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Abstract. Structural shape and topology optimization plays a crucial role in the optimal
design of shell structures, which are widely used in engineering fields. Isogeometric analysis
provides a friendly alternative for the integrated design and analysis of shell structures. This
paper developed an isogeometric shape and topology optimization framework for the optimal
design of shell structures by using analysis-suitable unstructured T-splines. The Kirchhoff-
Love shell theory is employed for structural analysis. The adjoint-based analytical sensitivity
analysis is implemented for shape optimization and a smooth density distribution strategy is
used for topology optimization. A multi-level scheme is established with a coarse mesh for the
design model and a dense mesh for the analysis model. The proposed method is demonstrated
by two shape optimization examples and one topology optimization example.

Keywords: shape and topology optimization, isogeometric analysis, Kirchhoff-Love shell,
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1 INTRODUCTION

Shell structures have been extensively used in engineering fields, such as aerospace, shipbuilding, automobile,
and construction, due to their attractive properties like lightweight, structural stability, and spacial force
transmission. Generally, shell structures are defined by small thicknesses and are typically curved along in-
plane directions. The design of shell structures is a non-trivial task. An excellent design can increase stiffness
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and strength, and reduce material simultaneously. In the past decades, the optimal design of shell structures
using numerical tools has been widely investigated and has obtained abundant achievement [26, 3].

The conventional finite element methods (FEMs) have been often utilized to calculate structural responses
and sensitivities in the structural optimization process. However, the discretization of smooth shell structures
into facet elements will lead to geometric inaccuracy and continuity reduction, which will further affect the
effectiveness of structural optimization. In addition, the frequent exchange of geometric data between the
design model and the analysis model is time-consuming. Isogeometric analysis, proposed by Hughes and
coworkers [16], unifies the geometric representation of the design model and the analysis model, greatly
integrating the CAD/CAE process. The spline functions used to represent geometric models in CAD are
employed as the shape functions in analysis models for simulations. The sophisticated mesh generation can be
tactfully avoided. It provides a friendly alternative for structural optimization besides the conventional FEMs.

In recent years, isogeometric analysis (IGA) has already been used for both structural shape and topology
optimization. Seo et al. [32] first studied the NURBS-based isogeometric shape optimization of shell structures
based on the Reissner-Mindlin (RM) shell theory. Kiendl et al. [20] proposed a semi-analytical sensitivity
analysis and sensitivity weighting method for NURBS-based isogeometric shape optimization of shells based
on the Kirchhoff-Love (KL) shell formulation. To handle the complex design domain problems, Bandara et al.
[2] used subdivision surfaces for isogeometric structural shape optimization. Kang and Youn [18] considered
the topologically complex geometries built with trimmed patches in the shape optimization. Lian et al. [22]
combined T-splines and isogeometric boundary element method for shape sensitivity analysis. Hirschler et al.
[15] investigated the shape optimization of non-conforming stiffened multi-patch structures. The isogeometric
shape optimization has also been applied to the optimal design of composite shells [27, 14, 43, 39, 23].
Moreover, some researchers focused on the calculation of sensitivity [25], optimization algorithms [36], adaptive
refinement [6], thickness distribution [7] in isogeometric structural shape optimization. Kang and Youn [19]
studied the isogeometric topology optimization of shell structures built with trimmed NURBS patches. Zhang
et al. [41] developed an IGA-based moving morphable void method for structural topology optimization.
Afterward, they considered stress-related topology optimization of shell structures [40]. Cai et al. [4] combined
the IGA method, the adaptive bubble method and the finite cell method for simultaneous shape and topology
optimization of shell structures. Pan et al. [29] proposed an IGA-based SIMP method for structural topology
optimization based on the Reissner-Mindlin theory.

