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ARTICLE INFO ABSTRACT

Dataset link: https://github.com/hanzhao2020 While shape optimization using isogeometric shells exhibits appealing features by integrating
/GOLDFISH design geometries and analysis models, challenges arise when addressing computer-aided design
Keywords: (CAD) geometries comprised of multiple non-uniform rational B-splines (NURBS) patches, which
Shape optimization are common in practice. The intractability stems from surface intersections within these CAD
Isogeometric analysis models. In this paper, we develop an approach for shape optimization of non-matching isoge-
Kirchhoff-Love shell ometric shells incorporating intersection movement. Separately parametrized NURBS surfaces
Non-matching patches are modeled using Kirchhoff-Love shell theory and coupled using a penalty-based formulation.
Differentiable intersection The optimization scheme allows shell patches to move without preserving relative location
Aircraft wing with other members during the shape optimization. This flexibility is achieved through an

implicit state function, and analytical sensitivities are derived for the relative movement
of shell patches. The introduction of differentiable intersections expands the design space
and overcomes challenges associated with large mesh distortion, particularly when optimal
shapes involve significant movement of patch intersections in physical space. Throughout
optimization iterations, all members within the shell structures maintain the NURBS geometry
representation, enabling efficient integration of analysis and design models. The optimization
approach leverages the multilevel design concept by selecting a refined model for accurate
analysis from a coarse design model while maintaining the same geometry. We adopt several
example problems to verify the effectiveness of the proposed scheme and demonstrate its
applicability to the optimization of the internal stiffeners of an aircraft wing.

1. Introduction

The Kirchhoff-Love shell model requires C! continuous basis functions, isogeometric analysis (IGA) [1] is perfectly suited for the
solution of Kirchhoff-Love shells using NURBS [2] basis functions and other types of spline functions [3-6]. Moreover, IGA offers
a unified framework for seamless integration of CAD models and analysis models, circumventing the cumbersome process of finite
element (FE) mesh generation [7]. Comprehensive research on isogeometric Kirchhoff-Love shell model is conducted in [8-14].
Various applications including heart valve leaflets [15-19], wind turbines [20-22], composite materials [23,24], and aerospace
structures [25-27] have demonstrated the capability of the Kirchhoff-Love shell theory with isogeometric discretization.

Multiple patches are typically required to model complex, realistic shell structures using NURBS surfaces. To make the CAD
geometries with multiple patches directly available for structural analysis, coupling between adjacent NURBS patches to maintain
the displacement and rotational continuities across patch intersections becomes essential. The bending strip method [28] and the
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kinematic constraints [29] have been proposed for coupling NURBS surfaces with conforming discretizations. For Kirchhoff-Love
shells with non-matching intersections, a series of coupling techniques have been explored, including mortar methods [30-32],
Nitsche-type methods [33-38], projected super-penalty methods [39,40], penalty methods [21,26,41-43], and embedded surfaces
methods [27,44].

A well-designed shell structure features excellent performance by distributing load through membrane forces while minimizing
bending moments [45], with the mechanical characteristics significantly affected by its shape. Consequently, shape optimization
plays a critical role in the development of novel shell structures. The unified model between geometric design and structural
analysis in IGA renders particular advantages for shell shape optimization [46-51], with many superior designs such as composite
shells [52,53], wind turbine blades [20,54], and stiffened thin-wall structures [25,27]. Traditionally, shape optimization relies on
the finite element method (FEM) with parametric models [55]. However, the classical FEM-based approach encounters difficulties in
the precise representation of the updated geometry and accurate solution of structural behavior [56]. Shape optimization using IGA
addresses these challenges by directly performing structural analysis on the design model, circumventing the tedious intermediate
steps as in the FEM-based approach. The geometric error between design and analysis models is eliminated and the continuity of
the geometry is preserved by adjusting the coordinates of the control points during the optimization process. Nonetheless, updating
complex geometries with multiple NURBS patches necessitates additional efforts to represent surface intersections accurately. The
works in [27,44,57] utilized the spline composition. This method involves combining a volume spline mapping, which is created
by extruding a “master” surface to form a 3D block, and a surface spline mapping to align the stiffeners (sub-structures) with the
“master” surface perfectly. [58] employed the free-form deformation (FFD) [59] idea in conjunction with Lagrange extraction [60] to
perform shape optimization for the non-matching shell patches while maintaining the intersection geometries. However, challenges
remain with these methods. The “master” surfaces need to be identified to perform the extrusion, and spline composition between
volume and surface mappings is required in the former method, where the latter approach may lead to substantial distortion of
elements when surface intersections undergo large movement.

In this paper, we propose a shape optimization method for Kirchhoff-Love shell structures composed of multiple patches with
moving intersections. Shell patches are discretized isogeometrically using B-spline or NURBS basis functions. The optimization
process considers shape changes of selected sub-structures, allowing intersections to relocate to accommodate these changes, as
illustrated in Fig. 2. Control points of shell patches are optimized directly without additional operations, while the locations of
the surface intersections are updated accordingly through an implicit relation between surface control points and intersections’
parametric coordinates. This enables relative movement between shell patches without distorting the shell elements. The framework
in [26] is employed to couple the non-matching shell patches using a penalty-based formulation. The coupling method involves
creating a topologically 1D quadrature mesh in the parametric space with linear bases to represent the intersection and integrate
the penalty energy. Throughout the optimization process, parametric coordinates of intersections are solved correspondingly when
updating the geometry of shell patches. Sensitivities of the implicit relation and penalty residual with respect to intersections’
parametric coordinates are derived to obtain the total derivative of the optimization problem.

In the proposed approach, separately modeled B-spline or NURBS patches can move smoothly relative to other intersecting
patches as long as the intersections exist. The quality of shell elements is insensitive to the large movement of the intersections,
thus avoiding ill-conditioning in the discrete system. All surfaces can be parametrized without distinguishing between “master” and
“slave” surfaces for constructing the spline composition. The resulting geometry remains described by B-spline or NURBS surfaces.
This approach is particularly beneficial for the design of internal structures of an aircraft wing, where the placement of the internal
structures can be determined straightforwardly without compromising the element quality of the outer surfaces. Moreover, it applies
to more generic shell surfaces with arbitrary intersections, not limited to the T-junctions. We demonstrate the effectiveness of this
approach through innovative designs for the internal structures of an electric vertical takeoff and landing (eVTOL) aircraft wing.

The remainder of the paper is organized as follows. Section 2 provides a review of the non-matching isogeometric Kirchhoff-
Love shells coupling formulations and algorithms. Section 3 presents the shape optimization approach for non-matching shells with
moving intersections, and derives the total derivative with respect to the design variables. Section 4 discusses the implementation
details and the associated numerical procedures for the optimization framework. Two benchmark problems with reference solutions
are used to validate the shape optimization approach in Section 5, followed by a demonstration of its applicability to the internal
structure shape optimization of an eVTOL wing in Section 6. Finally, Section 7 draws the concluding remarks of the proposed
optimization approach.

