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Geometrically nonlinear analysis of
thin-shell deployable structures:
NURBS-based isogeometric elements
are slower than standard Lagrange
polynomial finite element formulations

Narravula Harshavardhan Reddy' and Sergio Pellegrino?

Abstract

Isogeometric formulations of thin shells provide accurate geometric descriptions and deformation fields with higher-
order continuity. They use only translational degrees of freedom and require smaller-sized models than standard
finite elements with bilinear shape functions, which include both displacement and rotational degrees of freedom.
This paper analyzes the folding of a prototypical thin-shell deployable structure, a tape spring, using both NURBS-
based and bilinear Reissner-Mindlin finite elements available in the software LS-DYNA. It is found that the analysis with
isogeometric elements is three times slower than the analysis with bilinear Lagrange polynomial elements. Use of high
aspect ratio meshes in the regions of the tape spring that do not deform significantly during folding leads to significant

improvements in speed for both types of elements, but the difference in performance remains.
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Introduction

Thin-shell structures play a unique role in aerospace struc-
tures, due to their unique advantage for achieving high stiff-
ness combined with mass efficiency!. Over many decades,
countless studies have addressed their initial buckling and
post-buckling behaviors, with significant emphasis placed
on the sensitivity of thin shells to geometric imperfec-
tions?. While buckling had been traditionally treated as a
failure mode, recently, it has been realized that the post-
buckling behavior of thin-shell structures can be exploited
to achieve certain specific and very desirable functional-
ities**. Hence, new important application areas include
deployable! and morphing™® structures, and actuators’®.
The analysis of such structures and applications demands
highly geometrically non-linear simulations, and the com-
putational cost of design optimization is prohibitively high.
Advancing this field necessitates the development of faster
computational tools. This study evaluates the effectiveness
of a recently developed computational method for structural
mechanics—NURBS-based thin-shell finite element analy-
sis—for the simulation of deployable structures.

It is generally assumed that the best numerical represen-
tation of the kinematics of thin shells is achieved with the
Kirchhoff-Love model, which assumes that the rotation of
the mid-surface normals in the deformed configuration fully
defines the deformation throughout the shell®. However,
this model requires C1-continuity in the displacement field,
which cannot be achieved with the Lagrange polynomial
shape functions that are widely used in currently available
software. Therefore, most existing thin-shell finite elements
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are based on the Reissner-Mindlin model, which assumes the
rotation components of the mid-surface normal as additional
variables and can thus provide continuity in the rotation
field 1°.

Isogeometric analysis (IGA) provides a promising
alternative to standard finite element formulations for
thin shells by offering higher-order continuity, thereby
enhancing geometric fidelity and computational efficiency
in the analysis of thin-shell structures'!'. IGA has garnered
significant attention as it promises better approximation
for the analysis of shell structures by utilizing the same
high-order functions that exactly define the geometry
in CAD also for the finite element approximation. The
initial geometry is accurately defined, irrespective of mesh
density, thus eliminating geometric approximation errors
associated with conventional discretization techniques. The
shape functions used in CAD—such as B-splines, Non-
Uniform Rational B-Splines (NURBS), and other parametric
representations—naturally extend across multiple knot spans
(or ‘elements’), inherently maintaining continuity between
the elements. This formulation can support higher-order
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continuity, including Cl-continuity for slopes and C2-
continuity for curvature. An early development of a shell
element formulation based on IGA'?> was followed by
many further developments '*~'®. However, despite the use of
smooth, higher order shape functions, NURBS-based shell
elements are still susceptible to numerical locking, although
there have been successful attempts to avoid geometrical
locking effects at the theory level %2,

Several studies have highlighted the advantages of IGA for
the buckling analysis of plates and shells>'~>*, demonstrating
that NURBS-based formulations can achieve convergence
with fewer degrees of freedom than standard finite element
formulations. However, to date, there has been no direct
comparison of the computational effort required by NURBS-
based elements for geometrically nonlinear problems such
as folding simulations. In this study, we fill this gap by
simulating the quasi-static, geometrically nonlinear bending
of the most fundamental deployable structure, a tape spring.

A tape spring, which is a longitudinally straight and
transversely curved strip of uniform thickness, capable of
elastic folding, self-deployment, and latching >>°°, is chosen
as a test structure for the study.

