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Finite element analysis (FEA) of structural composites is mostly based on an as-designed geometry and
input data. As-designed input data do not consider the manufacturing processes. For an as-built struc-
tural simulation of composites, it is important to integrate manufacturing process data into the structural
analysis. Therefore, mapping algorithms are needed to transfer and process data between different pro-
cess and structural simulation steps considering the application of different finite elements and media
discretization for the individual simulation steps. This paper considers a mapping algorithm based on a
bucket sort algorithm, shape interpolation functions of finite elements and internal fiber architectures of
composite materials with a subsequent material properties prediction. The proposed algorithm is appli-
cable for unidirectional composites as well as for non-crimped, woven and braided fabrics. Particular, it
is shown how fiber orientation, as vector value of finite elements, is sensible for a data transfer between
meshes with out-of-plane material defects. This integrated simulation approach is applied on a generic
demonstrator geometry and aerospace component geometries. The implementation is realized within a
new developed simulation platform for composites structures, from process up to structural simulations.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Finite element analysis (FEA) is a common instrument to design
and analysis composite structures. Several engineering simulation
packages are available in specific engineering fields for mechanical,
thermo-mechanical or fluid dynamics analyses. A multidisciplinary
FEA of composite structures is important for a realistic simulation
of structural behavior. The multidisciplinary FEA consider a com-
bination of different approaches for process and structural simula-
tion and can use shell, plate, beam or solid element theories. The
mesh and element diversity makes it difficult to combine different
approaches and to analyse effects of manufacturing effects and de-
fects [1-3]. Several strategies were developed to transfer FE data
between shell element meshes [4,5] or between shell and solid
element meshes [6]. Approaches for a data transfer between dif-
ferent simulations for fluid dynamics and structural simulations of
metal components have been presented [7,8,9,10]. In the analysis of
composite structures, process simulations are less integrated into
structural simulations.
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The manufacturing chain of composites includes i.e. preforming,
impregnation and curing processes. The manufacturing processes
are simulated with several finite element (FE) packages based on
shell and solid element meshes, where FE and meshing strategies
are depending on the engineering problems. A preforming step
can be done with a draping, a braiding or an automated fiber
placement (AFP) process. Composite materials do not fit exactly
a desired geometry during a draping process and can produce
wrinkling material defects [11]. FE based draping simulations can
reproduce out-of-plane wrinkling and shear behavior of composite
materials. Such simulations use separated meshes per composite
ply [12] with material parameters and contact definitions. Results
of these simulations are represented on a deformed mesh geom-
etry compared to the designed geometry. Therefore, the draping
mesh is incompatible with a structural mesh where a shell ele-
ment mesh based on the designed geometry is used for all layers.
If the source and the target meshes have different FE geometries
then the produced mapping errors are more relevant for the
next analysis steps. The main challenge here is to map the fiber
orientations of the source mesh as vectors into a new reference
coordinate system and reproduce manufacturing effects and
defects of materials. The different source reference coordinate
systems are used in applications such as structural simulations


http://dx.doi.org/10.1016/j.advengsoft.2016.05.007
http://www.ScienceDirect.com
http://www.elsevier.com/locate/advengsoft
http://crossmark.crossref.org/dialog/?doi=10.1016/j.advengsoft.2016.05.007&domain=pdf
mailto:mayer@lcc.mw.tum.de
http://dx.doi.org/10.1016/j.advengsoft.2016.05.007

82 N. Mayer et al./Advances in Engineering Software 99 (2016) 81-88

based on process data or process simulations based on measuring
data [13].

Commercial software packages [14-18] implemented different
solutions in this field. A main limitation of these solutions is that
these packages transfer fiber orientation values from kinematic
draping simulations. Kinematic draping approaches are geometry
or energy based and the results are represented on the same FE ge-
ometry as a structural FE geometry. A kinematic draping approach
is used for a first estimation of a draping behavior. On the other
hand, FE- or mechanically based draping simulations are used for
more realistic behavior estimations. The existing commercial map-
ping solutions cannot be extended with other software packages.
However, it is important to use a software-independent mapping
solution for a multidisciplinary analysis of composite structures to
understand a composite material behavior with different simula-
tion approaches.