2. Non-matching coupling of Kirchhoff-Love shell

Structural analysis is crucial for the evaluation of the structural performance and sensitivity calculation for shape optimization.
In this work, shell structures are modeled using the Kirchhoff-Love shell theory discretized by NURBS basis functions with higher
order continuity. Under this framework, separate shell patches in the CAD geometry are coupled using a penalty-based formulation.

2.1. Basic Kirchhoff-Love shell formulation

This section only provides an overview to lay the foundation for the subsequent optimization approach. In the Kirchhoff-Love
shell theory [9], the 3D shell continuum is represented by its mid-surface, which can be parametrized in a 2D space using coordinates
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& = {¢,,&}. We denote the geometry of the mid-surface in the reference configuration as X(¢) and the deformed configuration as
x(&€). The displacement field of the mid-surface is given by

x(8) =X(&) +u(@) . @

Covariant basis vectors of the mid-surface are defined as

A, = X,,:u and 4 =X 2)
where (), = % and a = {1,2}. Unit vectors that are normal to the mid-surface are given by
o« «
A XA, a; Xa,
3= and a3=——" (3)
1A X Asll lla, x|’
where || - || is the L, norm. With surface basis vectors in (2), metric coefficients in both configurations are defined as
Ay=A, Ay and a,=a,-a,, “@

for a, p = {1,2}, and curvature coefficients read as

Byg =My Ay=-A, Ay, and  byy=a,. cay=-a,cay . (5)

The membrane strain tensor and curvature change tensor coefficients are formulated as

1
E4p = E(a“ﬂ = Ayp) and Kop = Byg = bgp - 6)

We employ the St. Venant-Kirchhoff material model in this paper with material tensor C to express normal forces and bending
moments

3
n=tC:e and m=%CIK'. )

Using membrane strains and changes in curvature defined in (6) and associated force resultants in (7), the virtual work of the
Kirchhoff-Love shell reads as

5WS=5W;“‘—5W§“=/55:n+5x:mdS—/5u~fds, (8
S S

where S is the shell mid-surface and f is the external force acting on .S, and <SWSi“t and sW* represent the internal and external
virtual work, respectively.! A detailed derivation is presented in [9, Section 3].

It is noted that the curvature coefficients in (5) involve second-order derivatives of the displacements u and mid-surface geometry
X, therefore basis functions with at least C' continuity on element boundaries is required. Discretization using NURBS basis functions
automatically meets this requirement without additional treatment.

2.2. Penalty coupling of shell patches

Many complex shell structures comprise more than one NURBS patch. A coupling approach is needed for a collection of
isogeometrically discretized shell patches to make them directly available for analysis. A penalty-based coupling formulation
proposed by Herrema et al. [21] is employed in our current framework. The penalty energy preserves both displacement and
rotational continuities on the intersection £ between shell patch S and S®. The virtual work of the penalty energy is given by

pen

SWAB = / ag (uh —uB) . (su? - 5uB)drL
L

+ / o ((@2-aB - A% AP)sal - 6a® — A% . 6AD) ®
i 3" A; : :

+(@? af — A% AB)sal - 52 — 5A% - 5AD)) dr
where a; and a, are normal and conormal vectors on the deformed configuration, while their counterparts in the reference
configuration are denoted with uppercase letters. Computation of a, is discussed in detail in Section 2.3. The scalar values a,

and o, are penalty parameters for displacement and rotational continuities. These two parameters are constructed to account for
material and geometric properties and are scaled by a problem-independent and dimensionless penalty coefficient «

Et EP
o— and G=0—,
h(1 —12) 12h(1 —v3)
where E, v, and ¢ are Young’s modulus, Poisson’s ratio, and shell thickness, respectively. The average element length of shell patches
SA and SB is denoted by 4. Details of the penalty formulation and coupling for composite shell structures can be found in [21, Section
2], where a wide range of effective penalty coefficients « was proposed. In this paper, we use a = 1000 for all numerical examples,

as recommended and tested in [21,26].

ag = (10)

1 We use subscript “s” in symbols such as W and W to denote the quantities on shell patches.



H. Zhao et al. Computer Methods in Applied Mechanics and Engineering 431 (2024) 117322

With the virtual work of the shell patch in (8) and penalty energy in (9), the total virtual work of two coupled shell patches S
and S® in the equilibrium state is expressed as

sW=oWh+swP+swiB=0. (11

pen

2.3. Shell coupling with isogeometric discretization

With the NURBS basis functions, Kirchhoff-Love shell geometry and displacement field are discretized isogeometrically. The
position vector on the mid-surface of the shell patch in the reference configuration and the associated displacement vector are
formulated as

X&)=Y R,OP,=REP and u@) =) R,&d, =R@&d, (12)
i=1 i=1
where

R() = [IMR (&) TR, ... T¥R,(&)] 13

is the matrix of NURBS basis function with degree p, and » is the number of control points, I*“ is the identity matrix in R*¢ with sd as
the spatial dimension. We neglect NURBS degree p in the matrix notation for conciseness. The parametric coordinate & € R?, where
pd is the parametric dimension. For the isogeometric Kirchhoff-Love shell, sd = 3 and pd = 2. P; and d, are vectors of mid-surface
geometry control points and displacements associated with node i. Accordingly, the position vector on the mid-surface shell patch
in the deformed configuration given by (1) is

X&) = X&) +u@ =RE®P+d) . (14

Substituting (12) and (14) into (2) and following the procedures (4)-(8), we can assemble the residual force vector by taking the
first derivative of the internal work (8) and the stiffness matrix for the second derivative,? respectively,

R,=0d,W, and K, =04R;. (15)

For shell structures with single patch NURBS surface, the displacement increments can be solved by K 4d = —R,.