From the above-reviewed works, isogeometric structural shape and topology optimization usually employs
NURBS functions for the representation of the design domain and structural analysis. When considering a
complex domain built with multiple NURBS patches, additional works like interface coupling, and dealing
with trimming elements are required [8, 9, 11, 10]. In this paper, we developed an isogeometric shape
and topology optimization approach using analysis-suitable unstructured T-splines (ASUT-splines), which can
greatly alleviate the heavy burden of dealing with complex geometries. The ASUT-splines generalize the
definition of analysis-suitable T-splines [21] to allow unstructured T-mesh with extraordinary points [31]. This
extension dramatically improves the geometric representation capacity of topologically complex models with
a single ASUT-spline patch. To achieve C'' continuity at the vicinity of extraordinary points, Nguyen and
Peters [28] employed the D-patch method which was first proposed by Reif [30]. Toshniwal et al. [34]
combined D-patch and a split-then-smoothen strategy for integrated modeling and analysis on unstructured
quad meshes. Recently, the ASUT-splines have been extended and applied for isogeometric analysis of complex
shell structures [5, 35, 36, 13]. To further extend the capability of complex model representation, Liu et al. [24]
utilized a weak coupling method to couple multiple unstructured T-spline patches for large thin shell analysis.
Yang et al. [37] developed a surface blending method to blend multiple ASUT-spline patches. Zhao et al.
[42] first studied the isogeometric topology optimization of two-dimensional models built with ASUT-splines.

In this paper, we developed an isogeometric structural shape and topology optimization method using
ASUT-splines for geometric modeling and structural analysis. The data exchange between design models
and analysis models is discussed within the multi-level optimization framework. The Kirchhoff-Love shell
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theory is utilized for the calculation of structural responses. The sensitivity formulations in isogeometric shape
optimization are derived in detail. In addition, we employed ASUT-splines to construct continuous density
functions for isogeometric structural topology optimization. Several numerical examples are implemented to
validate the performance of isogeometric structural shape and topology optimization on topologically complex
design domains.

2 ISOGEOMETRIC KIRCHHOFF-LOVE SHELL FORMULATIONS

The Kirchhoff-Love shell theory is employed for structural analysis. To achieve C'* continuity over the the vicin-
ity of extraordinary points, non-uniform D-patch [38], Bézier extraction and truncation schemes are utilized.
Based on the Kirchhoff-Love assumption, the material point of a shell is expressed as

X(fa’la() = 5(5777) + Ca3(£a77)7 (1)

in which s : Q — € indicates the middle surface of the shell structure; ¢ € [—t/2,t/2] and t is the thickness;
az(&,n) is the unit normal vector defined at the point (£,7). Leta; =s¢, a2 = s, be the two tangent vectors,
then the normal vector a3 = a; x az/||a; x aq|.

By using ASUT-splines, each element of the shell structure can be represented by

56(5777) = ZQZRZ(&??) = ReQe7 (5777) S Qe’ €= 1727 sy Me, (2)
a=1

where m, is the number of elements in analysis models; m¢, is the number of control points corresponding

to the element e¢; Q¢ is a 3mg, x 1 column vector consisting of coordinates of control points; R® is written as

R 0 0 R§ -+ Re. 0 0
R*=|0 RS 0 0 -+ 0 Re 0 |, (3)
0 0 R 0 - 0 0 RS,

Under the framework of IGA, the displacement field u(&,n) is discretized as

uh(§777) = Z u§R§(§7n) = Reu€7 (5777) € Qe7 €= 1727 sy Me, (4)
a=1

in which u¢ denotes the displacement vector at the control point a; u® indicates the displacement vector of
the element e. The first and second derivatives of R are denoted by R, and R¢, ;. The subscript o and j3
take values 1 and 2. As a consequence, we have a, = R,Q“ and a, s = R%,;Q°.