The need of a manufacturing simulation chain for compos-
ite components is growing in the last years in the industry be-
cause of manufacturing costs and process time optimization. Re-
cent publications show the interest on a simulation chain for com-
posites components in the automotive industry. Different estab-
lished methods were combined for a multi-level analysis of pro-
cess manufacturing chains up to structural simulation for unidirec-
tional fiber reinforced composite components [19-23]. The aim of
the present paper is to show how it is possible to map FE drap-
ing simulation results of the composite structures into structural
analysis with different software packages and for different mate-
rial textile structures. Especially, it is shown how to use the shape
functions for element-to-node transfer and how to calculate addi-
tional properties with no auxiliary meshes, how to transfer scalar,
vector and tensor values and how to predict material properties of
the composite materials based on the mapping results. The proce-
dure follows an approach based on the methods published in [24-
28] using a global searching algorithm based on bucket sort tech-
niques and a point-element testing with FE shape functions. Subse-
quent projection and interpolation methods are applied for a trans-
fer of nodal or element values to integration or centroid points of
elements. Material properties prediction is used for the calculation
of stiffness values for sheared woven fabrics with an approach ex-
tended from a well-known model of Ishikawa et al. [29,30]. This
approach allows including shear draping information into material
properties on a meso-macro scale and provides a more efficient
calculation compared to the FE unit cell methods. Based on the
first investigation results published in [31-33], the mapping pro-
cess was developed and applied to unidirectional and woven in-
dustrial composite components [34-36].

In this paper, the following Section 2 describes mapping
methods and properties calculation based on mapping results.
Aerospace and academic applications are discussed in Section 3. A
section describing the obtained results is followed by conclusions.

2. Methods

This chapter discusses the main steps of the developed mapping
algorithm for composite components. This mapping algorithm was
applied on a predefined exchange format for FE data for composite
structures inside a simulation platform. The concept of the sim-
ulation platform with a virtual process chain from draping up to
structural analysis with some examples of software tools is shown
in Fig. 1. This concept is not only limited to commercial software
but can also be used with open source solutions. In the first step,
FE simulation results based on as-designed parameters are trans-
ferred into the common commercial software neutral exchange
data format with forward wrapping tools. In the second step, the
mapping algorithms are applied on these results for a data trans-
fer between different simulations. Finally, the mapping results are
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Fig. 1. Simulation platform for composites.

transferred into a simulation data format with backward wrapping
tools for as-built simulations. As-built FEA is using shell, solid el-
ements etc. with the defined fiber orientations and the assigned
material properties.

For example, Fig. 2 presents two incompatible meshes from
draping and structural simulations on a generic part with two
plies. Instead of a structural mesh, e.g. shell or solid element
meshes for the impregnation and curing simulations can be used.
FE draping plies are represented separately. The structural simu-
lation is employing a mesh based on the designed geometry us-
ing composite layered shell elements. The aim is to transfer FE
fields (fiber orientation, thickness, shear angle, etc.) as output from
FE-based draping simulation assigned to every element or node
(source mesh) into a new structural mesh (target) and define the
new material input data for an as-built analysis.

Fig. 2. Draping (top) and structural (bottom) meshes.
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Fig. 3 shows the road map of the applied methods in this
paper for the mapping algorithm with different incompatible FE
meshes. First, source and target meshes are compared geometri-
cally. A search algorithm is applied to find the reference source el-
ements with as-built data. Second, FE source data are transferred
onto a target mesh. Third, due to an out-of-plane mesh incompat-
ibility, source fiber orientations are projected onto the target mesh
elements. Finally, methods for a stiffness prediction for woven fab-
rics are applied. Every step of this road map is discussed in the
following subsections.