For multi-patch shell structures, contributions of the coupling term outlined in (9) to both membrane and bending stiffness
need to be taken into consideration. Using a shell structure with two patches as an example, depicted in Fig. 1, a topologically
1D, geometrically 2D quadrature mesh $° is constructed in the parameter space to represent the integration domain of the patch
intersection. We first move the quadrature mesh to the parametric location of the intersection relative to shell patch SA. The
reference geometry and displacements of the patch intersection are obtained by interpolating corresponding functions from .S
to Q,

XA = NORAMENPA =R@OPY  and  84(0) = NORAEH A = N@)d , (16)
where
NQO) =[Ny ) PN ... FIN,Q) 17

denotes the basis function of the quadrature mesh to approximate quantities in the physical space. Standard linear basis functions
are employed for N(¢) in this paper, and m is the number of nodes of the quadrature mesh. EA € R4 refers to the vector of nodal
coordinates of the quadrature mesh relative to shell patch S* with Z‘f\ € R, The calculation of EA is discussed in Section 3.2.1.
Additionally, ¢ is the isoparametric coordinate of the quadrature mesh, with ¢ € R! due to £ being a topologically 1D mesh.
RAEY) € Romsdx(rsd) g the interpolation matrix, each row is the evaluation of the NURBS basis function of shell S* at Ef‘ P2 and
d? are vectors of interpolated control points and displacements on the intersection. Substituting (16) into (1) and (2), covariant
basis vectors of the mid-surface on the intersection £ are obtained as

~ ~ ~ A "’A ~ ~

Ay =XA, =NORY, EHPP=NQP;  and ag)
i =0, =NORA,, EHPA +a) = NO®, +d}) ’

A=
where R*,. (") is the first order derivative of the interpolation matrix along parametric direction &,, and 13? and d? are
a ca

interpolated first order derivative of the control points and displacement functions with respect to the parametric coordinates Z‘A of
intersection £. Plugging (18) into (3), normal vectors of the intersection on shell S in the reference and deformed configurations
can be computed as A? and ﬁg\. It is notable that (18) requires the first order derivatives of the NURBS basis functions, ensuring
rotational continuity is preserved at patch intersections.

2 We use d,(-) and d,(-) to denote the total derivative and partial derivative, respectively, of a function with respect to the discrete variables v. This notation
distinguishes from the functional derivative in the continuous setting, denoted as (-),,, to avoid confusion.
3 In this paper, all symbols indicated with ~ denote quantities defined on the quadrature mesh of patch intersections.
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Fig. 1. An illustrative example of two shell patches with one intersection. Shell patches S and S® are discretized isogeometrically using NURBS basis functions
RA(E) and RB(&). A topologically 1D quadrature mesh &, discretized using linear basis functions N(¢), is created in the parametric space to integrate the penalty
energy for shell coupling.

Tangent vectors of the intersection on both configurations have to be computed before acquiring conormal vectors in (9), and
they are given by
AA=XA =N (P and @ =5A =N Q@ +i). 19

A=
Subsequently, conormal vectors on reference and deformed configurations are defined as

AA « AA 5A o aA
At = % and at= % . (20)
AR x AA| l1a® x &

Next, we move the quadrature mesh € to the parametric position defined by coordinates EB relative to shell patch SB, where
the calculation of EB is discussed in Section 3.2.1. By repeating (16) and (18), we can determine the displacements &i® and normal
vectors A? and 5133 of SB at the intersection £. Substituting these displacements and geometry vectors from the quadrature mesh
into (9), the penalty virtual work 6Wpﬁg(&, (i{, P.P,) can be integrated on Q, where d and P are the interpolated displacements and
geometric control points for both surfaces. d, and P, are the associated first order derivatives. Consequently, the residual force
vector and stiffness matrix of the coupled shell structure are

R - [Rg\ + RpAen] d K = K& + K04 Koo on
RE+RE KB KE4KEE |
where components of penalty energy contribution, e.g., R’p*en and Kgfn, are defined as
Rp = (RNET 0 Wk + R @ 0p W and @2)
AB = (RBE®)T 0gRA,, + REE™)T 0 R} - (23)

And RA (F%) € ROmpd-sd)x(rsd) g the first order derivative of the interpolation matrix on both parametric directions.

The displacement increments for both spline patches can be solved using the Newton-Raphson method, as expressed by
KAd = —R. Eq. (23) indicates that K{)\fn = KanT, enabling the lower triangle blocks in K to be obtained from the upper triangle
counterparts, thereby improving computational efficiency. Readers are referred to [26] for details about implementation and code
framework. A series of benchmark problems in [26, Section 4] have been utilized to verify the accuracy of this method, which shows

good results for the application of aircraft wings [58, Section 6].
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3. Shape optimization of non-matching shells with moving intersections

Integrating IGA into shell shape optimization presents notable advantages. The direct analysis based on CAD geometries in IGA
naturally bridges the gap between the design model and analysis model within the optimization loop. Compared to the classical FEM,
IGA-based shape optimization entirely bypasses the process of conforming FE mesh generation, thereby significantly simplifying the
workflow due to the absence of FE mesh sensitivity. This section presents the formulations for IGA-based shape optimization and
discrete analytical derivatives [61,62], followed by an in-depth discussion of multi-patch shell structures with moving intersections.

3.1. Shape optimization of isogeometric Kirchhoff-Love shell

A general shape optimization problem for an isogeometric shell patch can be formulated as
mini{)nize fP
subject to g(P) <0 » (24)
h(P)=0

where design variable P are the control points of the shell geometry, f is the objective function, g and h are the vector-valued
inequality and equality constraints, respectively. We adopt internal energy as the objective function to illustrate the optimization
scheme. The internal energy of the Kirchhoff-Love shell is a function of both the control points of geometry P and displacements
d, expressed as f = WSi“‘(P, d(P)). In this study, a gradient-based optimization algorithm is used due to its benefits in efficiency and
suitability to large-scale problems. The total derivative of a single patch shell shape optimization is given by the chain rule

dpf = dpf + (3a/)" dpd, (25)

where the partial derivatives dpf and dy f can be readily calculated with isogeometric discretization in (12). The total derivative
dpd can be determined by the physical constraint of the Kirchhoff-Love shell theory Ry(P,d) = 0 for all input P, which implies

dpR; = 0pR + 9gR,dpd = 0, (26)
dpd = —(9gR) ™' 9pR, = -K' GpR; , 27)

where JpR; represents the partial derivative of the shell residual force vector with respect to geometry control points, and
(GgA);; = dBjA,-. In the direct method, dpd can be solved with

K, dpd = —3pR; . (28)

However, the cost of solving (28) scales linearly with the number of design variables. The adjoint method is employed to circumvent
the increasing expenses of solving the linear systems in (28) with a large number of design variables. Substituting (27) into (29),
the total derivative states as

dpf =0pf — (9af)K;' 0pRs = dpf + (dg_f)" OpR; , (29)

where dg_f can be solved with the following equation
K dg f=—04f - (30)

The number of linear solves in (30) equals the number of model outputs and remains independent of the number of design variables.
In practical shape optimization scenarios, the number of design variables typically far exceeds the number of outputs. Therefore, the
adjoint method is more advantageous for addressing large-scale optimization problems. By solving the total derivative in (30) and
substituting it into (29), the shell geometry with minimum internal energy is obtained when the algorithm satisfies the optimality
condition.