Assume that the shell structure undergoes a small deformation, the stiffness matrix and external force

vector are given by
KE — / (BgooBm + BZ’DQBb) Qe (5)

Fe = / (RE)T £de, (6)

where B,,, and B, are strain-displacement matrices; f is the applied force. For an explicit representation of
matrices B,, and B, we recommend [12] for more details. Dy and D3 are constitutive matrices and can be
represented using the metric components g;;. Let g, be the covariant base vectors defined by

8o = X o = Ay + Ca3,a- (7)
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Then the metric components g;; are computed as

Jop = A0dp — 2Can pa3 + (*@3083,8, Ja3 =g3a =0, gs3=1. (8)

The contravariant metric components g*/ can be obtained by the inverse of g;;, with [¢"/] = [g;;]7*. The
constitutive matrices Dy and D5 are expressed as

D, =D, D,=’DY /12, (9)
with
. gl wglg?? 4 (1 — v)gi2g'? glgt?
D;(fl) =1 g22g%2 g22g12 ) (10)
sym. 0.5[(1 = v)g"g* + (1+v)g"g"]

in which F and v are Young's modulus and Poisson ratio.
For the convenience of sensitivity analysis, the stiffness matrix and external vector given in Eqns. (5)-(6)
are re-expressed on the parametric domain, as

k= | (BLDB. +BIDB) iacr, B = [ (RO A )
Q o

where |J| = a; x ay - a3 = ||a; x asl].

3 STRUCTURAL OPTIMIZATION
3.1 Problem Definition

The general structural optimization can be generally described as

find h € R
min  f(h) ‘ (12)
st. ¢(h)y=0, Vie&
Ci(h) <0, Viel
in which h = [hy, ha, -+, hy,,]T is the design vector; ng is the number of design variables; f is the objective

function; ¢; is the constraint; £ and Z denote the equality and inequality constraint sets. The objective
function can be represented as a function of design variables h and field variables u, namely,

f = f(h,u(h)). (13)
For linear elastic problems, the relation between h and u is normally rewritten as
K(h)u = F(h), (14)

where K is the stiffness matrix and F is the external vector. For Kirchhoff-Love shell structures studied in this
paper, they are computed using Eqn. (11).
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3.2 Adjoint-based Sensitivity

The optimization problem defined in Eqn. (12) can be solved with a variety of algorithms. In this paper,
we consider gradient-based optimization algorithms, which present better convergence and computational
efficiency when compared to gradient-free methods. The sensitivity analysis is crucial in gradient-based opti-
mization. An analytical adjoint-based method is utilized to compute sensitivity. The derivative of the objective
function with respect to the design variables is calculated as

df _ 0f , 0f du

i=1,2, ,ng. (15)

The derivative du/dh; can be recovered from Eqn. (14). Then the above equation can be rewritten as

df of of, ., (0F 0K .
dh ~ o, + %K o 8hiu , 1=1,2, . (16)
Introducing an adjoint solution u*, with
AN (17)
-~ \ou) ’
to Eqn. (16), we can find
df  of . [ OF 0K .
dh; ~ o, " (ahiam")’ FE b (18)

It can be found that the adjoint solution is solved only once for each sensitivity analysis. The entire process
is more efficient for problems with fewer constraints. In shape optimization, the sensitivity analysis of design
variables is transformed to compute the sensitivity of control points. Let P be the control points of the design
model, Eqn. (18) can be rewritten as

dif  of LOF  9Ku\ 9P
dh, on, \"ap Y P ) o’

i=1,2,- ,ng. (19)

3.3 Multi-level Scheme

Note that the geometric model can be precisely refined in IGA, we can construct a multi-level model for
structural optimization with a coarse-level model for geometric design and a dense-level model for numerical
analysis. Fig. 1 shows the process of isogeometric structural optimization based on a multi-level model. The
multi-level strategy is important in structural optimization. For instance, the design model generally requires
fewer control points to avoid the perturbation of optimized geometric shape in shape optimization. However,
for structural analysis, more control points are usually required to improve the computational accuracy.