Tape springs can be bent longitudinally to create localized
elastic folds. When bent longitudinally, in the opposite
direction to the original transverse curvature, they experience
a sudden snap-through buckling, leading to the formation
of a localized fold. Conversely, bending tape springs
longitudinally in the same direction as their transverse
curvature results in a gradual fold formation through a
combination of bending and torsion?’. In both scenarios,
the elastic fold is surrounded by relatively undeformed
regions on either side of the tape spring. Upon release
from the folded state, tape springs naturally return to their
straight, undeformed shape. Due to their simple geometry,
reliable self-actuation, and ease of fabrication, in recent
years, tape springs have been widely adopted as components
of spacecraft structural systems.

In this study, which laid the foundation for a recently
completed PhD research project on the deployment of
complex thin-shell space structures®®, multiple simulations
of the opposite sense bending of an isotropic tape spring
with an initial circular cross-section were carried out. Two
different numerical formulations were used, first a finite
element formulation with biquadratic and bicubic NURBS-
based shape functions and, second, a formulation based on
bilinear Lagrange polynomial shape functions. The number
of degrees of freedom required for convergence and the
CPU times required for an accurate prediction of the
nonlinear moment-rotation relationship were compared. In
an additional comparison, high-aspect-ratio meshes were
used for both formulations, to model the less deformed
regions of the tape spring, on either side of the elastic fold.
This targeted meshing significantly reduced the number of
variables and computational resources required to achieve
convergence. All of these comparisons showed that while
NURBS-based IGA converges with fewer variables, actually
it is computationally more expensive.

The structure of the paper is as follows. The next section
outlines the two thin-shell formulations and details the
commercial finite element software, including the elements
and solvers, that was used in this study. This is followed
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by a section that introduces the selected tape spring and
the associated boundary conditions. Subsequent sections
present the simulation results using uniformly-sized bilinear
elements, and biquadratic and bicubic NURBS-based
elements, respectively. The following section discusses
results obtained with high-aspect-ratio meshes applied to
the less deformed regions of the tape spring. The paper
concludes with a discussion of the findings.

Background

This section presents a short introduction to thin-shell finite
elements and solvers available in the commercial finite
element package LS-DYNA, that was used for the present
study.

Bilinear finite elements vs. higher-order NURBS
elements

Isogeometric analysis derives its name from the use of
the same shape functions that describe the initial geometry
of the CAD geometry to also define the finite element
discretization. NURBS, the most commonly used shape
functions, allow an exact description of conical sections
irrespective of the size of the finite element mesh. On
the other hand, bilinear finite elements provide a faceted
representation of the actual geometry.

This difference is shown in Figure 1 for the case of a
cylindrical surface. Figure 1(a) shows the finite element
discretization of the surface using C'°—continuous bilinear
elements and Figure 1(b) shows the exact representation
of the surface using biquadratic, C'' —continuous NURBS
elements. In both of these meshes, four elements are used
in the longitudinal and circumferential directions, although
one NURBS element would be sufficient in Figure 1(b).
The corresponding linear polynomial shape functions and
the quadratic B-Spline polynomials in one of the parametric
directions for one of the internal elements are shown in
Figure 1(c) and 1(d), respectively.

Notice that the B-Spline polynomials span across more
than one element, ensuring higher-order inter-element
continuity as opposed to the linear polynomials that offer
only C°—continuity. Each bilinear element is supported
by two basis functions in each direction, and hence needs
four nodes in total. In contrast, each biquadratic element is
supported by three basis functions in each of the parametric
directions, see Figure 1(d), and hence there are nine control
points in total. Also note that all of the nodes supporting the
bilinear element lie on the element boundaries whereas the
control points supporting the NURBS element do not lie on
the surface.

It must also be noted that, despite the mentioned
differences in the kinematic formulation of these elements,
the rest of the finite element formulation can be essentially
the same.