3.2. Shape optimization of multi-patch isogeometric Kirchhoff-Love shells

Here, we extend the optimization problem (24) to encompass multi-patch shell structures, using a two-patch configuration
illustrated in Fig. 1 to demonstrate the optimization approach. For clarity, we continue to use P and d to represent the control points
for the geometry and displacements of the non-matching shell. Specifically, we define PT = |pAT  pBT| and a7 = [gAT dBTl.
In addition to the change in geometry control points, multi-patch shell structures involve the relative movement between shell
patches during shape optimization. To account for this movement, we introduce an additional set of state variables denoted as
;‘T = [.EAT EBT] as shown in Fig. 1, representing the parametric coordinates of the patch intersections, into the shape optimization
process.

Section 2.3 indicates that, besides the boundary and load conditions, the displacement field of non-matching shell structures
depends not only on the shell geometry but also on the parametric location of patch intersections. This dependence is encapsulated
by the shell coupling residual vector R(P, &, u) = 0 introduced in (21). The total derivative of shape optimization for non-matching
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shells dp f remains the same as given in (25). However, the total derivative dpd is obtained by taking the total derivative of the
non-matching residual R,

dpR = 0pR + 0zR dpé + 4R dpd =0, (3D
dpd = —(9gR) ™' (0pR + 0zR dp&) , (32)

where d4R is the stiffness matrix of the non-matching shell, 9;R = K. Similar to the single patch shell, the partial derivative dpR
can be derived from the residual vector of the non-matching shell and has an identical form to K,

OpaRY + 0paRS dps R,
al:'R = B B B s (33)
aPA Rpen aPB RS + aPB Rpen

where the blocks related to penalty terms, e.g., dPBRpAen, can be derived from (22),

~B, 3B o B 3B
a,,BRPAen = (RB( ))Taf,BRgen +(RE (& ))Taf,gRgen . (34)
In contrast to the single patch shell, the non-matching shells require additional derivatives, as indicated in (32), for shape
optimization. The partial derivative JzR in (32) is crucial for differentiating the movement of the intersection during the shape
update of shells. This derivative can be obtained from (22) since only the penalty terms involve the parametric coordinates of the
patch intersection. The derivative is expressed as
A A
agA Rpen 053 Rpen
B B
0&AR %BR

pen pen

O‘ER = s (35)
where the detailed derivations of sub-blocks is illustrated in A using the chain rule. Upon examination of (22), it is apparent that
the residual vector of the penalty energy RI’;‘en involves the evaluation of the NURBS basis functions and their first derivatives at
parametric coordinates of the patch intersection. Note that (35) necessitates the second-order derivatives for both shell patches, a
condition naturally satisfied by the NURBS functions. Hence, the higher-order continuity in NURBS basis functions not only facilitates
direct discretization of the Kirchhoff-Love shell model but also provides a straightforward solution for the relative shell movement
in shape optimization problems. This ensures that the optimization process can accurately compute the sensitivities of intersection
movements in multi-patch shell structures.

3.2.1. Implicit relation between shell control points and intersections’ parametric coordinates

Another derivative that needs to be computed in (32) is the total derivative of parametric coordinates of intersections with
respect to shell control points, dp&. This derivative accounts for the sensitivity of the intersection location & with respect to the
shape changes in shell patches. To obtain the analytical derivatives, we establish a relation between & and P through a system of
implicit equations. These equations are formulated into a residual vector R, (P, &), which reads

RAENHPA — RB(E)PB = 0

5 oA 2o forie {1,2,...,m)
R, (P.&) = / = ) , (36)
5113\3_1\020 j€{2,3,...,m—1}
EN-1\0=0

where L;\ is the element length of the quadrature mesh @ in physical space defined using the Euclidean distance between two
adjacent geometric control points of the quadrature mesh

SA A A A
LY = |RAE, )P* - RAEHPA, - (37)

The first line of (36) signifies that the parametric coordinates Z‘A and EB for node i of Q coincide in physical space. This condition
ensures the recovery of the same physical intersection curve from the parametric space on sides A and B. The second line of (36)
imposes constraints on the quadrature mesh, requiring equally spaced geometric control points and a uniform physical mesh size.
This equation rules out the presence of very small elements in the quadrature mesh. The first two lines of (36) consist of 4m — 2
equations, while there are 4m unknowns in &.

For an arbitrary intersection between two shell patches subjected to elastic deformation, two discrete points on the interaction
parametric coordinates EA or EB are located at the edges of the shell surfaces as illustrated in Fig. 1. The last two items in (36) impose
such two additional constraints on interaction kinematics where the two edge coordinates have values of either 1 or 0, depending
on their parametric location and are denoted using 1\0. The parametric coordinate indices k and / take values of 1,2,2m — 1, or 2m.
These two conditions force the intersection edge points to move along their respective edges during the shape optimization process.
Ultimately, the four conditions presented in (36) guarantee a unique set of intersection parametric coordinates for a given pair of
shell surfaces. Newton’s iteration is utilized to solve (36) as the analytical partial derivative BERﬁ can be formulated.

With the differentiable residual vector R, we can obtain the total derivative dpé using the following expression

dpR; = dpR, + zR, dpé =0, (38)
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Fig. 2. Illustration of shape updates and changes in the relative location for two shell patches during shape optimization. The parametric coordinates of the
patch intersection are updated from iteration i to i + 1 accordingly.

dp€ = —(%zR.) " 0pR, , (39)

where the partial derivatives J¢R, and dpR, can be readily obtained from (36). The derivation for these two partial derivatives is
demonstrated in B.

Substituting (33), (35) and (39) into (32), the total derivative of displacements with respect to the geometric control points of
the non-matching structures can be obtained. Finally, the total derivative of the non-matching shell shape optimization problem can
be computed by substituting (32) into (25) to yield

dpf =0pf — (9af/)"K™" [0pR — 0zR (zR,) ' 0pR,] . (40)

The (94f)TK™! term can be effectively computed using the adjoint method discussed in Section 3.1. Depending on the shell
discretization and number of points on the intersection quadrature mesh, both the direct method and adjoint method can be
considered for calculating 9zR (agRﬁ)‘laPRE.

By computing the total derivative dpf in (40), the multi-patch shell structural geometry can be updated using optimization
algorithms. A schematic demonstration of the shape update during optimization iterations is depicted in Fig. 2.

4. Implementation

The following sections illustrate the implementation details of non-matching shell shape optimization. We adopt the multilevel
design concept and present the treatment of various types of intersections. Furthermore, we introduce the dependencies of the
open-source Python library used in this paper.

