. To this end,
the FlexDraper research project [Il, 2] seeks to develop an
automatic ply layup solution for the aerospace industry
which has the potential of decreasing the manufacturing
costs and at the same time increasing the part quality.
The robot system has the ability to manipulate and drape
entire plies of woven prepreg fabric onto double-curved
molds of low curvature. A vision system is implemented
for generating feedback to the controller.

The manufacturing of prepreg-based composite parts
in the aerospace industry consists of a number of steps
prior and subsequent to the draping of the plies as sketched
in Figure [ll. Prior steps include for instance ply cutting
and backing foil removal. Subsequent to draping, each ply
is consolidated, e.g. by means of vacuum debulking, such
that the plies are compacted and any entrapped air is re-
moved. Next, the quality of the draped ply must be in-
spected based on a number of parameters. One very im-
portant requirement is close conformity of the draped ply
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Figure 1: Major steps in the production of prepreg-based compos-
ite parts. All steps except “Autoclave curing” are automated in the
FlexDraper projekt.

to the mold surface. With the robot system, this confor-
mity is checked by recording the ply surface using an op-
tical 3D measurement system. The consolidated plies are,
however, impractical to remove from the layup in case the
requirement of mold-ply conformity is not met. For this
reason, each ply is also recorded before consolidation. In
this context, an area where the ply does not conform to
the mold surface within a certain tolerance is denoted an
air pocket. The challenge is hence to identify air pockets
and predict the outcome of the consolidation. That is, will
any air pockets formed during the automatic draping be
sufficiently mitigated during consolidation?
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In an ideal automatic ply layup process no air pock-
ets will form. There are, however, circumstances which
are expected to influence the ply-mold conformity. Such
circumstances include running-in of a new part, i.e. mold-
ply system, but also statistical uncertainty on the material
behavior as well as tolerances on the hardware and sen-
sors are expected to cause minor air pockets. On the other
hand, hardware defects or build-up of resin from the plies
can cause major air pockets. In this case, the process has
to be halted and the problem corrected.

Numerous researchers have treated the challenge of de-
veloping process models applicable to fiber plies. The mod-
els are typically based on experimental testing and thus the
mechanical behavior of the fiber plies has also been a topic
of great interest. In general, a woven fabric has a high stiff-
ness in the fiber directions while the fiber tows can rotate
at the cross-over points, i.e. shear, thus enabling the de-
formation from flat to double-curved [3]. The out-of-plane
bending stiffness has also been identified as important -
especially for the wrinkling behavior [4]. Prepreg plies, i.e.
fabric that is pre-impregnated with a partially cured resin,
further posses a tacky interface with the mold surface [f].

General draping process models are often accomplished
using the finite element (FE) method due to its versatil-
ity and the opportunities of advanced material and inter-
face model definitions, see e.g. [4, 6-8]. Also approximate
models have been developed, for instance kinematic map-
ping methods [9], discrete mass-spring models or particle
models [10, 11] or a finite-difference solution to a large-
deflection plate equation [12].

More specific consolidation models have also been re-
ported. An advanced predictive FE consolidation model
was applied to UD prepregs in the study by [13]. The model
is hyper-viscoelastic and accounts for both squeezing flows
and bleeding flows. For the former, the fibers and resin de-
form together in an incompressible manner. For the latter,
only the resin flows between the fibers and the compaction
is limited and described by a laminate bulk factor. The re-
sults showed that the main drivers for wrinkle formation
are the bulk factor, the incompressibility of prepreg mate-
rial in the direction of the fibers, and the resistance of the
plies to slip with respect to another due to the friction or
the boundary conditions. The outcome is an excess length
which is accommodated through in-plane or out-of-plane
buckling.

In the study by [14] the consolidation of layers of dry
textiles was modeled using a FE model developed for drap-
ing simulation. In the model, the authors modified the
pressure-overclosure relationship used in the penalty con-
tact formulation between the layers. In this way, the trans-
verse compressibility can be taken into account. The de-
bulking process is simulated with a uniformly applied pres-
sure to the top layer. The method was demonstrated on
an external radius of a C-section geometry, which led to
the development of wrinkles.