NURBS-based elements

Given a set of control points P; (:=1 to n) and
corresponding weights w;, an approximating NURBS curve
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Figure 1. Finite element discretizations of cylindrical shell
using a 4 x 4 mesh of (a) bilinear elements and (b) biquadratic
NURBS elements. The dots represent the control points; the
element shaded in blue has support from nine control points,
shown as blue dots. (c) Bilinear basis functions and (d)
quadratic B-Spline basis functions with the knot vector
=={0,0,0,0.25,0.5,0.75,1,1,1}, in one of the parametric
directions €.

is defined as

C(&) = R, (&P;, (1)
=1

where the rational polynomial basis functions are defined as

wz‘Nz‘,p(f)
Z?:l wiNi,p(g) ’

and the B-Splines N;, of polynomial degree p are
constructed from the Cox de Boor formula?’ for a given knot
vector E={& =0,...,&,...,&{gpy1 = 1} (with & <
§it1)-

For example, rotation-free biquadratic elements (p = ¢ =
2) with 3 degrees of freedom are supported by (p+ 1) X
(¢ +1) =9 basis functions and the size of the element
stiffness matrix is 27 x 27.

The knot vector = is termed open or clamped if the
first and last knots are repeated p+ 1 times. In such a
situation, the approximating curve passes through the first
and last control points as well as being tangent to the control
polygon at these points. This facilitates the application of
displacement and slope boundary conditions. The B-Spline
basis functions are C?~* continuous at a knot of multiplicity
k (k = 1 at the interior knots, in the present study), and hence
continuity at a knot can be easily controlled by repeating that
knot.

The following aspects of NURBS-based isogeometric
analysis are particularly relevant to the present study.

Rip(€) = 2

1. The control points do not necessarily lie on the actual
surface, but open knot vectors are used to ensure that
the surface passes through the control points along the
edges of the model.

2. Non-zero knot spans are defined as ‘elements’ and
their control points are defined as ‘nodes’.

3. The degrees of freedom of the model are defined at the
control points, and the boundary conditions are applied
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at these points. Purely displacement-based or rotation-
free shell elements are used in this study.

4. Gauss quadrature is employed for numerical inte-
gration at the element level. Full integration uses
(p+1) x (¢+ 1) integration points while uniformly
reduced integration uses p X ¢ integration points.
Fully integrated shell elements are likely to suffer
from geometrical locking effects such as shear and
membrane locking.

Shell elements in LS-Dyna

Simulations of the quasi-static, end-rotation-controlled,
opposite-sense bending of an isotropic tape spring were
conducted using the commercial finite element package LS-
DYNA, version R11.1, with standard type-16 shell elements.
This element type, denoted as ELFORM=16 within the
software, is a fully-integrated planar shell element with 2 x 2
Gauss points and featuring assumed strain interpolation to
mitigate locking effects. It provides five degrees of freedom
per node in local coordinates.

NURBS-based isogeometric analysis was
implemented in the same software using the keyword
*Element_Shell Nurbs_Patch. Surfaces were both
defined and meshed using NURBS-based elements, with
geometry imported in .iges format through an open-source
toolbox developed by Spink *’. The elements are rotation-
free and use a Reissner-Mindlin shell formulation with
kinematics based on a degenerated solid approach developed
by Hughes and Liu?'. Both full and uniformly reduced
Gauss integration were investigated.

All simulations employed the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) quasi-Newton solver with automatic load
incrementation and without arc-length control. LS-DYNA
offers extensive solver control options, requiring careful
selection of numerous parameters. The parameter set that
proved effective across all simulations is summarized in
Table 1, with default values applied for any settings not
explicitly listed. Solution control parameters and boundary
conditions were consistent throughout the study. All keyword
files were compiled in double precision (note: LS-DYNA
Implicit does not support single precision) and executed via
LS-Run on a single CPU of a 12-core, 24-thread Intel Xeon
X5680 @ 3.33 GHz system.

Table 1. Parameters used for the *Control keyword. Default
values were used for other parameters.