Let Q be the control points of dense models for structural analysis. There is a linear mapping between
P and Q, written as Q = MP. The matrix M can be obtained using the classical knot insertion algorithm.
Correspondingly, the derivative of any function (-) with respect to the control points P can be given by

() _0()oQ _ a()

P ~oqop Q™ (20)

Combining Eqns. (19) and (20), leads to

dif  of LOF _OKu) 0P
an, on, " \"aqQ " aq )" an
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Figure 1: The process of isogeometric structural optimization using a multi-level model.

The total energy of a linear elastic system can be defined as
W(u,u*, Q) = Wert (U™, Q) + Wint(u,u*, Q) = u*F — u*Ku. (22)
Then the derivative in Eqn. (21) is simplified as

df _ 9f oW, 0P

dhl 3hl aQ 3hz, ? 1327 » Nd, ( 3)

in which the term 9P /Oh; can be obtained in the construction of design model. The remaining unknown term
is OW/0Q, which is related to the structural responses.

4 ISOGEOMETRIC SHAPE AND TOPOLOGY OPTIMIZATION

4.1 Optimization Problem Definition

Considering the minimization of compliance under the constraints of volume, the shape optimization on the
design domain € is defined as

find h e R
min f(h) :=F u
s.t. K(h)u=F, (24)
g(h) :==V(h)/Vo —v <0,
hi <h; <h; i=1,2--- ng,
where h = [hy, ha, - -+, h,,]T denotes the design variables corresponding to the geometric shape of the design

domain; Vj denotes the initial area of the design domain; V'(h) indicates the area of the current h; - is the
prescribed volume fraction; g is the volume constraint function; h; and h; are the lower and upper bounds of
the variable h;.
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Similarly, the topology optimization considering the minimization of compliance is defined as

find h e R™
min f(x(h)) :== Flu
s.t. K(x)u :1F, (25)
900 = 37 Joxd2 =7 <0,
0
Oghl < 1a Z:1727 y Vs

in which x(h) indicates the density distribution of material.

4.2 Sensitivity Analysis of Shape Optimization

In isogeometric shape optimization, the sensitivity analysis with respect to the design variables can be generally
transformed into the sensitivity analysis with respect to the control points. According to the definition of the
objective function in Eqn. (24), the adjoint vector u* is equal to the displacement u. Therefore, it is
unnecessary to solve the adjoint problem defined in Eqn. (17). The derivatives of external work W,,; and
internal work Wj,; w.r.t. control points Q;, read as

OWeat OF¢ OWint oK® .
— =y , — =—u‘—u, e=12- me, a=12,---,mg, j=123.  (26)
Qg 0Qz; 0Qg; 9Qy; <

The term Qf; denotes the j-th component of the a-th control point for the element e. Considering the
OF° d oK® |

an in

Qg 9Qy;

expressions of the stiffness matrix and external force vector given in Eqn. (11), the terms

the above equation can be computed by

OF¢ o e\T 8|J| e
anj/e(R) fande, (27)
oK® / oBL + 9Dg . OB,
— " DyB,, +B,, B,.+B,,D J|dQe
aQij (8@27 0 8@@ Oanj | |
9B, 7 9Dy 7H. 9Bb e 28
+/ <aQ Dng+BbaQ B, + B} Dgac2 131 (28)
I|J|
T T e
+ [ (818, +BID:8,) 51

4.3 Density Distribution and Sensitivity of Topology Optimization

The density method is employed for topology optimization of shell structures. Different from the shape
optimization, the design variables h will affect the mechanical behaviors through the density distribution
function in the topology optimization. Assume that each control point has a density parameter h; € [0,1],i =

1,2,--- ,ng, the density distribution can be described as
:ZPZRZ(@U), (5,77) EQeve: 1727"' y Me, (29)
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where p¢ indicates the density of the a-th control point of element e. According to the SIMP interpolation
method, the Young's modulus E¢(x°(&,n)) can be expressed by