A continuum consolidation model was developed by
[15] and implemented using a semi-implicit finite differ-

ence scheme. The model accounts for fiber deformation,
resin flow and porosity. The numerical examples provided
insight into important physical effects of the process which
the authors concluded must be elaborated with further ex-
perimental work.
Simpler, analytical models have also been developed.
In the work by [[L6], a model for consolidation of an arbi-
trary number of plies on an external radius with flanges on
either side was presented. If the friction of the flanges can
resist sliding, the fibers on the radius will be constrained
and wrinkling can develop. Otherwise, if sliding of on the
flanges occur, so-called book-ends can form. Wrinkling is
considered a stability problem. The model performed rea-
sonably in predicting the buckling wavelength in compar-
ison to an experiment with consolidation on a C-section.
An analytical model for consolidation of laminates on
mold sections of constant corner radius has also been pre-
sented [[L7]. It includes a convex, a concave and a U-shaped
corner. The authors introduced a conformation number, A,
which depends on the radius, flange length and coefficient
of friction. Depending on the value of A the compaction
can either be friction or pressure dominated. Friction dom-
inated entails that the frictional resistance of the plies will
prevent sliding and thus the plies will not conform to the
mold. Pressure dominated entails that the plies can slide,
but that the curvature of the mold can result in different
consolidation pressures across the thickness of the lami-
nate. Apart from the quantities in A, also the bulk factor
of the material enters into the model expression. Using a
semi-empirical rule of mixtures between friction and pres-
sure dominated behavior, the model was shown to predict
thickness variations well for a high number of experiments.
From the previously mentioned references it can be
concluded that parameters such as the mold curvature,
frictional resistance, laminate thickness and bulk factor
are important for the outcome of the consolidation pro-
cess. Similar conclusions have also been reported based
on experimental work [1&]. In the work by [19], wrinkles
were hypothesized to arise from shear stresses due to a
mismatch between the coefficient of thermal expansion for
the mold and the plies. The authors also investigated the
effect of using a release film between the mold and the
first ply. This was found to facilitate slipping of the ply
stack which in turn leads to wrinkling of the first ply in
a corner radius. The effect of debulking after every fourth
ply in stead of at the end of the layup did not improve the
quality significantly. In-plane waviness was also observed
and is likewise related to the developed shear stresses.
The studies listed above all concern layups with multi-
ple plies that are assumed to be closely conforming to the
mold but where the mold curvature can cause wrinkling
during compaction, e.g. as seen with an external radius
of a C-section. For application with the FlexDraper robot
system, a model must be able evaluate the air pockets of
a single ply. The evaluation must be carried out while the
robot system is in operation, i.e. online. The FE-based ap-
proaches have the versatility to model this behavior but



Figure 2: Mold with draped ply and automatic debulking system.
Blue projector light is seen shining on the surface.

are too time consuming. For this reason, an approximate
mass-spring model is applied which can still take the mate-
rial properties and frictional resistance of the prepreg plies
into account. Because the model only concerns a single ply,
the thickness and bulk factor are not a concern.

The rest of the paper is organized as follows: In Sec-
tion P the automatic draping _and debulking process is
briefly elaborated. In Section B the process of ply scan-
ning, air pocket segmentation, meshing and debulk anal-
ysis is explained. Section W presents experimental results
of a draped ply and its debulking along with the model
predictions. Section E discusses the applicability of the re-
sults and possible improvements to the model. Lastly, a
conclusion completes the paper.

2. Automatic Draping and Debulking

An overview of the FlexDraper system can be found
in the paper by Ellekilde et al [E] The core of the robot
cell is a 6-axis industrial robot with a specially designed
end effector consisting of a grid of actuated suction cups.
The system is able to remove the backing foil from cut
plies, drape the plies on the mold, consolidate the plies
by means of vacuum debulking while monitoring the pro-
cess using the vision system. A mold with the automatic
debulking system is shown in Figure . The debullking
system consists of a steel frame mounted on the perimeter
of the mold. A lid with an equivalent steel frame and a
rubber membrane can be closed with a pneumatic cylin-
der thereby forming a sealed chamber around the mold.
A breather fabric and a solid release film is mounted on
the rubber membrane. Vacuum is achieved by means of a
vacuum pump.

A demonstrator part in the shape of a generic aerospace
composite component was chosen and is used throughout

Figure 3: Typical wrinkle formed after debulking of air pocket. A
wrinkle like this in the final part would necessitate scrapping of the
entire part.

this study. A ply from this part can be seen draped on the
mold in Figure . As it can be seen, the part has a fairly
low curvature but it has still presented itself as a challenge
for the automatic robot system. The typical outcome of a
debulking process where an air pocket is not mitigated, is
presented in Figure f. On that account, one approach could
be to conservatively discard all draped plies containing
air pockets. It has, however, been observed that some air
pockets are mitigated completely and for this reason it is
worth investigating the debulking process further.

3. Methodology

The workflow of the air pocket evaluation starts with
data acquisition, i.e. 3D scanning of the ply after draping
whereby a point cloud is obtained. Next, possible air pock-
ets are segmented by comparison of the 3D point cloud to a
reference configuration. Air pockets detected in the layup
are then exported for meshing and subsequent evaluation
with the mass-spring ply model. Lastly, the results of the
mass-spring model are post-processed with the intention of
improved accuracy and independence of the discretization.