*Control_Implicit_Auto

IAUTO ITEOPT ITEWIN DTMIN  DTMAX

1 25 20 0.01 1.0

*Control_Implicit_General

IMFLAG DTO FORM
1 0.05 0

*Control_Implicit_Solution

NSOLVR ILIMIT MAXREF DCTOL ECTOL DNORM
12 21 25 0.0001 0.001 1
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Case Study

The tape spring considered here is a longitudinally straight
cylindrical shell with uniform thickness and circular arc
cross-section as shown in Figure 2(a). Both ends of the
tape spring are assumed to be bonded to rigid plates which
prevent any cross-sectional deformation at the ends. The end
plates are rotated about axes perpendicular to the plane of
symmetry of the structure (shown in Figure 3(a)) to impose
a relative rotation 6 between the end sections. Initially, the
reaction bending moments M at the ends rise monotonically
with the rotation, as shown in Figure 2(b), until the tape
spring snaps dynamically and the reaction moments drop
suddenly. At this point, an elastic fold forms and the bending
moment becomes constant as 6 is further increased. After
buckling, the tape spring behaves as a constant-moment
elastic hinge in the regime depicted in Figure 2(c). Note that,
despite the large rotations, the (bending) strains in the tape
springs are small throughout this deformation, due to the
small thickness.

Figure 2. (a) Schematic of tape spring of length L, radius of
cross-section R, thickness t and subtended angle «. (b) Tape
spring under opposite sense bending, and (c) schematic of
post-snap-through configuration with elastic fold in the middle.

The geometric properties (defined in Figure 2(a)) and the
elastic properties (Young’s modulus £ and Poisson’s ratio v)
of the tape spring are presented in Table 2.

Table 2. Properties of tape spring chosen for the case study.
L R t « E v
200 mm 110° 131 GPa 0.3

10mm 0.1 mm

Instead of rotating the two end plates, a set of simpler but
equivalent boundary conditions were used in the simulations.
The right-hand plate was fully clamped and the left-hand
plate was rotated through a clockwise rotation of magnitude
0, as indicated in Figure 3(a).

A reference point (massless node) RP (see Figure 3)
was introduced at the intersection of the centroidal
axis of the undeformed tape spring with the left-
hand side end cross-sectional plane. To simulate the
rigid plate at this end, all of the nodes (or control
points) at this cross-section were kinematically constrained
to RP using the keywords *Extra_Nodes_Set or
*Constrained_Nodal_Rigid_Body. Thus, the rigid
body translation and rotation of the left end of the tape

Prepared using sagej.cls

spring were controlled by RP. Although only translational
degrees of freedom are defined at the control points for
the isogeometric analysis, it should be noted that rotational
degrees of freedom were also defined at the reference point.

Y
7 )
1 Centroidal
zZ X \ Axis
\ clamped
RP Symmetry plane edge
g:o 0 U=V=w=0
x=— Ox=0y=07=0
o0 (a) x=0y=0z
U=v=w=0 Oy
e = 0:-2m20)
= X = = TR Y.V
RP LN ez zw
g=9_9 U=V=0 XU
=
Oy=02=0 (b) “0x

Figure 3. (a) Boundary conditions for bilinear finite elements,
(b) boundary conditions for rotation-free NURBS-based
elements. Nodes at the left end are kinematically constrained to
the reference point RP.

When an open knot vector is used along a parametric
direction, the resulting NURBS surface becomes tangent to
the control net, i.e. the faceted surface defined by dashed
lines in Figure 3(b)!!. Because of this property, the fully
clamped boundary condition on the right-hand side of the
tape spring could be imposed by means of the constraints
defined in Figure 3. The reaction moment M about the X-
axis at the clamped end was calculated using the Z-direction
reaction forces at the nodes (or control points) along the
clamped edge. For static equilibrium, the moment at the other
end is equal in magnitude but in opposite direction.

Simulations with Bilinear Elements

This section presents the results obtained from the LS-DYNA
simulations using uniform meshes of 4-node, bilinear type-
16 shell elements described in the section Shell Elements in
LS-Dyna.

Figure 4 presents the results of the convergence analysis
that was performed. The resisting moment M increases with
the applied rotation # until a peak moment of about 300
Nmm is reached at a rotation 6 ~ 12.5 deg. After going past
this limit point, the tape spring undergoes dynamic buckling,
leading to the formation of an elastic fold, which offers
a steady resistance of approx. 29 Nmm across the range
0 = 12.5 — 50 deg.