Ee(Xe(ga 77)) = Emzn + [Xe(§7 n)]s (EO - Emzn), (30)

in which Ej is the Young's modulus of the model; E,,;, is a small value to avoid singularity of the stiffness
matrix, s is a penalization power.
In sensitivity analysis, the derivative of the stiffness matrix w.r.t. the density of control points is given by

oK - ODY, £, 0DY, .
55t 7/@ (th 5pc B+ 3Bl B | a0 (31)

5 NUMERICAL EXAMPLES
5.1 Shape Optimization of A L-shaped Shell

An L-shaped shell model with a central hole is taken as the design domain for shape optimization in this
example. As shown in Fig. 2(a), the top edge is fixed and the bottom edge is subjected to a uniform line load
F = 1. For the material properties, Young's modulus F = 6.825 x 107, Poisson ratio ¥ = 0.3. The thickness
of the shell takes ¢ = 0.04. It can be observed that there are several extraordinary points in the design model.

Figure 2: The L-shaped shell model with a central hole. (a) Design model Spg with boundary conditions,
(b) analysis model S 40 and the refined analysis model (c) Sa1, (d) Sas.
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Figure 3: The isogeometric analysis results for (a) initial design model with compliance of 182.601, (b)

optimized shape using scheme #1, with compliance of 8.7043, (c) optimized shape using scheme #2, with
compliance of 7.2267, and (d) optimized shape using scheme #3, with compliance of 1.0399.

0.100

0.000

To satisfy the C! continuity requirement for the Kirchhoff-Love shell, the analysis model S, as given
in Fig. 2(b) is constructed from the design model Spo using the D-patch scheme. Then the initial analysis
model is refined twice to get the dense models S4; and S42, as shown in Figs. 2(c) and 2(d). The geometric
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shape of the four surfaces is the same with each other. The number of control points is 104, 176, 720 and
2960. Three multi-level schemes are designed as follows

e Scheme #1: Taking Spg as the design model and S 45 as the analysis model.
o Scheme #2: Taking Sa¢ as the design model and S45 as the analysis model.

e Scheme #3: Taking S4; as the design model and S 45 as the analysis model.

In each scheme, the two-layer boundary control points are constrained and the coordinates of central control
points are treated as the design variables. The classical MMA algorithm [33] combined with the open-source
library NLopt [17] is used to update the design variables.

Fig. 3 illustrates the isogeometric results of the initial model and the optimized models. It can be found
that the compliance values of the three optimized models are 8.7043, 7.2267 and 1.0399, which are much
lower than that of the initial model 182.601. However, the geometric shape of the three optimized models is
different. More control points in the design model will lead to more details on the optimized model, which can
be observed from Fig. 3(d). Although scheme #3 presents the lowest compliance, there are plenty of wrinkles
on the model and the surface quality is poor. The optimized model obtained by using schemes #2 and #3
is relatively reasonable and is smoother than that of #1. The convergence curves of the isogeometric shape
optimization for three schemes are demonstrated in Fig. 4. The objective functions for all three schemes can
converge fast to stable values.

200 —————1——1——

T T — 1 T
— #1 — #2 — #3 |

180

160

T T

140
120
100

80

Objective

60

40

20

0

0 10 20 30 40 50 60 70 80 90 100
Iteration Number

Figure 4: The convergence curve for the isogeometric shape optimization of the L-shaped shell using three
schemes #1, #2, and #3.

5.2 Shape Optimization of A Blend Surface Shell

The shape optimization of a blend surface shell is studied in this example, as depicted in Fig. 5(a). The blend
surface shell is constructed by blending three basis surfaces with six control parameters a1, as, as, 81, B2, 33
developed by Yang et al. [37]. Two bottom boundary edges are fixed. The top edge is subjected to two types
of forces: one is horizontal and the other is vertical. The magnitudes of the two forces are 1. The Young's
modulus E = 3 x 10% and Poisson ratio ¥ = 0.3, thickness of the roof ¢ = 0.1. The volume fraction of
the shell is assumed to be 100%, namely, no change on the shell surface area. To improve the accuracy of
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the computation of structural responses, the design model is refined as given in Fig. 5(b). Two schemes are
formulated to select design variables as follows:

e Scheme #1: The six design parameters related to the green control points and the coordinates of the
blue control points are selected as design variables, as shown in Fig. 5(c).

e Scheme #2: The coordinates of the blue control points, as shown in Fig. 5(d), are selected as design
variables.