8.1. Ply Scanning

The measurement of the layup topology is performed
using a custom developed high-fidelity 3D scanner. The
scanner hardware consists of two 20MPx industrial cam-
eras (EVT HT-20000) and a pattern projector (Vialux
STAR-07) as shown in Figure Y. Every camera pixel, and
hence triangulated surface point, corresponds to a surface
area of approximately 0.3 mm?. The camera lenses are
equipped with narrow band-pass filters matching the pro-
jector’s blue LED wavelength (460 nm). This arrangement
provides good robustness against ambient illumination be-
cause the band-pass spectrum is heavily dominated by the
projector’s light.

This system was specifically developed to provide highly
detailed scans of the layup with a minimum of noise. The
surface reconstruction is based on the principle of struc-
tured light, whereby a series of patterns are projected and
captured synchronously by both cameras. The patterns are



Figure 4: 3D scanner setup mounted 2.4 m over the mold area. The
view direction is vertically downward. The baseline between cameras
is approximately 1 m.

designed to encode points on the scan surface uniquely,
which allows for determining point correspondences be-
tween the cameras. Based on these, depth is then recovered
by means of triangulation.

While many coding strategies exist for structured light,
this work is based on two frequency phase shifting fringe
patterns which obey the heterodyne principle [@] In this
technique, a number of sinusoidal patterns (sometimes re-
ferred to as fringe patterns) are projected onto the object
surface, each with a fraction of a 27 phase shift. For this
work, 6 shifted patterns with 50 sine periods over the field
of view (FOV) are used, then 6 shifted patterns with 51
sine wave periods, as experimentation has shown that this
is a good trade-off between acquisition and reconstruction
time, memory consumption and permissible phase noise.
This technique is able to densely encode the surface us-
ing the phase information, leading to one triangulated 3D
point per non-occluded camera pixel.

Structured light surface encoding is dependent on light
reflecting from the material surface. In this regard, the
CFPR prepreg material presents itself as particularly chal-
lenging as it has a very wide reflectivity distribution. The
fibers are very light absorbing from most viewing angles,
while the resin has a high degree of gloss/specularity. To
mitigate this, an HDR (high dynamic range) scanning se-
quence is adopted, whereby the pattern sequence and cam-
era shutter levels are stepped through a series of exponen-
tially growing exposure times. These HDR sequences are
combined at the phase map level, where the phase is re-
covered at each pixel from the brightest non-saturated ex-
posure level. This increases the effective dynamic range of
the sensor manyfold and enables scanning with a minimum
of noise. The scanned ply data is stored as an organized
point cloud, i.e. with one point per camera pixel.

3.2. Segmentation

The point cloud representing the draped ply surface is
imported in MATLAB [@] Here, the point cloud is trans-
formed to the mold coordinate system and noise is removed
using the pedenoise function. The methodology is to set a
threshold equal to one standard deviation from the mean
of the average distance to neighbors of all points. If the
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Figure 5: Segmentation of air pockets. From the top: Point cloud and
reference point cloud, heightmap and cutting tolerance, and binary
image of air pockets.

average distance to its 4-nearest neighbors is above the
threshold, the point is removed, see e.g. [22]. The surface
is then filtered using a median filter. Next, using a refer-
ence surface recorded before draping of the current ply, a
heightmap is generated, i.e. gridded XY-data with the dif-
ference between the current ply and the previous. This and
the following operations are sketched in 2D in Figure §.

The heightmap surface is the basis for the segmen-
tation of air pockets. The approach is to apply a fixed
tolerance (CutHeight) on the heightmap which has been
empirically determined. Geometrically the operation cor-
responds to cutting the heightmap with a plane parallel
to the XY-plane offset with the tolerance. Any points of
the heightmap below the plane are set to 0 (black) while
points above the plane are set to 1 (white). In this way a
binary image of the air pockets is created.

The binary image enables the use of image process-
ing techniques to efficiently locate the air pockets in the
heightmap. First the MATLAB function imfill is called to
fill any holes in the binary image, i.e. black pixels inside the
regions of white pixels. This operation is based on morpho-
logical reconstruction [23]. Next, bwboundaries is called to
locate the perimeter of the air pockets, i.e. regions of white
pixels. The function is an implementation of the Moore-
Neighbor tracing algorithm modified by Jacob’s stopping
criteria [24].

For each air pocket, the enclosing ply surface and the
reference surface is extracted. To facilitate the meshing
(described in the next section), a portion of the reference
surface outside the perimeter of the air pocket must also be
extracted. The combination of these surfaces are referred
to as a patch.
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Figure 6: Generation of boundary nodes using an offset patch bound-
ary. Black nodes are fixed boundary nodes while red nodes are free
boundary nodes.