2.1. Searching methods

For a data transfer from a source mesh onto a target mesh
a representative point-element pair (target-source pair) is de-
fined for every composite ply of the composite component. Dif-
ferent techniques can be applied for a transfer of calculation re-
sults between source and target nodes, integration points or cen-
troid points of elements. For example, the nearest point method
[37,38] is used for a quick and efficient transfer for meshes with
small geometric deviations. However, an approach is needed for a
data transfer between incompatible meshes for draping and struc-
tural simulations, which can reduce the number of transfer errors
of FE data. Therefore, a technique based on the FE shape functions
is applied. The following methods can find a corresponding ele-
ment of a source mesh for a point of a target mesh where meshes
represent different geometries and use different elements:

o Global bucket sort algorithm [24-26]
o Extended theory search [28]
 Local point-element testing [39]

At first, a global three-dimensional bucket sort algorithm with a
local extended territory search is applied. To speed up a searching
procedure, the meshes are divided in the buckets by coordinates of
the source and target nodes. These buckets include the references
to FE nodes (Fig. 4). The number of a bucket for a source or a target
node with the coordinates (x, y, z) is defined as follows:

Ng, = WJ +1, 1)
NBy — Ymax‘/‘*/YminJ + .17 (2‘2)
Ng, = WJ ¥, (23)

where Xmax, Xmin, Ymax» Ymin» Zmax» Zmin are maximal and minimal co-
ordinates of source or target nodes and W is a characteristic length
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Fig. 3. Road map of the applied methods.
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Fig. 4. Source mesh with buckets (bold) (left). Average normal of the target node
(right).

of the element edge, here W= 0.7. A bucket number for a source
or a target node i with coordinates (x;, y;, z;) is defined as follows:

. Xi — Xpi
Bl — I i WmmJ ey (2.4)
i Yi — Ymin
B, = | L J+1, (25)
B = %J +1. (2.6)

A list of source elements inside of every bucket is created if at
least one node of these elements lies inside a bucket. Every ele-
ment may be inside multiple buckets or may have multiple nodes
in the same bucket. However, the node should be listed once to
perform the next operations, efficiently.

In the second step, the distance between all points of the tar-
get mesh (nodes or integration points) is compared to the source
elements. The average normals of the nodes are used for a point-
element testing. The searching for a corresponding element in the
extending territory of the element is realized according to the
Zhong and Nilsson theory [28]. An element is considered as a can-
didate for a point-element pair if the target point is located inside
the extended territory of this source element:

Xin < Px = Xingy: (2.7)
e e
Yimin = Py = Ymax (2.8)
Zinin < Pz < Zngy (2.9)
with
Xpin = MiNX; — €, Xy, = Max x; + €, (2.10)
i=1,N, i=1,N,
Yinin = MID Yi — €, Yiax = MaXy; + &, (211)
=1,Ne =1,Ne
min = MIN 2 — &, Zig = MaXz; + &, (2.12)
=5 =1,Ne

e

where (px, py, p;) are coordinates of the target point.

In cases where the point p is located at a certain distance from
the element, the point-element pair will be neglected for a further
processing. If the point should be considered, the extended terri-
tory has to be calculated based on the maximum coordinates of
the element that is growing in a thickness direction by a certain
searching radius.

The local point element testing based on the FE shape functions
identifies the local coordinates (&, 1, u) of the target point p re-
garding the source element of each point-element pair candidate.
The position of this point p can be expressed as

p=x¢.n)+npn’E,n), (2.13)
where:

N
¥E. ) =) NE (2.14)

i=1
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and the element normal n*(&¢, 7n):

N
wE, n) =Y N°¢& mn (215)
i=1
with the interpolation functions of the FE: N;j(&, n), the source
node coordinates: ¥} and the average normal of the node i: n.
The local coordinates (£, 1, i) of the point p are determined
iteratively by minimizing the distance between the real coordinate
of p and the coordinate determined by Eq. (2.13) [39]. A tested
source element in a candidate point-element pair is considered a
matching element if the found local coordinates (&, n) are in the
range from —1 to +1. The third local coordinate |1 can be used to
calculate the distance between the point p and the source element
according to

d=|p—%| = [[un*. 0

2.2. Data transfer

(2.16)

Transfer of the calculation results between the source and tar-
get nodes, integration or centroid points of elements is using the
FE interpolation functions. Every point p is using the source el-
ement values based on the local coordinates. In case of a nodal
value transfer, the new value at the point p is defined as follows:

Ne
=Y NE mf,

i=1

(2.17)

where f7 is the source value at the node, Ne a number of the
source element nodes and f]‘? the new value of the target node.
Here, (€, 1) are the indicated local coordinates of the target node
j with respect to the corresponding source element.

