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Abstract—Developing detailed Finite Element Models related
to aerospace, automobile, civil, material science etc could be a
very challenging task, especially generating a mesh that could
produce accurate results. This review article provides an overview
of different types of structural mechanics problems which are
of interest to researchers and recent developments in meshing
methodology related to each type of problems. The article also
describes an automatic 2D mesh generation framework leverag-
ing the capabilities of commercial FEA software MSC.PATRAN.
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I. INTRODUCTION

Design of structural components are constrained optimiza-
tion problems that requires analysis and constraint determi-
nation related to strength and buckling. This often requires
the development of complex three-dimensional mathematical
models. One of the most popular numerical techniques for
solving such problems is the Finite Element Method [?], [1].
Broadly speaking, the Finite Element Method is a technique
to solve ordinary and partial differential equations for which
no close-form solutions exist. In this method, the continuum
domain is divided into a finite number of cells which are called
elements. Within each of them, the solution is approximated
using a class of functions. The following sections of this
article describe the method and science behind mesh gen-
eration to solve complicated structural problems and recent
developments in this field.

II. LAMINATED PLATES MODELING

One of the capabilities currently available in commercial
software packages like ABAQUS [2] includes 3D modeling of
laminated composite structures. Knight et al. modeled a lami-
nate composite plate with a hole at the centroid is modeled in
ABAQUS [3]. One of the possible approaches for modeling a
composite laminate involves representing each ply of material
with an individual layer of 3D finite e lements. T he example
in Figure 1 shows the meshing capabilities of ABAQUS for a

Fig. 1. Laminated Plate with Hole Model; each Ply is Modeled by one Layer
of C3D8 Brick Elements
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Fig. 2. Displacement vs Load Behavior of a Laminated Plate with a Hole;
Different Modeling Approach Comparison

laminated plate with a hole and characterized by eight plies.
Each ply of the laminate is meshed using one layer of 8-nodes
C3D8 brick elements. The built-in partitioning technique in
ABAQUS is used to automatically generate the mesh around
the hole in the structure. It is necessary to ensure that a
sufficient number of elements are generated around the hole
in order for the analysis to achieve converged results.

III. DELAMINATION PROCESS MODELING

The modeling of the delamination onset and propagation
process requires the use of 3D solid elements for a proper
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Fig. 3. Mesh of an L-Shaped Laminated Composite Structure Generated for
Delamination Analysis
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Fig. 4. Displacement vs Load Behavior of the L-shaped Composite Structure
Modeled by Wimmer

analysis. The example presented in Figure 3 shows an L-
shaped composite structure used by Wimmer et al. [4] for the
purpose of studying the delamination process in these types
of structures. The plies of this laminated structure were also
modelled independently using the same techniques as were
mentioned earlier. The load-displacement behavior for the L-
shaped structure is shown in Figure 4.

IV. MODELING OF 3D MICROSTRUCTURES

The Voronoi Cell Finite Element method [5] is a technique
for micro-mechanical modeling of materials characterized by
the presence of non-uniform heterogeneous microstructures,
as seen in real micrographs. The Voronoi cell FE model
evolves by tessellation of the microstructure to result in
morphology based network of multi-sided Voronoi polygons
or polyhedrons. The Voronoi diagrams can be generated in
Mathematica using the add-on package called “Computational
geometry” as in Zhao et al. [6]. The geometry of each Voronoi
polygon is described in terms of its vertices. These geometrical
data are transferred via an interfacing computer code to a
selected mesh generator, as MSC.PATRAN or CadFIX, to form
points (vertices), lines (polygon boundaries, grain boundaries)

and surfaces (polygons, grains). This process is detailed by
Weyer et al. [7]. Ghosh [8] developed a framework, called
3D-VCFEM, for analyzing microstructural stresses and strains
in linear elastic domains containing ellipsoidal inclusions or
voids.

The meshing software Neper has been used in generating
Voronoi tessellations as discussed in Quey et al [9]. Neper is
built around three modules of which Module -M is dedicated
to microstructure meshing. The input data is a tessellation
file (.tess). The mode of generation of such input files are
detailed in [reference manual]. Once the input data is gen-
erated, Module-M offers capabilities like free unstructured
meshing (tetrahedrons) and mapped meshing (hexahedrons)
of microstructures. The output mesh can be written in several
formats, including the Abaqus ’.inp’, the Zset ’.geof’, and
the Gmsh “.msh’ and hence can be interfaced with other
commercial FEM software.