3.3. Meshing

The objective of the meshing is to generate the initial
coordinates of the nodes, i.e. masses, and their connectiv-
ity for the mass-spring model. The inputs to the meshing
routine are the patch surfaces obtained from the segmen-
tation, the local fiber angles in the center of the patches
and the discretization, i.e. the chosen distance between
the nodes along the fiber directions. In this study, the
same discretization is used for both fiber directions. The
methodology of the meshing follows the pin-jointed net as-
sumption which is also the basis for the kinematic mapping
algorithms [9): the fiber stiffness is infinite while the shear
stiffness is zero.

First, two initial fiber paths emanating from the center
of the patch are laid out on the patch surface in the direc-
tions of the input local fiber angles. The initial fiber paths
serve as constraints when calculating the coordinates of
the nodes. Nodes can now be placed on the initial fiber
paths such that the spacing corresponds to the discretiza-
tion. The remaining nodes are placed - one by one - on the
patch surface in the regions spanned by the initial fiber
paths such that the distance to adjacent nodes corresponds
to the discretization. This operation generates the net of
pin-jointed nodes. Alongside with the node placement, the
connectivity is stored. Thus, each node will connect with
up to four other nodes.

To be able to use a rather coarse discretization, the
boundary of the air pocket requires special attention: The
original air pocket boundary is offset by a distance equal
to the discretization. Next, the mesh of nodes is trimmed
using the offset boundary. Nodes that are located between
the original boundary and the offset boundary and are
within a tolerance from the mold surface are now desig-
nated as boundary nodes. The operation of trimming and
locating of boundary nodes is sketched in Figure .

The behavior of the boundary nodes is chosen based on
empirical observations during testing of the debulking sys-
tem: The ply material surrounding the air pockets tends to
constrain the movement of the original air pocket bound-

ary. The exception to this is when the air pockets are lo-
cated close to the boundary of the ply. Here, movement
seems to be very likely. For this reason, the boundary
nodes are split into two categories. The first category is
free boundary nodes, i.e. boundary nodes that are located
within a tolerance of the ply boundary. The second cat-
egory is fixed boundary nodes whose coordinates will not
change during the analysis. The distinction between free
and fixed boundary nodes is sketched in Figure . The
tolerance is set to 20 mm.

8.4. Debulk Analysis

With the mesh of nodes in the initial configuration, de-
fined in the form of coordinates and their connectivity, the
objective is to find the final configuration after application
of vacuum pressure. To this end, the mass-spring mod-
eling framework described by Ben Boubaker et al. [11] is
used as the starting point. The idea is to introduce springs
at each node which account for the various deformation
modes. The equilibrium configuration is found by mini-
mizing the total potential energy of the system subject to
kinematic constraints, i.e boundary conditions and mold
contact. The authors of [[11] solved the nonlinear optimiza-
tion problem analytically, but here it is solved numerically
using a gradient-based method.

The elastic deformation modes accounted for in the
present model include out-of-plane bending and in-plane
shear. The fiber direction stiffness is several orders of mag-
nitude higher than for shear and bending. For this reason,
and due to the numerical condition of the system, it was
decided to kinematically constrain the node-node distance
along the fiber directions to the value of the discretization.
Further, inequality constraints ensure that no penetrations
of the reference surface occur.

Regarding the elastic deformations, their nodal energy
contributions are defined in the following. The bending en-
ergy, Upeng can be derived from the bending energy stored
in a linear elastic beam subjected to pure bending [25]:

EI6?
Ubeam - 2L (1)
In the formula, ET is the flexural rigidity, 6 is the angle
of the bent arc shape and L is the length of the beam.
Using the second moment of area, I, for a rectangular cross
section and defining the length and the width of the beam
to be equal to the discretization A, the bending energy for

the ith node is obtained:

1E¢

Ubend,i = 312 [(2‘1’1)2 + (2‘1’2)2} (2)

Here, ¥; and W, are the out-of-plane bending angles for
each fiber direction as sketched in Figure [{. From trigonom-
etry, U is equal to one half of 6. The ply thickness is de-
noted by t.

The shear energy can be derived by considering the
work done by a shear stress 7 during shearing of a cubic
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Figure 7: Deformation modes of mass-spring ply model.

material element by the angle . Assuming linear elastic
behavior, the strain energy density is [25]:

1

Ushear = 5 TY (3)

Using Hooke’s law, i.e. 7 = G~ with G being the shear
modulus, and multiplying by the volume, the ith nodal
shear energy, Ushcar,i, becomes:

1, (AN
Ushear,i = 5 G (2> t (’712 +722 +7§ +7Z) (4)

y Vi = abs(ﬂ-/Z - ¢j)aj = 13"'34

Here 7 - 4 are the four shear angles that can be calculated
for each node by using the angles ¢1 - ¢4 from Figure H
The volume is defined from the thickness, ¢, and a square
with side lengths A/2 and represents the volume sheared
by a single v, i.e. the area enclosed by the blue dashed line
in Figure [{.