Data transfer from the integration points is realized with ex-
trapolation functions. The field value in an integration point fg can
be calculated as follows:

Ne
=N E

i=1

(218)

where N,-/S(S, n) is the extrapolation function.

The FE interpolation or extrapolation functions with the
weighted or unweighted averaging techniques are used for a relo-
cation of data between nodes and integration points. The weighted
averaging depends on the type and the geometry of the element.

2.3. Projection method for fiber orientation fields

The fiber orientation field is a vector value in a global or de-
fined local coordinate system. Before the source field value is as-
signed to a target mesh, the fiber orientations have to be trans-
formed into a global coordinate system. After this, the global fiber
orientations are projected onto the new target element. It is impor-
tant to take into account that the source elements and the target
elements can be in different planes because of the mesh incompat-
ibility (Fig. 5). A new target element value can be calculated with
a pair-testing for a centroid or every node of this element with a
subsequent averaging technique.

Fig. 5. Source element with the fiber orientation and target element are in different
planes.

Fig. 6 shows possible draping simulation results with material
defects such as fiber waviness or wrinkles. The manufacturing pro-
cess can cause such defects. The FE based calculation, presented
here, uses fabric material properties and friction properties be-
tween tooling and fabric layers, and is capable to reproduce shear
angles and wrinkling defects of textile composite preforms [40].
These results have to be transferred onto a shell element structural
mesh with a representation of these composite material defects.

The question is how big the influence of these defects on the
material properties and the structural behavior [41]. A way stud-
ied in this paper is to determine in-plane effects on a struc-
tural mesh from out-of-plane wrinkling draping defects. A stan-
dard cross product projection is applied for the fiber orientation
transfer. An another approximated solution could be a special pro-
jection method with parameters dependent on the angle between
the source and target planes. However further research is needed
on this topic. The achieved results are discussed in Section 4.

2.4. Material properties prediction for sheared woven structures

Composite materials distinguish between unidirectional
(UD), non-crimped (NCF), woven and braided preforms. Two-
dimensional NCF, woven or braided fabrics are widely used for
automotive and aerospace applications. The architecture of these
materials is established through on or several main yarns with
crimp and undulation effects [42]. Therefore, the material prop-
erties prediction for such materials is defined on the material
characterization results and the mechanics of composite materials
that consider the geometry of the yarns. Fiber volume content
(FVC) and mechanical properties as well as the stiffness and
strength change with a high undulation factor and shear angle
between yarns.

For an equivalent representation of material properties for the
sheared fabrics in a structural analysis, e.g. an angle-ply approach
with a knock down factor can be used [43]. To avoid the deter-
mination of the knock down factors experimentally, additional a
smeared approach can be applied for the prediction of the material
properties [42]. Several modeling technics for such an approach
have been presented in the last years [29-44]. The information of a
shear angle is mostly not used in the analytical approaches. On the
other hand, different FE calculation approaches are existing for wo-
ven and braided fabrics [45,46]. These approaches can be applied
also for sheared woven fabrics. However, it is usually too time con-
suming for industrial solutions. Therefore, well-known analytical
approaches [29,30] are extended and compared for a sheared wo-
ven fabric stiffness prediction based on the mapping results. The

e R

Fig. 6. FE-based draping results for a woven fabric. Shear angle distribution (top).
Out-of-plane wrinkling with the weft fiber orientations (bottom).
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validation of these approaches are done on woven fabric with
RTMBG6 resin system with tensional tests for the shear angle set-ups
of 5/10/15 and 25 degrees. These validation results have been pre-
sented in [36]. The method uses the model of Ishikawa et al. with
reduced UD properties for a stiffness prediction corresponds with
the validation results with minimal deviations. A unit cell repre-
sentation of a woven fabric in this model contains a sinusoidal area
for an undulation description and a straight area for a non-crimped
yarn part. This approach can also be applied for a stiffness predic-
tion of braided fabrics.