Figure 4(a) shows the M vs. 6 relationship for four
uniform meshes in which the number of longitudinal
elements increases from 30 to 50 and the number of
circumferential elements is equal to 15. A reference
solution with 100 elements longitudinally and 20 elements
circumferentially (labelled 100 x 20) is also presented. Note
that these simulations do not track the unstable behavior after
the limit point, and hence a sharp fall in the moment M
is predicted. The full equilibrium curve can be traced with
an arc-length solver, and further details can be found in?,
Note that the results converge for a uniform mesh of 40 x 15
elements. Figure 4(b) examines the sensitivity of this result
to the number of circumferential elements, and shows that 15
elements are sufficient for convergence.
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Figure 4. Convergence analysis using type-16 shell elements.
m x n refers to m and n uniformly distributed elements in
longitudinal and circumferential directions, respectively. Results
for different numbers of elements in (a) longitudinal direction
and (b) circumferential direction.

Table 3. CPU times for implicit simulations with shell type-16
elements. The best converging result is highlighted in bold.

Mesh size  Degrees of freedom  CPU time (s)
30x15 2480 16
40x15 3280 23
50x15 4080 34
100x20 10605 187

The CPU times for the simulations presented in
Figure 4(a) are listed in Table 3. A comparison of these
results to those obtained from NURBS-based elements will
be provided in the next section.

Simulations with NURBS-Based Elements

The NURBS-based elements used open knot vectors, with all
of the interior knots having a multiplicity of one. As a result,
the continuity at each interior knot was C?~! and C9~! in
the parametric directions corresponding to the polynomial
degrees p and g, respectively.

If linear B-splines were used to construct the NURBS
surface, the continuity at the interior knots would be C°,
and the surface would pass through all of the control points.
Then, all control points would lie on the element boundaries,
resulting in a faceted model of the curved surface that would
not accurately represent the geometry of the tape spring.
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The tape spring was meshed using either biquadratic
(p =q=2) or bicubic (p =g = 3) elements, uniformly
distributed across the surface. A fully integrated element
uses (p+ 1) x (¢ + 1) integration points, while uniformly
reduced integration uses p X ¢ points. Note that, although
the elements are uniformly spaced, the control points are
not, as illustrated in Figure 3(b). Additionally, while a single
element would be sufficient to exactly represent the initial
geometry of the tape spring, a finer discretization with
multiple elements is necessary to accurately capture the
complex deformed configurations, as shown in Figure 5.

(a) (b)

e

Figure 5. Deformed shapes of tape spring at a rotation of

0 = 0.9 rad, for the biquadratic NURBS mesh of size (a) 1 x 1
and (b) 40 x 10. The circles connected by dotted lines
represent the control points (or nodes). While the 1 x 1 mesh
can represent the undeformed geometry exactly, it would not
predict buckling and fold formation.

Figure 6 shows the moment—rotation curves obtained
using biquadratic NURBS-based elements. Discretizing
the cross-sectional arc into only 10 quadratic elements,
regardless of the number of elements along the length,
Figure 6(a), results in a stiffer response, indicating the
presence of membrane locking. This issue was resolved
either by refining the mesh in the circumferential direction,
applying reduced integration (Figure 6(b)) or by employing
higher-order splines (Figure 7).

Figure 6(b) demonstrates that a mesh with 10 elements
along the arc and 100 elements along the length has achieved
convergence. Note that, using 50 elements along the length
results in an oscillatory response in the post-buckling regime,
the cause of which is currently unclear. However, since the
maximum deviation from the reference steady-state moment
relative to the peak (buckling) moment is only 2%, it
would be reasonable to assume that in fact convergence is
already achieved with a 50 x 10 mesh. A similar oscillation
is observed in Figure 7 for the C2-continuous bicubic
elements, unless a mesh with at least 100 elements along the
length is chosen. However, for these elements, the maximum
deviation from the reference is approximately 2.5% and,
assuming this deviation to be small, it can be similarly
assumed that convergence is achieved with a 50 x 10 mesh.

The CPU times for these analyses are summarized in
Table 4. Since the reduced integration elements are almost
always computationally less expensive, the subsequent
discussion focuses exclusively on results obtained with
reduced integration elements. Note that the number of
integration points is four for both the type-16 shell elements
and the reduced integration biquadratic NURBS elements.