The ply is subjected to two external loads: gravity and
the applied vacuum pressure. The energy associated with
gravity on the ith node is defined as follows:

Ugrav,i = w géz,z (5)
Where Apatenply is the surface area of the ply patch, p
is the mass density of the ply and N is the number of
nodes. In this way, the fraction corresponds to the nodal
mass. Further, g is the gravitational constant and 4, ; is
the movement in the z-direction of the node relative to the
initial configuration.

Pressure is a quantity that acts perpendicular on a
surface. With the flexible membrane of the automatic de-
bulking system facilitating the vacuum, it is, however, not
certain that the load is transferred in a normal direction
to the ply. For this reason, and due to the relatively flat
molds in the project, the vacuum pressure in this study
will act in the z-direction:

P Apaten,pl

% 5. (6)
In the formula, P is the magnitude of the vacuum pressure
(1 bar). The fraction corresponds to the equivalent nodal
force.

Uvac,i =

Next, the free boundary nodes are considered. The
movement of a free boundary node is accompanied by a
frictional energy contribution:

P Apatch,ply (7)

Utric,i = 0; b N

Here, §; is the movement of the node relative to the initial
configuration, and u is the coefficient of friction.

The total potential energy of the system of masses and
springs is then the sum of internal nodal energies minus
the external nodal energies:

IT = Ty — Tlext (8)
I
N
II= Z Ubend,i + Ushear,i + Ufric,i - Ugrav,i - Uvac,i (9)
=1

The minimum of the total potential energy II is found,
as previously mentioned, using a gradient-based optimiza-
tion algorithm. The optimization problem is formulated as
follows:

minhmize I(X) , X =Xjni +d

s.t. Fref(.’lﬁj,yj) — Zj <0
H{xkvykazk}_{xlvylazl}H_AZO (10)
Vi, j=1,..,N

Vk,l, keCy ,1€Cy

In the expression, the design variables, d, are the displace-
ments relative to the initial nodal coordinates Xjn;. The
sum of the former and the latter is thus the current nodal
coordinates, i.e. X = [z1,¥1,21,..-,EN, YN, 2n]- The first
family of constraints (inequality) ensures that no mold
penetrations occur using a function for the reference sur-
face, Fyet(2,y). The second family of constraints (equal-
ity) enforces the node-node distance to be equal to the
discretization A. The bookkeeping, i.e. unique node con-
nectivity, is stored in the vectors C; and Cs.

The formulation of the objective function and the con-
straints enables the implementation of analytical gradi-
ents. The exception is the first constraint with the function
Fret(x,y), i.e. an implicit function of the design variables.
Here, semi-analytical gradients are implemented.

3.5. Post-Processing the Results

The results obtained with the mass-spring model will
naturally be dependent on the discretization used. By low-
ering the discretization sufficiently, it is believed that the
solution will converge. However, wrinkles encountered with
the debulking system (Figure ) are typically less than
a millimeter in height. A sufficient discretization which
would be able to capture such wrinkles adequately would
then entail very many nodes and thus infeasible compu-
tation times. For this reason, it was decided to develop a
post-processing approach such that the mass-spring model
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Figure 9: Formation of a wrinkle in 2D model. The red ply is de-
bulked onto the blue hatched mold. The geometrical post-processing
is shown in black.

can be evaluated with a reasonably coarse discretization
while the end result ideally will not be sensitive to the
discretization.

As it was seen in Figure E, the wrinkles formed typically
take the shape of a ridge. In this regard, the formation
of a ridge is simplified to a 2D problem, i.e. a determi-
nation of the cross-sectional width and height. The post-
processing model is sketched in Figure {, and the cross-
sectional height of the ridge will be obtained solely based
on geometrical parameters.

The assumption is that width of the ridge cross-section
will be equivalent to two ply thicknesses. Physically, this
is the smallest width that is possible to achieve without
self intersections. Additionally, the top of the ridge cross-
section is assumed to be a semi-circle with a radius equal
to the ply thickness. The height of the ridge is deter-
mined based on the excess ply length compared to the
mold arc length, L,0q. Thus, the first step is to calculate
the amount of the ply length that can fit on the mold:

Liola — 2t
Lbasc - # (11)

Next, the excess ply length is used to determine the height
of the ridge cross-section:
Lply — 2Lbase — 7t

hridge = 9 +t (12)

In the expression, Ly, is the ply length.