3. Mapping applications

Static or dynamic analysis and design of automotive or
aerospace components is realized with FEA. The developed and
implemented simulation platform for composite structures is used
for a static structural analysis in the SIMULIA ABAQUS software
package. FE-based draping simulations are performed with the ESI
Group PAM-Form software package. To analyze how the draping
results affect the structural behavior of a component on a macro
level, several components with geometries ranging from simple up
to complex are investigated.

3.1. A simple geometry

At first, simple source and target meshes are considered for a
node information transfer. Here, the source and the target meshes
are lying on the same surface and the meshe domains are discreti-
sized into different elements. Fig. 7 shows the source and the tar-
get meshes. The source mesh contains the predefined scalar tem-
perature information at the mesh nodes. The mapping results are
presented in Section 4.

3.2. Industrial application

The following industrial applications are investigated together
with industrial partners: a L-profile, a helicopter crash element
(Fig. 8) and a helicopter frame (Fig. 9). The geometry of the L-
profile is single curved. Therefore, in reality, the draping results

Fig. 7. Source mesh (left). Target mesh (right).

Fig. 8. Crash element: one draped source ply (top) and the target mesh (bottom).

Fig. 9. Helicopter frame corner part: one draped source ply (top) and the target
mesh (bottom).

for the L-profile show minimal fiber angle deviations up to four
degrees from the nominal design. The crash element and the he-
licopter frame are more complex. Figs. 8 and 9 show the draping
results for a +45°/-45° ply and structural meshes of these com-
ponents. Both components are manufactured with several plies of
woven fabrics. Here, the source and the target meshes feature an
out-of-plane mesh incompatibly.

3.3. A generic demonstrator

To analyse the mapping results on a complex double curved ge-
ometry, a representative generic geometry was designed. A com-
plex generic geometry is considered for an investigation of a struc-
tural behavior with different lay-ups and process parameters. Here,
one fabric ply is used for the lay-up. Fig. 10 shows the demonstra-
tor geometry with the draping results from PAM-Form solver for a
0°/90° woven fabric ply and the target mesh for a structural anal-
ysis. A draping simulation is performed with a stamping approach.
The mapping and static three point bending test results for this
component are presented in Section 4.

Fig. 10. A generic demonstrator: the draping results (top) and the structural mesh
(bottom).
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It should be noted, that in process simulations finer meshes in
comparison to structural meshes or meshes with the same dis-
cretization as the structural mesh are recommended to minimize
data transfer errors. In the case of a more coarsely source mesh
wrong source element data can be chosen by the mapping in
curved areas. Different element planes can influence the projec-
tion results of fiber orientations onto the target elements. If the
mapping algorithm is applied to the target nodes instead of the el-
ement centroids, it is recommended to use similar discretizations
for the source and target meshes.

4. Results

In this Section, the mapping results of the proposed mapping
algorithms for node and element value transfer without and with
mesh defects and a subsequent material properties prediction are
presented.

4.1. Node value transfer

The node information can content scalar, vector or tensor val-
ues. Cure temperature, displacements and stresses are defined at
every mesh point. Fig. 11 shows an example of temperature values
defined on the source nodes and the transfer of these values onto a
target mesh. This result shows the interpolation method based on
the FE shape functions, which allows a minimal loss of transferred
data.

4.2. Element values transfer

Here, we consider fiber orientation values that are defined dur-
ing an FE-based draping simulation on the demonstrator geome-
try. The PAM-Form solver was used for a draping stamping process
with a 0°/90° woven fabric ply. The fiber orientations for weft and
warp fibers are given in a global coordinate system. A correspond-
ing structural mesh is defined on the designed geometry with lay-
ered shell elements. The material orientations are defined locally
on the element edges. Figs. 12 and 13 demonstrate the shear angle
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Fig. 11. The source (left) and target (right) meshes with temperature values at
nodes.
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Fig. 12. Source mesh of the demonstrator: shear angle distribution.