4.1. Multilevel design for IGA-based optimization

In this paper, we apply the multilevel design concept [52,61,63] to create a flexible design space. The optimizer modifies only the
shape of shell structures with coarse discretizations, referred to as the design model, by adjusting the coordinates of their control
points. Meanwhile, a refined geometry, named the analysis model, is used for accurate analysis of the structural response after
shape modifications. Specifically, for CAD geometries defined using NURBS basis functions, order elevation (p-refinement), knot
refinement (h-refinement), and the combination of these two methods (k-refinement) can be employed to produce finer models
while preserving the original geometry. This capability in IGA is particularly beneficial for shape optimization problems as it allows
the dimension of the design space to be chosen independently from the dimension of the analysis model.
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Fig. 3. Multilevel design approach for shape optimization problems. The coarse design model is employed to update the shape of the geometry, while the refined
analysis model is used for structural analysis. Both the design model and the analysis model represent the same geometry.

Fig. 3 presents an example of the multilevel design approach for a single patch shell. A quadratic surface with coarse discretization
defines the design model. Firstly, the order of the B-spline basis functions is increased to cubic through order elevation. Then the
surface is refined by inserting a series of knots in both parametric directions to create the fine analysis model. The design model,
with significantly fewer degrees of freedom (DoFs) than the analysis model, enhances convergence for optimization problems. Design
engineers have the flexibility to define the dimension of the design space by selecting the initial knot vector. Additionally, the
continuity of the basis functions in the analysis model can be increased through k-refinement, which is advantageous for problems
with higher-order governing equations. Linear operations can achieve k-refinement by creating associated matrices. Commonly used
algorithms for implementing these refinement strategies are detailed in the NURBS book [2, Chapter 5].

The multilevel design approach can be readily extended to shape optimization with non-matching shell structures, where the
differentiation for the movement of patch intersections during the optimization process is discussed in Section 3.2.

4.2. Intersection types in shape optimization

Without considering extreme cases such as singular points and singular curves, there are typically three types of intersections
between two tensor-product NURBS patches, as shown in Fig. 4. The first type, named interior—interior intersection, is depicted in
Fig. 4(a). For the interior—interior intersections, we assume that two shell patches can move independently of each other without any
other constraints imposed. The second type, termed as interior—edge intersection and illustrated in Fig. 4(b), occurs when the edge
of one shell patch intersects the interior of the other shell patch, forming a T-junction structure. During the optimization process,
the intersection is allowed to move while maintaining the T-junction. Therefore, an additional constraint is necessary to fulfill this
requirement. For the third intersection type, as shown in Fig. 4(c), the edges from two separate patches join together and no relative
movement between the two patches is allowed. In this intersection topology, the optimization framework enforces the conditions
that the relative location of the intersection remains fixed and the two shell patches are always connected at their edges. While these
intersection topologies do not represent all possible geometries, they are effective within our targeted applications, particularly in
the context of aircraft wing design.

For the interior-edge type of intersections, a linear constraint is applied to the parametric coordinates of the intersection to retain
the T-junction. Fig. 5 depicts the associated parametric configuration and the intersection’s quadrature mesh of Fig. 4(b). To preserve
the T-junction, the quadrature mesh related to the vertical patch needs to stay on the top edge. Assuming the parametric domain of
the vertical patch is a unit square and the lower-left corner is at (0,0), the constraint is applied as Efz =1forie{l,2,...,m}. In the
example shown in Fig. 5, the intersecting edge of the vertical patch is only defined by three DoFs, leading to an over-constrained
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Fig. 5. Parametric configuration of two shell patches with an interior—edge intersection.

system since m > 3. Therefore, we select three points, highlighted in red, in the quadrature mesh to enforce the T-junction constraint.
The support of each NURBS basis function at the intersecting edge needs to contain at least one selected point to uniquely define
the edge. It is noted that the edge alignment of the vertical and horizontal patches is imposed only at the selected points to avoid an
over-constrained condition. Given the potential for high-order polynomial intersections between two shell patches, the determined
curve is considered as an approximated intersecting edge within the design space.

In cases where shell patches form edge-edge intersections, the coordinates of the quadrature mesh are assumed to remain
unchanged throughout the optimization process. If the optimization problem incorporates the shape of these shell patches, we
employ the FFD-based method as proposed in [58, Section 4] to ensure the connectivity between shell patches. The shell patches
with edge-edge intersections are embedded within a trivariate B-spline block where the shape of shells is updated through the
change of the 3D B-spline block. Meanwhile, parametric coordinates of intersections between shell patches in different B-spline
blocks are allowed to move. This strategy is employed in the tube optimization benchmark problem in Section 5.2. Conversely, if
the shell patches with edge—edge intersections are not considered in the optimization problem, their control points can be fixed
without any updates.

4.3. Software elements for open-source implementation

The shape optimization Python library is developed leveraging a suite of open-source code packages. It employs the Python
interface of OpenCASCADE, PythonOCC [64], to import the CAD geometry in IGES or STEP formats into the optimization process.
Meanwhile, the surface-surface intersection approximation functionality in PythonOCC is utilized to determine the parametric
coordinates of intersections, which serve as the initial guess for (36). For automated structural analysis of CAD geometries consisting
of non-matching isogeometric Kirchhoff-Love shells, the FEniCS [65]-based library PENGOLINS [26] is employed. The Lagrange
polynomial basis functions in the finite element code of FEniCS are changed to NURBS basis functions through the extraction
technique [60,66-68]. The Lagrange extraction is implemented in tIGAr [69], while the low-level assembly subroutines in FEniCS
are reused in the analysis framework.

FEniCS makes use of advanced code generation and computer algebra to automate analytical Gateaux derivative computation,
allowing for large-scale gradient-based optimization. Partial derivatives in (40) are encapsulated into individual components, and
they are modularized through OpenMDAO [70] to manage the adjoint method of total derivative calculation. For solving the
optimization problem, the SLSQP optimizer [71] is used for simple benchmark examples. The SNOPT optimizer [72], renowned
for its efficiency in nonlinear problems where gradient evaluations are computationally intensively, is employed for complicated
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Fig. 6. Workflow of the IGA-based shape optimization for non-matching shell structures with moving intersections.

problems. The sparse sequential quadratic programming (SQP) algorithm is used in the SNOPT optimizer. The source code of the
shape optimization framework is publicly available on the GitHub repository GOLDFISH [73], where demonstrations presented in
Sections 5 and 6 can be reproduced.

4.4. Optimization scheme

With the aforementioned implementation details and code dependencies, the workflow of shape optimization for non-matching
shells is outlined in Fig. 6. The optimization workflow entirely bypasses the FE mesh generation for the CAD geometry. Shape
modifications are directly applied to the coarse design model, and the structural response of the updated geometry is evaluated using
the refined analysis model. As such, the dimension of the design space can be significantly reduced. As discussed in Section 4.1,
the geometry preservation properties of NURBS surface refinement methods ensure that no geometric errors are introduced from
the design model to the analysis model, which is difficult to achieve in traditional FEM. Consequently, this optimization approach
guarantees both accurate geometry representation and analysis results.