The idea is to apply the geometrical post-processing
model after a solution with the mass-spring model has
been obtained. As previously discussed, a rather coarse
discretization will give a poor wrinkle representation and
such a situation is exemplified in 2D in Figure {. Here,
three nodes connected by red dashed lines are seen of which
two (left and right) are on the mold whereas one (center)
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Figure 10: Evolution of a wrinkle in 2D model during five load steps
(numbers in blue rectangles). The red ply is debulked onto the blue
hatched mold. The geometrical post-processing is shown in black.

is located 3.2 mm above the mold. With the chosen dis-
cretization of 9.3 mm, this situation will be the final wrin-
kle representation of the mass-spring model. To investigate
the effect of a fine discretization, the red dashed line con-
necting the nodes has been discretized into 200 segments.
This 2D model is now evaluated analogously to the 3D
model presented in the previous section with the excep-
tion that shear is not included. Further, instead of solving
for the initial configuration in one step, the vacuum pres-
sure (1 bar) is split up in five load steps. Before each load
step, the direction of the vacuum is updated such that it
is perpendicular on the ply surface.

The final configuration of the ply in Figure H does in-
deed resemble the cross-section of a ridge and it also agrees
well with the post-processing model. Another example is
presented in Figure in which it is also possible to see
the evolution of the wrinkle in each load step. In this lat-
ter example the discretization is 6.0 mm. Again, a good
agreement between the 2D ply model and the geometrical
post-processing model is seen.

A final remark about the post-processing model is that
the assumption of a wrinkle width equal to two times the
ply thickness only seems to hold true for certain small
wrinkle heights. That is, if the wrinkle becomes higher
it also tends to become wider. However, when a wrinkle
reaches a certain size, it will result in an infeasible layup
and it will thus have to be discarded anyway. In that sense,
the assumption on the wrinkle width makes the predictions
conservative.

Concerning the implementation, the approach is to start
with the node with the largest ply-mold difference. From
this node, the ridge cross-section defined by nodes is iden-
tified, the geometrical model is employed and the ply-mold
difference is updated. These steps are continued with the
next node, i.e. with the second-largest ply-mold difference
etc. Throughout the post-pro-cessing, only nodes that have
not previously been adjusted can be adjusted. Finally, af-
ter post-processing the entire mesh, all nodes - except
nodes defining the ridges - are offset from the mold by
the consolidated thickness ¢/, i.e. with ¢ being the nom-
inal ply thickness and S the bulk factor. This operation
will account for the ply thickness and thereby make the
predictions after the geometrical post-processing compa-
rable to the experimental results. The bulk factor has not
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Figure 11: Segmented air pockets in layup. The order of the numbers is based on the air pocket sizes.

been measured for the present material but instead the
consolidated thickness has been determined from scans of
debulked plies to 0.25 mm, i.e. such that g = 1.2. This
value agrees well with a value of 1.23 reported in the lit-
erature for a similar material [17].

4. Results

In this section, results with the debulk analysis frame-
work is presented. The basis is the demonstrator part in
Figure B. First, experimental drape data are obtained.
Next, air pockets are segmented and evaluated with the
model. Lastly, the model predictions are compared to the
result of debulking the draped ply.

4.1. Draping

For data generation with the demonstrator part, a ply
was manually draped onto the mold. It was carried out in
a manner such that the ply was aligned with respect to
the prescribed boundary but with a number of air pockets
of varying sizes and heights. The layup was then scanned
with the optical 3D measurement system and processed to
segment the air pockets. The result is presented in Fig-
ure [L1]. The settings used for the segmentation are pre-
sented in Table B The tolerance used to cut the heightmap
(CutHeight) was introduced in Section B.2. Further, two
additional tolerances are included to discard insignificant
air pockets below a certain size which could for instance
arise from noise in the data. These tolerances are AreaTol
and PeakTol, which are lower limits on patch surface area
and peak, respectively.

From Figure [L]] it is seen that 14 air pockets were de-
tected in the layup. Their surface areas range from 5.35
cm? (air pocket #14) to 438 cm? (air pocket #1). Some
are located in the interior of the ply, e.g. air pocket #5
while others are located such that their boundary is also
the ply boundary, e.g. air pocket #9.

Table 1: Settings used for air pocket segmentation.

CutHeight AreaTol  PeakTol

2.0 cm* 1.25 mm

2.0 mm

4.2. Air Pocket Fvaluation

The patch surfaces were then exported for meshing. Re-
garding the discretization it was chosen to target a specific
number of nodes (100) for all patches rather than using a
fixed distance specification between nodes. The reason is
that the air pockets tend to have a bell-shaped surface re-
gardless of their size which can thus be represented well
by a size-independent mesh. Further, this approach has
the advantage that the computational time is more well-
defined and not air pocket size dependent.