Fig. 13. Target meshes of the demonstrator: shear angle distribution [36].

distribution on the draping mesh and the mapped shear angle dis-
tribution on the structural mesh. The maximal shear angle of 26.5°
is observed.

4.3. Effects of mesh defects

As discussed in Section 2, fiber orientations can be sensible for
a transfer if the source or the target meshes content out-of-plain
areas in relation to the initial geometry. In this example, a frag-
ment of a source mesh with wrinkling defects of a woven fab-
ric is shown. Fig. 14 illustrates such a fragment with the corre-
sponding target mesh and demonstrates mapping results for warp
and weft fiber orientations. The standard cross product projection
is used for a projection of the source fiber orientations onto the
target mesh. The mapped local fiber orientations are different to
source orientations due to different finite elements in the source
and target meshes. Furthermore, the out-of-plane defects influence
the local orientations and therefore produce different orientations

Fig. 14. Source draping mesh with the weft fiber orientation (top left). Source
(black) and target (blue) meshes (top right). Target mesh with mapping results for
the warp (bottom left) and weft (bottom right) fiber orientations.(For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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in neighboring elements. In general, out-of-plane wrinkling leads
to in-plane-wrinkling on the structural mesh after the consolida-
tion process. Here, the transfer of the fiber orientations increases
the shear angle and stiffness values for some structural elements.
FVC based on the fiber orientations and the thickness values is
changing as well. In reality, a stiffness degradation is expected in
these areas. Therefore, the wrinkling effect can be mapped only
partially due to restrictions by the standard cross product projec-
tion method.

4.4. Stiffness prediction

To show how important it is to predict stiffness values for wo-
ven fabrics based on the mapping results, a three point bending
test for the demonstrator is undertaken. The material prediction
methods are applied for the target mesh. The stiffness prediction
method from Section 2 defines the engineering constants in the
material cards of the elements. A static structural analysis is per-
formed for a three-point bending test on one 0°/90° woven epoxy
ply with as-designed and as-built configurations. The load defini-
tion is a displacement of -1 mm applied at the top area of the ge-
ometry (Fig. 15).

Fig. 16 illustrates two load-displacement responses for simu-
lation results based on following configurations: initial material
properties for the woven fabric and material properties with the
approach from Section 2 using mapping results for warp, weft
fibers and thickness fields. These results show a difference of up
to 38%.

Fig. 15. Simulation of the three point bending test.
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Fig. 16. The resulting load-displacement response for the as-designed and as-built
configurations.

5. Conclusion

Process simulations of composite structures are seaming less in-
tegrated into structural analysis. This paper presented mapping al-
gorithms with the focus on fiber orientation transfer for UD, NCF,
woven or braided fabrics and subsequent material properties pre-
diction between incompatible meshes. A definition of the fiber ori-
entation needs a reference system that can be changed from mesh
to mesh. Incompatible meshes from draping and structural analy-
sis are discussed. Only the transfer of FE data is not sufficient for a
realistic structural analysis and the subsequent design of complex
components with e.g. draped UD, NCF, woven and braided fabrics.
Stiffness predictions based on shear angle and thickness variation
is shown with an extended validated analytical approach for the
sheared woven composite materials.

The discussed methods are applied for a data transfer between
draping, infiltration, curing and structural meshes. The solid ele-
ment meshes are simplified to a shell surface representation. The
implemented simulation platform for composite structures allows
exchanging FE simulation data based on the predefined common
data format and calculating additional properties: FVC, permeabil-
ity and engineering constants. The common data format represents
FE data from several FE solvers in a container data structure.

The material defects such as gaps, overlaps and out-of-plane
wrinkling change stiffness and strength properties of the compos-
ite structure. The problem of the out-of-plane-winkling represen-
tation on a structural mesh is addressed for further detailed re-
search due to restrictions by the standard projection method. The
presented method is capable to determine weak areas partially of
the composite part. The detected areas can be taken into account
by a design step. If the target mesh is an deformed source mesh,
then the mapping algorithm has to use a parametric projection for
a data transfer. Furthermore, the proposed methods can be applied
for the data exchange between manufacturing robots or measuring
sensor data and simulation software packages for a detailed quality
control of manufacturing processes.
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