5. Benchmark problems

In this section, we present results based on a set of shape optimization problems to validate the effectiveness of the proposed
optimization scheme. The multilevel design approach is employed in the T-beam example, while the FFD-based method, which
maintains edge—edge intersections, is tested in the tube problem.

5.1. T-beam under distributed load

Two types of T-beam geometry are demonstrated to verify the accuracy of the shape optimization approach. The T-beam geometry
in Section 5.1.1 has a flat top surface, while the top surface in Section 5.1.2 is curved to test the proposed approach’s ability
to preserve the T-junction in curved structure in the optimization process. In both demonstrations, the T-beam is subjected to a
downward distributed pressure and is fixed at the rear end.

11
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Fig. 7. (a) The isogeometrically discretized T-beam geometry with a flat top surface in the initial configuration. The movable intersection is highlighted with
a green line. (b) The T-beam’s internal energy depends on the location of the vertical surface. The minimal internal energy occurs when the vertical surface is
located at the center of the top surface.

5.1.1. Flat T-beam

For the first benchmark problem, we consider a T-beam geometry composed of two patches, a top surface and a vertical surface.
In the optimization process, both surfaces remain flat, with dimensions of 2 m in width and 10 m in length for each patch. The
thickness of both shell patches is set as 0.1 m. In the initial design, the top surface ranges from —1 m to 1 m in the horizontal
direction, while the top edge of the vertical patch is located at 0.5 m horizontal location. The isogeometrically discretized* analysis
model using cubic B-spline basis functions is shown in Fig. 7(a) where the interior—edge intersection is indicated with a green line.
Material properties, Young’s modulus E = 107 Pa and Poisson’s ratio v = 0, are used in the analysis, and the uniformly distributed
load has a magnitude of P =1 Pa.

In this benchmark problem, we aim to minimize the internal energy of the T-beam by adjusting the position of the vertical
patch. Thus, only one design variable is considered in this problem. The relation between the internal energy of the T-beam and the
location of the vertical patch is illustrated in Fig. 7(b). The lowest normalized internal energy, with a value of 0.18719, corresponds
to the vertical patch positioned at the center of the top patch. Since the movement of the vertical patch is restricted to the horizontal
direction, the requirement for the maintenance of the T-junction is automatically satisfied, and the volume of the T-beam remains
constant. The only required constraints in this problem are the limits for the coordinate of the vertical patch, which ranges from
-1 m to 1 m. The SLSQP optimizer is adopted for this problem with a tolerance set as 10~1°. Due to the simplicity of this benchmark
example, the optimizer converges to the optimal location rapidly and terminates successfully with 4 iterations. The optimized T-
beam geometry are demonstrated in Fig. 8. The vertical patch of the optimized geometry has a horizontal coordinate of 1.323x 1079,
closely matching the theoretical optimal solution of 0 with a negligible difference. The normalized internal energy of the converged
solution has a value of 0.18721, which shows good agreement with the expected value.

5.1.2. Curved T-beam

For this purpose, a T-beam CAD geometry with a curved top surface is generated, and the associated analysis model discretized
with cubic B-spline basis functions is shown in Fig. 9. The top surface ranges horizontally from —1 m to 1 m and vertically from 0 m
to 0.3 m. The vertical surface is located at 0.5 m horizontal location in the initial configuration, where the intersection is marked
by a green line. In this benchmark problem, the dimensions of the design space are increased. In the design model, we employ
a cubic B-spline surface with a knot vector of [0,0,0,0,1,1, 1, 1] on both parametric directions to define the horizontal position of
the vertical patch, alongside a linear B-spline curve with a knot vector [0,0, 1, 1] for its vertical location. This problem involves 16
horizontal design variables and 1 design variable for the vertical location. The same material parameters and objective functions as
in Section 5.1.1 are used. A constraint ensuring that the top edge of the vertical surface remains attached to the top surface during
the optimization is introduced by fixing the parametric coordinate of the quadrature mesh with respect to the vertical patch to 1.0
in the &, direction. Additionally, a volume constraint is imposed on the vertical surface to ensure a constant volume.

We employ the SNOPT optimizer with a tolerance of 107°. It takes 49 iterations for the optimizer to converge to the specified
tolerance. A series of representative optimization snapshots of this benchmark problem is shown in Fig. 10, which demonstrates that
the top edge of the vertical surface adheres to the top surface due to the implementation of the T-junction preservation constraint.

4 Due to technical limitations within FEniCS, the interpolation matrix described in (16) can only be constructed with triangular meshes in the current
implementation. While all numerical examples are discretized using triangular meshes, the solutions are still approximated using NURBS basis functions.
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Fig. 9. Initial configuration of a T-beam geometry with a curved top surface, where the green line indicates the initial location of the intersection.

Despite the increased dimension of the design space allowing for potential bending of the vertical patch, it eventually converges to
a flat surface in the optimal configuration to minimize internal energy. The limits of the horizontal control points in the optimized
design are —4.079x 10~ and 3.651x 1075, which correspond to the flat vertical surface at the center of the top surface with sufficiently
small errors. The flat shape in the optimized design indicates that the vertical surface’s volume remains unchanged. Meanwhile, the
vertical coordinate of the control point on the top edge in the optimal design of 0.3 confirms that the top edge of the vertical surface
precisely lies in the middle of the top surface, maintaining the T-junction connection.

To demonstrate the effectiveness of the proposed shape optimization approach for multi-patch shell structures that incorporate
a moving intersection, we test it against two T-beam benchmark problems. Both benchmarks converge to the optimal shapes with
sufficiently small errors. During the optimization process, relative movement between the surface patches is achieved using analytical
derivatives calculated from the adjoint method, as discussed in Section 3.2. Additionally, the T-junction is accurately preserved
through a linear constraint applied to the parametric coordinates of the intersection’s quadrature mesh.

5.2. Tube with follower pressure

In this section, we investigate the shape optimization of a tube subjected to an outward-facing follower unit pressure on its inner
surface. We model a quarter of the tube geometry using four separately parametrized surfaces, with the initial quarter tube geometry
depicted in Fig. 11(a). Symmetric boundary conditions are applied to represent the full tube. The initial tube geometry features five
intersections in total, two edge—edge intersections, highlighted with red lines, and three interior-interior intersections, marked with
green lines. As discussed in Section 4.2, we assume that the edge-edge intersections remain unchanged due to lack of relative
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Fig. 10. Snapshots of the shape optimization history of the T-beam featuring a curved top surface. The SNOPT optimizer requires 49 iterations to converge to
the tolerance of 107°.

movement, and their intersection type does not alter throughout the optimization process. On the other hand, interior—interior
intersections can be moved during the shape optimization, allowing for the search of optimal intersection locations. Consequently,
the upper two shell patches can move relative to the lower two patches, and the relative locations within each pair are maintained.