The mass-spring model was then evaluated for each air
pocket. The parameters used for the model are listed in
Table E The prepreg material used in this study exhibits
nonlinear and rate-dependent behavior as was shown in
previous publications [8, 26]. The representation of, re-
spectively, the bending and shear behavior through the
constant moduli £ and G deserve some elaboration. Con-
cerning the bending behavior, the value of Young’s modu-
lus, E, was found by using the static deflection from a can-
tilever test [27]. Concerning the shear behavior, the value
of the shear modulus, G, was found from the initial be-
havior recorded through bias-extension and picture-frame
tests [, 26] and also from considerations on providing suf-
ficient resistance against crumpling of the mesh. The co-
efficient of friction p was measured in connection with a
previous study [g].

An example of an air pocket being evaluated with the
mass-spring model is provided in Figure [12. In the top
part of the figure, the patch is seen after meshing and is
thus in the initial configuration. In the bottom part of the



Table 2: Parameters used for mass-spring model.

t E G p I
0.3mm 3.610% Pa 4.0107 Pa 1048 kg/m® 0.4

figure, the final configuration has been found after appli-
cation of vacuum. In the figure, it is seen that the model
predicts a wrinkle in the form of a ridge. The maximum
height of the ridge above the mold is 4.66 mm. However,
as previously discussed this number is sensitive to the dis-
cretization. Upon using the geometrical post-processing
approach, the maximum value reduces to 1.57 mm. Recall
the over-predictions of the post-processing approach dis-
cussed in Section B.§. Still, the experimental result from
patch #3 is a ridge with a height of 1.40 mm (the experi-
mental data for comparison is elaborated in the following).

4.8. Comparison to Experimental Debulk Data

To compare the model predictions with the experimen-
tal results of the debulked ply, it is convenient to use a
single number. It was decided to use the root mean square
(RMS) error of the ply-mold differences for this compar-
ison. Regarding the experimental results, a heightmap of
the debulked ply is generated with the original air pocket
contours overlayed as presented in Figure [L3. The data
points inside these contours, is the basis for the RMS cal-
culation.

Figure Q presents the results of the RMS comparison
between the model with post-processing and the experi-
mental results. The debulking of each air pocket has been
categorized as either unsuccessful or successful depending
on whether there is a visible defect in the layup or not. A
horizontal line (black dashed) has been drawn at 0.3 mm,
i.e. the ply thickness. This line could serve as a distinction
between unsuccessfully and successfully debulked air pock-
ets. In this way, successfully debulked air pockets should
have a RMS value between the consolidated ply thickness
(0.25 mm) and the nominal ply thickness (0.3 mm).

From Figure [14 it is evident that nine air pockets have
an unsuccessful outcome while five air pockets have a suc-
cessful outcome. For the successful air pockets of the ex-
periment, #10 and #14 have a RMS above the divider line
whereas the remaining three patches are below the line.
The reason for the inconsistency is that the left part of
the recorded point cloud has a high degree of noise which
thereby increases the RMS for those patches. Air pocket
#1 which is also mitigated completely has a RMS of 0.25
mm.

Concerning the unsuccessful air pockets of the experi-
ment, all are above the divider line, except air pocket #8,
which has a RMS of 0.297. In the debulked ply, a very
small wrinkle is visible and thus it was categorized as un-
successful. A more advanced criterion than the RMS value

Initial configuration
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Figure 12: Evaluation of air pocket #3: Initial configuration after
meshing (top) and final configuration after application of vacuum
(bottom). The black nodes are fixed boundary nodes while the white
nodes are free boundary nodes.

could maybe help to discard this air pocket. The topic of a
discard criterion is revisited in the discussion (Section [).

Looking at the model predictions, it is seen that there
is a reasonable agreement with the debulked ply data. For
patches with no to small wrinkles, e.g. #1, #7, #8, the
agreement is excellent. The prediction for air pocket #14
in fact matches better with what can be observed on the
debulked ply rather than the scanned data. Air pocket #10
suffers from noise also in the point cloud recorded before
debulking (Figure [L1l) which in turn affects the meshing
of the surface. Thus, a greater effort must be put into ob-
taining data with less noise or maybe using more filtering.
With larger wrinkle height, the discrepancy between the
the model and the experiment increases as e.g. seen with
air pockets #3 and #9. This discrepancy is, as previously
discussed, likely an effect of the assumptions behind the
geometrical post-processing. But, as also noted previously,
the predictions are conservative. The model RMS results
are also presented in Table J along with the discretiza-
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Figure 13: Heightmap of debulked ply with original air pocket contours overlayed.
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Figure 14: Comparison of RMS values from model predictions and
3D scan of debulked ply.

tions used and the solution times and function evaluations
logged.

5. Discussion

The previous section has presented some promising re-
sults. Based on the RMS value and a threshold equal to
the nominal ply thickness, the model was able to predict
whether debulking was successful or unsuccessful for all
air pockets except one. For this exception, noise in the in-
put data to the model is a plausible explanation for the
discrepancy. To provide a more robust categorization, a
more advanced criterion could be developed. One idea is
to include the maximum value of the patch surface. Doing
so, the experimental debulk results will, however, become
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Table 3: Discretizations, RMS, solution times and function evalua-
tions for air pocket analysis. The solution time includes meshing,
evaluation with the mass-spring model and post-processing and is
benchmarked on a standard laptop.