The CPU times for the converged solutions were 76
seconds and 147 seconds for the reduced integration
biquadratic and bicubic NURBS elements, respectively. In
comparison, the 40 x 15 mesh of type-16 shell elements
required only 23 seconds (Table 3). Thus, the NURBS-
based simulations were approximately 3.3 and 6.4 times
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Figure 6. Convergence analysis using (a) fully integrated and
(b) reduced integration biquadratic NURBS. m x n refers to m
and n uniformly distributed elements((m + 2) and (n + 2)
control points) in the longitudinal and circumferential directions,
respectively. Reference is 100 x 20 mesh of type-16 bilinear
elements.

Table 4. CPU times for LS-DYNA simulations with NURBS
meshes. The best converging results are highlighted in bold.

DOF CPU, fullint. CPU, reduced int.
Biquadratic NURBS (p = ¢ = 2)

Mesh size

50x10 1873 81s 76 s
50%20 3432 173 s 143 s
100x10 3672 250 s 200 s
100x20 6732 533s 409 s
Bicubic NURBS (p = ¢ = 3)
50x10 2067 176 s 147 s
50%20 3657 379 s 301 s
100x10 4017 363 s 459 s
100x20 7107 1003 s 838's

more expensive, respectively. Although the NURBS-based
elements achieved convergence with fewer degrees of
freedom—1873 for the biquadratic elements compared to
3280 for the type-16 shell elements, it is concluded that they
are computationally more expensive.

An explanation for this outcome is that the global stiffness
matrices in isogeometric analysis are less sparse than the
stiffness matrices in standard finite element analysis because
the element stiffness matrices are bigger. For example, a
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Figure 7. Convergence analysis using (a) fully integrated and
(b) reduced integrated bicubic NURBS. In the legends, m x n
refers to m and n uniformly distributed elements ((m + 3) and
(n + 3) control points) in the longitudinal and circumferential
directions, respectively. Reference is 100 x 20 mesh of type-16
bilinear elements.

biquadratic NURBS-based element used here has a stiffness
matrix of size 27 x 27 while the type-16 shell element has a
local stiffness matrix of size 20 x 20.

High aspect-ratio elements

The mesh design can be targeted to the problem in hand
by noticing that, because snap-through buckling occurs in
the middle of the tape spring, a fine mesh is not necessary
in the outer parts of the tape spring. Hence, computational
resources can be saved by coarsening the mesh i.e., using
high aspect ratio elements in these regions. To quantify the
improvement that can be achieved in this way, the tape spring
was partitioned as shown in Figure 8. The two regions that
span 80 mm from the end cross-sections are denoted as
region 2 and the middle region, where the fold is expected to
form, is denoted as region 1. Note that the length of 40 mm
for the middle region is sufficient for a fully formed 180°
fold to form without going beyond the finely meshed region
1, see Figure 9.

The performance of meshes with highly elongated
elements was studied with the number of elements in the
circumferential direction, n, kept constant while varying
the number of elements along the length. The number of
elements in the longitudinal direction in region 1 is denoted
by m; and the number in each region 2 is denoted by mso.
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80 mm 80 mm

Figure 8. Partitioned tape spring. The number of elements
along the arc is denoted by n, the numbers of elements along
the length in regions 1 and 2 are denoted by m and ma,
respectively.

40 mm

0 =14.27°
0 =14.91°

0 = 50°
0 =

90°

| 0 = 180°

Figure 9. Deformed profiles of tape spring for rotations of
14.27°,14.91°, 50°, 90°, and 180°. The solid lines on the
surface represent the biquadratic NURBS mesh with n = 10,
m1 = 10 and mz = 10. The fold remains within the finely
meshed middle region.

The total number of elements will then be (m; + 2ms) X n
and all elements within each region have uniform size.

Figure 10(a) presents the moment-rotation plots for
NURBS meshes with polynomial degrees p =¢q =2, n =
10, m; = 10 and varying ms. This particular choice of n
results from the observation made in the section Simulations
with NURBS-Based Elements, that 10 elements along the
arc are sufficient to accurately predict the moment-rotation
relationship. Setting m; = 10 means that each element in
region 1 is 4 mm long, which matches the case in the section
Simulations with NURBS-Based Elements where a 50 x 10
biquadratic NURBS mesh led to a converging solution (see
Figure 6(b)). As the number of elements in region 2 is
reduced, the predicted response tends to become stiffer. Note
that mgo can be as low as 5, corresponding to 16 mm long
elements for a reasonably accurate solution. This particular
simulation requires 28 s of CPU time, see Table 5.