In this benchmark problem, we employ the FFD-based shape modification strategy, incorporating the Lagrange extraction
technique [60], as introduced in [58] for automated preservation of edge-edge intersections in the upper and lower shell patch
pairs. The setup of the B-spline blocks in the initial configuration are demonstrated in Fig. 11(b), where the four shell patches are
distinguished by different colors. The initial quarter tube geometry ranges from 0 m to 1 m in both vertical and horizontal directions,
and from 0 m to 2 m in the axial direction. Each shell patch pair is embedded in a trivariate B-spline block, with shape updates
of shell patches achieved by adjusting the control points of the B-spline blocks. Due to the continuous shape modification inside
the B-spline block, the edge—edge intersections are maintained. Moreover, relative movement is allowed between the distinct FFD
B-spline blocks assigned to the upper and lower pairs.

In the structural analysis, we use a Young’s modulus of 10° Pa and Poisson’s ratio of 0 for the material properties of shell patches,
each with a thickness of 0.01 m. Control points of each FFD block are aligned in the axial direction to ensure the tube remains straight,
leading to the assignment of the control points in the first layer of the FFD blocks along the axial direction as design variables. In
sum, there are 50 design variables in total, 25 for each FFD block. Meanwhile, the left edge of the upper FFD block and the lower
edge of the lower FFD block are fixed to ensure constant positioning of the symmetric edges in the tube geometry. We employ the
SNOPT optimizer with a tolerance of 1072, requiring 142 iterations to achieve convergence. Fig. 12 displays a sequence of snapshots
for the cross-sectional view of the tube geometry during the optimization process. The optimization snapshots demonstrate a gradual
transition of the initial tube toward the expected circular tube. Notably, the upper pair of shell patches move freely relative to the
lower pair during the optimization iterations. As the optimization progresses, the intersections between these shell pairs shift from
interior positions in the initial configuration to the edges in the final configuration, eventually achieving the optimal design.

The shape of the optimized geometry is displayed in Fig. 13(a), where the red curve indicates the cross-section of an exact
circular tube. The circular shape represents the theoretical optimal shape that minimizes internal energy under the given follower
pressure load conditions. A comparison of the cross-sectional view of the tube in initial and optimized configurations is shown in
Fig. 13(b). In the optimized configuration, the cross-section of the tube geometry aligns closely with a perfect quarter circular arc,
demonstrating the accuracy of the optimization approach. This tube benchmark problem highlights the capability of the optimization
approach for handling intersections of the interior—interior type. This approach allows the associated intersecting shell patches to
move independently, subject to a constraint guaranteeing the existence of the intersection during the shape optimization process.
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Fig. 11. (a) A quarter of the initial tube geometry consists of four non-matching cubic B-spline patches. The three interior—interior intersections are indicated
with green lines, and two red lines mark the edge-edge intersections. (b) Initial configuration of the tube geometry and FFD blocks. Each set of surface patches
with edge-edge intersections is embedded in one 3D B-spline FFD block to preserve the edge-edge intersection, while the interior-interior intersections between
different FFD blocks are allowed to move during the shape optimization process.
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Fig. 12. Representative snapshots of the shape optimization history for the cross-sectional view of tube geometry with interior—interior intersections. The
interior—interior intersections converge to edge—edge intersections in the optimized design to minimize the internal energy of the tube.

6. Applications to aircraft wings

The proposed optimization scheme holds promise for enhancing the design of novel aerospace structures, where thin-walled
structures are prevalent. We apply this shell shape optimization method with moving intersections to change the internal structures
layout of an eVTOL aircraft wing, aiming to reduce the internal energy of the wing. The CAD geometry of the wing is depicted
in Fig. 14, demonstrating the initial design created using the open-source software OpenVSP [74-77] developed by NASA. The
wing geometry consists of 11 B-spline patches including 2 outer skins, 1 wing tip, 2 spars, and 6 ribs, where 32 intersections
are detected in the wing geometry. Among the intersections, 4 of them are categorized as edge-edge intersections between outer
surfaces or the wing tip, thus staying fixed throughout the optimization process and are marked with red curves in Fig. 14. The
remaining intersections are either interior-interior, formed between ribs and spars, or interior-edge intersections, formed between

15



H. Zhao et al. Computer Methods in Applied Mechanics and Engineering 431 (2024) 117322

10
0.8
"‘éﬁiﬁ‘ 1 %‘A ‘A
OXNRND 06 -
DN AN :
BN
04
== = Patch | initial \
= = Patch 3 initial .
02 F — Patch 1 optimized \
=== Patch 3 optimized \\
00 " Exact quarter circle
] | | | | |
0.0 0.2 0.4 0.6 0.8 1.0
X
@ )

Fig. 13. (a) Optimized geometry of the tube, the red curve represents an exact circle for comparison. (b) Cross-sectional view of the tube geometry in the initial
and optimized configurations.
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Fig. 14. The CAD geometry of an eVTOL aircraft wing comprises 11 spline patches with 32 intersections. There are 28 movable intersections highlighted by
green curves and 4 fixed intersections are indicated by red curves.

outer surfaces and internal structures, and therefore can be moved during the optimization process. These movable intersections
are distinguished by green curves.

The baseline design of the wing geometry, isogeometrically discretized using cubic B-spline basis functions with a total of 2274
DoFs, is displayed in Fig. 15, presenting the non-conforming discretizations between outer surfaces and internal structures. The wing
geometry serves as the analysis model throughout the optimization process. A clamped boundary condition is applied at the wing
root, while the lower outer surface is subjected to an upward distributed pressure of 500 N/m?, simulating the cruise condition of the
wing. For structural analysis, an isotropic elastic material model is employed for simplicity, with material properties corresponding
to aluminum: Young’s modulus E = 6.8 x 10° Pa and Poisson’s ratio v = 0.35. The wingspan is approximately 4.8 m and the chord is
1.2 m. All shell patches have a thickness of 3 mm. The displacement field of the initial wing geometry is demonstrated in Fig. 15.