Figure 5: The blend shell model. (a) The design model and boundary conditions; (b) The analysis model
refined from the design model; (c) Scheme #1, the blue control points move freely and the green control
points are controlled by design parameters of the blend surface; (d) Scheme #2, the blue control points move
freely.

The shape optimization results are illustrated in Fig. 6. Figs. 6(a) and 6(d) present the displacement
results of the initial design under two different force conditions. The optimized shapes using scheme #1
are given in the sub-figures 6(b) and 6(e). The sub-figures 6(c) and 6(f) show the optimized shapes using
scheme #2. It is observed that both schemes achieve lower compliance under two types of force conditions.
Scheme #2 produces lower compliance but more surface defects including fold, twist and self-crossing, which
are considered to be caused by more design variables. The optimization history of the blend shell model based
on schemes #1 and #2 under two force conditions is plotted in Fig. 7, where the convergence curve of scheme
#2 fluctuates more sharply.

5.3 Topology Optimization of A Bracket

In this example, we consider the isogeometric topology optimization of a connecting bracket of the payload
adapter of the LISA Pathfinder satellite [1]. The geometric model of the bracket is simplified as shown in
Fig. 8. The model is constructed using ASUT-splines as illustrated in Fig. 9. The red domain in Fig. 9(a)
is selected as the undesigned domain. The top face is subjected to a uniform load and the bottom face
panels are fixed as illustrated in Fig. 9(b). The material takes aluminium alloy AI7075 with Young's modulus
E = 70.3GPa, Poisson ratio v = 0.33. The initial design model is globally refined twice with 6572 elements
for simulation.

The volume fraction and density of the initial control points take 0.8. The displacement results of the
initial model and the optimized model are plotted in Figs. 9(c) and 9(d). It can be found that the maximum
displacement rises from 0.4918 to 0.4948 by 0.61%. Fig. 10 presents the optimization history of the compliance
of the bracket. The four history configurations correspond to the 1,7, 10 and 100 steps. The compliance is
reduced from 26.574 to 9.521. The surface area is reduced to 80% of the original area.
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Figure 6: The shape optimization of blend shell. (a) Force 1, initial design, obj (compliance) = 0.030944;
(b) Force 1, optimized design by scheme #1, obj = 0.020844; (c) Force 1, optimized design by scheme #2,
obj = 0.015684; (d) Force 2, initial design, obj = =0.0086497; (e) Force 2, optimized design by scheme #1,
obj = 0.0039623; (f) Force 2, optimized design by scheme #2, obj = 0.0034172.
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Figure 7: The optimization history of the blend shell model based on schemes #1 and #2 under two force

conditions.
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Figure 9: The geometric modeling and topology optimization of the bracket. (a) ASUT-spline based modeling;
(b) Boundary conditions; (c) and (d) The isogeometric analysis of the initial and optimized models.

6 CONCLUSIONS

A unified geometric data is the cornerstone for IGA-based structural optimization. Other than traditionally
using NURBS to implement shape representation, analysis as well as optimization, this paper constructs
a complete framework to capacitate the relevant operations on the basis of ASUT-splines. The necessary
technology details to realize shape and topology optimization are explained and the whole process indicates
the potential for combining IGA with unstructured splines to underpin an integrated CAD/CAE/OPT scenario.
From the numerical examples, it is observed that the increase of control points in the design model may
deteriorate the optimization results. Therefore, the design model should be chosen carefully with a suitable
refinement. For the future perspective, the shape and topology optimization around the neighboring area of
extraordinary points require more investigation.
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