For comparison, a similar study was done using type-16
shell elements, with n = 15, m; = 10 and varying ms. The
results are presented in Figure 10(c). The initial stiffness of
the tape spring and the post-buckling response are accurately
predicted, although the peak moment is over-estimated for
mg = 2. The mesh with 40 mm long elements in regions
2 (mgy = 2) also buckles at a slightly higher rotation than
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the others. The converging solution, obtained for mg = 3
provides an accurate solution with the smallest CPU time of
9s.

With the hope of achieving better results with longer
NURBS-based elements in region 2, higher order polynomi-
als (p = ¢ = 3) and a finer discretization of region 1 were
chosen. It was found that the behavior of bicubic elements
deviates from biquadratic elements and type-16 elements.
As shown in Figure 10(b), the pre-buckling response is the
same in all three cases but when mo was decreased from 4
to 2 the peak moment decreased and the steady-state post-
buckling moment increased significantly. In conclusion, the
NURBS elements in region 2 can be up to 20 mm long,
corresponding to msy = 4, for a reasonably accurate solution,
and the corresponding CPU time is 105 s.

An overall comparison of CPU times is presented in
Table 5, with the meshes that provide the best CPU time
performance highlighted.

Comparing the best result obtained with the reduced
integration biquadratic NURBS mesh (mo = 5) with the
previously obtained CPU time for uniformly distributed
elements of the same type (50 x 10, reduced integration), a
63.2% reduction was obtained, with a reduction of 57.7% in
number of degrees of freedom. In case of type-16 elements,
the CPU time reduction from uniformly distributed elements
to high aspect ratio elements was slightly worse, 60.9%
instead of 63.2%, as the number of variables was reduced
by 58.5%.

Overall, these results show that significant performance
improvements are achieved with non-uniform meshing, but
NURBS-based elements are still much more expensive than
the standard bilinear finite elements.

Table 5. CPU times for simulations presented in Figure 10. The
best converging results are highlighted in bold.

mgo  Degrees of freedom CPU time (s)

Biquadratic NURBS, n = 10, m; = 10
10 1152 44

5 792 28

3 648 24

Bicubic NURBS, n = 10, m; = 20

5 1287 134

4 1209 105

2 1053 81

type-16 shell, n = 15, m; = 10

5 1680 14

3 1360 9

2 1200 9

Conclusion

Simulations of geometrically nonlinear deployable thin-shell
structures have been carried out to compare the compu-
tational efficiency of two different finite element formu-
lations, type-16 bilinear thin-shell elements vs. NURBS-
based elements, available in version R11.1 of the LS-DYNA
software. Specifically, the comparison was between fully-
integrated bilinear quadrilateral (type-16) finite elements
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Figure 10. Convergence analysis using (a) reduced integration
biguadratic NURBS with n = 10, (b) reduced integration bicubic
NURBS with n = 10, and (c) type-16 shell elements with

n = 15. Reference is 100 x 20 mesh of type-16 bilinear
elements.

and C'—continuous biquadratic and C?—continuous bicu-
bic NURBS-based elements, respectively, with Reissner-
Mindlin kinematics.

The opposite sense folding of a tape spring was used as
a case study that was divided into two parts. In the first
part, the tape spring was discretized into a uniform mesh of
identical elements. Comparing the coarsest meshes for which
convergence was achieved, the bilinear elements were more
than three times faster than the NURBS-based elements (23 s
vs. 76 s). In the second part of the comparison, high aspect
ratio elements were employed in the parts of the tape spring
that deform less and a speed-up of around 40% was obtained
for both types of elements. The higher-order and smooth

Prepared using sagej.cls

NURBS-based elements converged with fewer degrees of
freedom and the difference in simulation times decreased a
bit, but they were still over three times computationally more
expensive than the bilinear elements (9 s vs. 28 s).

Overall, the present study has found that currently avail-
able NURBS-based elements are considerably less efficient
for the analysis of thin shell deployable structures. Because
NURBS-elements provide higher-continuity displacement
fields, it may be expected that the performance of NURBS
elements could be improved by using Kirchhoff-Love ele-
ments instead. However, this type of shell formulation was
not available in the LS-DYNA version available at the time
of the present study.
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