V. MODELING OF CRACKS/HOLES

Several numerical methods have been successfully em-
ployed to solve problems involving cracks and/or holes in
3D structures. These methods are the dual element boundary
method [10], the natural element method [11], and the NURBS
based iso-geometric element method [12].

Composites have been analyzed using numerical and exper-
imental methods for a long time. Zhang et al. [13] presented
a comprehensive literature review of developments in finite
element analysis of laminated composite plates from 1990-
2008. Delamination or interfacial cracking between composite
layers is unarguably one of the predominant modes of failure
in laminated composite and has been studied for almost the
past 30 years. A. C. Garg [14] discussed at length about
delamination as a damage mode in composite touching top-
ics like causes, effects and ways to suppress delamination.
V.V. Bolotin [15] presented research in the mechanics of
delaminations and related crack-like defects in laminate and
fiber composites considering both internal and near-surface
delaminations. Liu et al. [16] presented a review on the recent
developments for the methodologies in progressive failure
analysis of composite laminates.

When material non-linearities are small, methods based on
Linear Elastic Fracture Mechanics (LEFM) can be effective in
predicting delamination growth. But LEFM requires that an
initial crack be present. Some of the earlier works involved
methods combining a stress analysis with a characteristic
distance to predict the initiation of delamination [17], [18].
LEFM can be used to predict delamination growth after the
onset of crack [19]-[21].Techniques such as virtual crack clo-
sure technique (VCCT) [22]-[24], Virtual crack extension [25]
and stiffness derivative [26] have often been used to predict
delamination growth. These methods can be used to calculate
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the components of the energy release rate. Cohesive zone
modeling using de-cohesion elements have been presented
in the work of Shahwan et al. and Goyal et al. [27], [28].
Cohesive interface elements have been applied to problems
where the crack paths are not known a priori. Makhecha [29]
used cohesive zone modeling method in modeling adhesive
failure in bonded joint. However all the methods discussed
above have their drawbacks which is that the interface fracture
or the cohesive finite elements need to be placed between the
plies where the delamination would be predicted to occur. In
VCCT method, the calculation of fracture parameters requires
nodal variables and topological information of nodes ahead
and behind the crack front. Such calculations may require re-
meshing as crack advances. Most of the time the location
of delamination is unknown and hence there is a necessity
to place such elements between all layers which significantly
increases computational cost.

To resolve the issue of having a lot of cohesive zone
elements at the interface, several enriched finite element
formulations have been proposed, as per example by Moes
et al. [30] and Remmers et al. [31]. The Extended Finite
Element Method (XFEM) which allows for mesh independent
representations of discontinuities (e.g. cracks and delamina-
tions) by introducing kinematic enrichment locally in the
vicinity of the propagating crack was also used to simulate
delamination [32]-[35]. The major advantage of this method
is that it simplifies preprocessing by lifting the requirement
for the mesh to conform to the geometry of the growing
delamination. The interaction between the delamination plane
and the mesh is resolved during the solution step by using
enrichment functions.

However, implementing the XFEM requires special integra-
tion techniques [36], computational geometry algorithms to
perform the mesh-geometry interaction, pre-conditioners [37].
It’s implementation [38] is therefore more involved than most
standard methods.

Several researchers have worked on developing newer el-
ement formulations to simulate delamination behavior in the
recent past. Eijo et al. [39] presented a numerical method based
on the Refined Zigzag Theory (RZT) to model delamination in
composite laminated plate/shell structures. It was an extension
of the beam delamination model to plate/shell structures
using the QLRZ element.Abdullah et al. [40] developed a
new element which could be transformed into two physically
independent 4-node shell elements. This separation into two
shells is governed by a delamination criterion. lannucci [41]
proposed an interface modeling technique for explicit FE
codes. The formulation is based on damage mechanics and
uses only two constants for each delamination mode; firstly,
a stress threshold for damage to commence, and secondly,
the critical energy release rate for the particular delamination
mode. The model was implemented into the commercial FE
software LS-DYNA3D. Pietropaoli et al. [42] enhanced the