Discr. RMS Sol. time Func. eval.

[mm]  [mm] [s] [
#1 23.2 0.25 6.07 140
#2 9.33 0.35 9.80 439
#3 8.40 0.45 8.62 543
#4 7.97 0.40 11.2 480
#5 7.18 0.38 9.41 459
#6 5.97 0.39 14.2 717
#7 6.49 0.28 8.33 566
#8 5.70 0.30 11.9 744
#9 5.25 0.75 12.5 999
#10 4.59 0.32 7.41 661
#11  3.89 0.45 47.5 565
#12  5.93 0.25 5.70 586
#13  2.57 0.33 14.4 1564
#14 244 0.25 21.9 1480

sensitive to noise. Further, the wrinkle shape predicted
by the model becomes more important, because the same
excess ply length can develop into multiple wrinkle config-
urations.

The geometrical post-processing was developed by study-
ing wrinkle development in a 2D ply model. Rather than
post-processing the results of the mass-spring model, the
model could maybe be evaluated iteratively with local mesh
refinement in areas where wrinkles form. The computa-
tional performance vs. the accuracy would then have to
be evaluated.

The model is quick to evaluate with the average eval-
uation time for an air pocket on a standard laptop being



13.5 s. The frequency of air pockets occurring in a produc-
tion setup is not known, but if many air pockets have to
be checked, the model can be run in parallel. Further im-
provements on performance can for instance be achieved
by examining the mesh before evaluation of the mass-
spring model. If a fiber path begins and ends in a fixed
boundary node and the length of the fiber path is greater
than the projected mold arc length by a certain amount,
the air pocket could maybe be categorized as unsuccessful
already at this stage.

The in-plane shear and out-of-plane bending of the
mass-spring model represent some basic but important de-
formations. A possible extension of the model could be to
also account for torsion/twisting as well as in-plane bend-
ing of the fiber tows. The latter deformation has recently
been pointed out in connection with the so-called second
gradient effects to provide more realistic tow deformations
[28]. Such an extension of the model will require additional
material data but it not expected to increase the compu-
tational cost significantly.

The meshing routine must receive the local fiber angles
of a patch as an input. These fiber angles can for instance
be approximately predicted by a kinematic mapping anal-
ysis of the entire ply on the mold as employed in this work.
Because the fiber angles of the draped plies are also sub-
ject to the quality inspection in the FlexDraper robot sys-
tem, a current task in the project is to implement a sensor
for recording the fiber angles. A natural extension of the
present work would be to employ the recorded fiber angles
as the input to the patch meshing.

6. Conclusion

This paper has presented an approach for investigating
the occurrence of out-of-plane defects in automated com-
posite ply layup. Using a structured-light 3D scanner, a
ply can be scanned after draping and subsequently after
vacuum debulk. The idea is to apply a mass-spring model
to predict the outcome of the vacuum debulk which will
either enable the process to continue or necessitate manual
intervention.

Air pockets are segmented based on the point cloud
of the draped ply and image processing tools. The seg-
mented air pocket surfaces are then meshed such that
nodes/masses are distributed on the surface while obey-
ing the fabric kinematics. The final configuration of the
mass-spring model is found by minimizing the total poten-
tial energy using a gradient-based optimization algorithm.
The energies in the potential arise from out-of-plane bend-
ing, in-plane shear, friction of movable boundary nodes,
gravity and the vacuum pressure. Kinematic constraints
enforce the node-node distance and prevent mold penetra-
tions.

To favor computational performance such that the model
can run online, a rather coarse discretization is used. To
this end, a geometrical post-processing approach was de-
veloped to give predictions which are less sensitive to the
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chosen discretization. The post-processing relies on an as-
sumption of a typical wrinkle shape and thickness observed
on the automatic debulking system, and was developed
based on a finely discretized 2D ply model.

The point cloud of the debulked ply was used for com-
parison with the model predictions. Here, good agreement
was found when comparing the root mean square (RMS)
error of ply-mold differences. The best agreement was found
with air pockets which were completely mitigated or left a
small wrinkle after debulking. This corresponds well with
the situations where the assumptions behind the geomet-
rical post-processing were met adequately. All in all, the
model was found to give conservative predictions in that
it over-predicts larger wrinkles. For these defects, manual
intervention is required anyway.

The computational time of the numerical air pocket
analysis was also found to be favorable. With a more re-
fined discard criterion in combination with more exper-
imental evidence to establish a threshold value, the ap-
proach presented in this paper will become a valuable tool
for the automated ply layup system.
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