VCCT technique by a front-tracing algorithm and suitable
expressions for the evaluation of the Strain Energy Release
Rate when dealing with non-smoothed delamination fronts.
Larsson et al. [43] focused on the consistent incorporation of
a dis-continuum with a regularized strong discontinuity in the
context of shell kinematics. Nguyen et al. [44] developed iso-
geometric cohesive elements for two- and three-dimensional
delamination by exploiting the knot insertion algorithm di-
rectly from CAD data to generate cohesive elements along
delamination. Mi et al. [45] developed a procedure, which
could be incorporated within the non-linear finite element
method, based on the use of interface elements in conjunction
with softening relationships between the stresses and the
relative displacements.

VI. MODELING SHELL-TO-SOLID COUPLING

Shell-to-solid coupling- minimizes the discontinuity dis-
placement and generalized force field between two compo-
nents, one of which is meshed using solid elements while
the other meshed with shell elements. This method is widely
used in global-local analysis and optimization of assemblies
containing parts that require to be meshed with solid elements
to capture the details and thin components for which shell
elements might be good enough. The major challenges in
Solid-to-shell coupling are:

1) The solid and the shell parts are usually meshed with
elements of different element size with results in the discon-
tinuity between nodal positions

2) The rotational degrees of freedom of the shell elements
are needed to be transformed to the translational degrees of
freedom of the connected solid elements

3) For each type of shell elements, the ‘directors’ (thick-
ness direction assigned at the nodes of shell elements) are
formulated differently, and the coupling is dependent on this
formulation

4) For problems involving large rotations, the “current
configuration” (after rotation) must be taken into account.

SIMULIA/Abaqus including Abaqus/Standard,
Abaqus/Explicit, and Abaqus/CAE have the capability
has the capability to handle solid-to-shell coupling and has
the following characteristics:

1) The motion of the nodes located on the edge of a shell
model is coupled with the motion nodes on the solid surface
using an internally defined set of constraints.

2) It defines the region of influence on the solid surface and
automatically
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3) It automatically selects the coupling nodes located on the
solid surface within a defined region of influence

4) Compatible for 3D stress computation

5) It can handle problems with misalignment of nodes of
solid and shell elements

6) It can be used for both geometrically linear and nonlinear
analysis.

For each shell node involved in the coupling, a distinct
internal constraint is created with the shell node acting as the
reference node and the associated solid nodes acting as the
coupling nodes. The internal constraint distributes the forces
and moments acting at its shell node as forces acting on the
related set of coupling surface nodes in a self-equilibrating
manner. ABAQUS allows the user to define the parameters:
‘position tolerance’ and ‘influence distance’ which determines
the nodes on the shell-edge and nodes the solid surface that
will be coupled. If the user do not define these parameters,
ABAQUS takes default values for these parameters.

Position Tolerance: The parameter ‘position tolerance’
controls the selection of which shell nodes are involved in
the shell-to-solid coupling according to how far they are
from the solid surface. The solid surface can be specified as
‘element-based’ and ‘node-based’. For ‘element-based’ surface
the distance tolerance is defined as the projected distance along
a line from the shell node to the closest point on the solid
surface. On the other hand, for ‘node-based’ surface definition,
the distance tolerance is the distance of a shell node to the
closest node on the solid surface.

Influence Distance: This parameter is also known as ge-
ometric tolerance and used to control the node on the solid
mesh. For a given node or element facet on the solid surface
to be considered in the coupling constraint, its perpendicular
distance from at least one edge facet must be less than or equal
to the ‘influence distance.’

VII. 2D AUTOMATIC MESH FRAMEWORK EXAMPLE

The Unitized Structure Group at Virginia Tech aerospace
and ocean engineering department developed a framework
for the automatic meshing of curved surfaces defined in
the tri-dimensional space. In particular, this framework is
applied for the rapid mesh generation of aircraft wing and
fuselage, including the internal structural elements as spars,
ribs, curvilinear SpaRibs, frames and stringers. In addition, the
same framework is used for generating the mesh of stiffened
and unstiffened quadrilateral panels characterized by generic
shape.

This framework leverages the geometric and meshing capa-
bilities of MSC.PATRAN through the generation of so-called
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MSC.PATRAN Session File

Matlab
Script

NASTRAN
Input

Fig. 5. Mesh Generation Process for surfaces in tridimensional space
Capabilities

session files. A Python script generates an MSC.PATRAN
session file containing all the instructions needed for generat-
ing the aircraft or panel geometry and mesh, given a set of
design variables. The session file is then executed leveraging
Windows or Linux shell commands and files containing the
geometry, the finite element mesh and the finite element model
are generated. The framework is set up to create a NASTRAN
input file ready for the analysis. [46]-[53] Figure 5 shows the
process briefly described above.

The capabilities of the 2D meshing framework are briefly
outlined in the following:

Geometry generation: The automatic mesh generation
tool developed by the unitized structure group is capable of
generating the complete geometry of a generic quadrilateral
panel with straight or curvilinear stiffeners. Different kind
of stiffeners can be modeled, including blade stiffeners, L-
shaped and T-shaped stiffeners. In addition, grid stiffened
panel can be modeled and analyzed [54]. The geometry and
mesh of a complex aircraft can be created along with the
internal structural members. Spars and ribs can be straight
or curvilinear [55], [56].

Mesh generation: This tool is able to mesh panels and wing
geometry with CQUAD4 and CTRIA3 elements type. Stiff-
eners, spars and ribs caps and fuselage frames and stringers
can be modeled using CBEAM elements. Connection between
control surfaces and the main structure can be modeled
with RBE2 and RBE3 elements. Concentrated masses (for
engine modeling or fuel loading simulation) are modeled using
CONM1 elements.

Finite element attributes: It assigns material properties,
boundary conditions and load conditions can be set automati-
cally.

Analysis supported: The tool can automatically generate
MSC.NASTRAN ready to use input files for the following
solution sequences: SOL101 (linear static analysis), SOL103
(modal analysis), SOL105 (buckling analysis), SOL144 (static
aeroelastic analysis) and SOL145 (flutter/aeroservoelastic
analysis).

Post-processing: MSC.NASTRAN analysis results can be
retrieved for further computations and or visualization.
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Optimization: This tool can be used as a standalone ap-
plication for running one analysis or in a chain of tools in
a multidisciplinary optimization framework [55], [57]. Show
some of the finite element models created using the mesh
generation tool.

VIII. ISOGEOMETRIC METHOD OF ANALYSIS

Even though the Finite Element Method is the most pop-
ular method of analysis, data transmission back and forth
between Finite Element Analysis and Computer-aided Design
is relatively expensive. Isogeometric Analysis [58] has been
successful in merging these two fields in the recent past. De-
varajan et al. developed Isogeometric finite element approach
(IGA) in combination with the first-order deformation plate
theory (FSDT) for thermal buckling analysis of laminated
composite plates [59]-[66]. The IGA utilizes non-uniform
rational B-spline (NURBS) as basis functions, resulting in both
exact geometric representation and high order approximations.
It enables to achieve quickly the smoothness with arbitrary
continuous order. The analyses have been performed using
Bezier extraction and conventional IGA. In traditional isoge-
ometric analysis, the basis functions are not confined to one
single element but span a global domain, whereas the Bézier
extraction operator decomposes a set of linear combinations of
Bernstein polynomials. The work involves B-splines, NURBS,
and the concept of Bézier decomposition of these spline
functions. Bézier extraction eased the implementation into an
already existing finite element code.

With the advent of More Electric Aircrafts [67], solving
thermal and structural problems are of utmost importance in
the aerospace industry. A static thermal, structural validation
problem has been developed for both constant and linear ther-
mal temperature variation along the thickness. The influences
of length-to-thickness ratio, aspect ratio, boundary conditions,
stacking sequence, and material property on the critical buck-
ling temperature have also been studied. Devarajan et al. also
explain the procedures implemented for stress recovery and
computing the geometric stiffness matrix. Numerical results
of circular and elliptical plates will be provided to validate
the effectiveness of the proposed method as compared to
traditional FEA.
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