In this application problem, we first optimize the shape of the internal spars and ribs of the wing while keeping the outer surfaces
unchanged to minimize the internal energy of the wing. For the first design scenario, we consider a rigid body approach, allowing
only movement of the spars along the x, direction and the ribs along the x, direction. Thus, each spar and rib can only translate in a
single direction, resulting in one associated design variable for the rigid body movement, totaling 8 design variables. However, due
to the movement of the internal structures, the edges of these shell patches may deviate from the outer skins, requiring additional
constraints to maintain the T-junctions. To achieve this, we utilize the constraints discussed in Section 4.2. Specifically, we employ
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a cubic spline curve with one knot span [0,0,0,0,1,1,1,1] for each intersecting edge of the internal structures to preserve the T-
junctions in the x5 direction. Thus, each edge constraint requires 4 design variables. With 16 T-junctions in the wing geometry, this
yields 64 design variables in the x5 direction to the optimization problem, resulting in a total of 72 design variables for the rigid
body shape optimization of the internal structures.

Furthermore, we introduce additional constraints to ensure that the spars remain within the envelope of the outer surfaces in the
x, direction. This can be achieved by setting lower and upper bounds to the associated design variables. The front and rear edges
of the ribs are maintained within 80% and 15% locations from the trailing edge to the leading edge in the chordwise direction.
Meanwhile, a minimum distance of 0.4 m between the two spars at the wing root and a minimum distance of 0.5 m between adjacent
ribs are imposed.

With the problem setup described above, we proceed to perform rigid body shape optimization for the internal spars and ribs.
In this design scenario, we utilize the SNOPT optimizer with tolerances of 10~3 for optimality and 10~* for feasibility. Convergence
is achieved after 22 iterations, and the optimal design and associated displacement magnitude are illustrated in Fig. 16(a). In
the optimized configuration, the two spars translate towards the center of the wing, reaching the minimum distance limit, while
the ribs almost stay unchanged. The optimal design enhances the bending rigidity of the wing by moving the spars towards the
center; a reasonable adjustment since the wing displacement is dominated by bending deformation given the geometry, loading and
boundary conditions. On the other hand, the ribs, which are aligned parallel to the chordwise direction and are only allowed rigid
body movement, exhibit negligible impact on reducing the bending deformation compared to the spars. The internal energy of the
optimized wing geometry in Fig. 16(a) is 94.98% of the baseline design in Fig. 15.

In the second design scenario, we enable the change of the 6 ribs for not only translation but also rotation in the x;—x, plane,
while maintaining the planar geometry. The front and rear edges of the ribs still stay along the lines of 80% and 15% of the distance
from the trailing edge to the leading edge, respectively. Thus, the x; coordinates of the ribs are dependent on their x, coordinates.
This adjustment increases the number of design variables in the x, direction to 2 for each rib, resulting in a total of 78 design
variables. To prevent excessive rotation and elongation of the ribs, an additional set of constraints is introduced to ensure that the
volume of each rib remains below 1.5 times the initial volume. The same SNOPT optimizer and convergence criteria are employed
for this optimization problem. The geometry and displacement associated with the optimized configuration after 46 iterations are
demonstrated in Fig. 16(b), where ribs increasingly tilt from the wing root to the wingtip, adding additional bending rigidity to the
wing, particularly in regions where the two spars are in closer proximity. The internal energy of the optimized geometry is 94.84%
of the initial geometry, slightly lower than the first design scenario as we expected.

Considering that spars have more influence on the wing’s bending deformation, we consider rotatable planar surfaces to model
the spars in addition to the second design subjected to the same geometric and volume constraints. This enables all the internal
structural members to translate and rotate in the third design scenario. Compared to the second case, one more design variable is
introduced for each spar. Similar to the rib volume constraint, the volume of each spar is restricted to less than 1.5 times the initial
volume. The minimum distance between the two spars is set as 0.1 m. All other design conditions and optimization parameters
remain unchanged. Convergence is achieved after 32 iterations, yielding an optimized geometry illustrated in Fig. 17(a), where the
corresponding contour plot of displacement is also included. Notably, the two spars move towards the center at the wing root and
gradually split at the wingtip, while the ribs exhibit decreasing rotation from root to tip, in contrast to the second design case.
Further, the results show a relation between the tilt degree of the ribs and the distance between the two spars; the closer the spars,
the greater the rib tilt degrees. The internal energy of the third design is calculated to be 93.08% of the initial geometry, representing
a distinct improvement compared to the second design case in Fig. 16(b).

To further improve the third design, we introduce an additional design variable to each spar in the x,; direction so that the spars
are described by quadratic B-splines. The B-splines feature a knot span of [0, 0,0, 1, 1, 1] in the x;—x, plane, allowing for out-of-plane
curvature in addition to translation and rotation. This change increases the total number of design variables to 82. The optimizer
converges in 25 iterations and yields an optimized geometry depicted in Fig. 17(b), which follows a similar pattern to the third design
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Fig. 16. (a) The optimized geometry with rigid body translation for spars and ribs and associated displacements. (b) The optimized geometry with rigid body
translation for spars and planar ribs and corresponding displacements. The displacement field is scaled by a factor of 20.

case but incorporates curved spars. The internal energy of the optimized design is 93.04% of the baseline design, slightly smaller than
the third case. Considering other internal components in the wing and manufacturability, the third optimization scenario emerges
as a more practical design, exhibiting a 6.92% internal energy reduction compared to the baseline design. However, depending on
the design conditions, the fourth design provides a nontraditional internal structure that may prove beneficial for other types of
stiffened thin-wall structures.

The application to the eVTOL wing demonstrates the effectiveness of the proposed approach in shape optimization of complex
shell structures involving large movement of surface intersections. Wing spars and ribs are reorganized based on design criteria
to minimize the internal energy of the wing. As the dimension of the design space increases, the objective function converges
to a smaller value as expected. In the optimized configuration, the edges of the internal structures align well with the outer
surfaces, effectively retaining the T-junctions. Throughout the optimization process, all shell patches maintain analysis-suitable
NRUBS surfaces without significant distortion in the discretization despite the large movement of intersections. The eVTOL wing
structural components are entirely represented by B-spline surfaces during the whole optimization process, ensuring precise shape
updates in analysis and shape optimization under a streamlined workflow.

Finally, in addition to optimizing only the internal structures, considering shape optimization for both internal structures and
outer skins simultaneously can achieve significant improvements for the eVTOL wing but yield a more challenging optimization
problem. The internal structures must maintain the T-junctions along with the changing outer surfaces while searching for the
optimal position. In this design scenario, we consider rigid body translation for the internal ribs and spars. The design models of
the lower and upper outer skins are described using surfaces with a linear B-spline in the spanwise direction and a cubic B-spline in
the chordwise direction, with knot vectors [0,0, 1, 1] and [0,0,0,0, 1, 1, 1, 1], respectively. To simplify the problem, we fix the shape
of the edges of each outer skin except for the edge at the wing root and only change the vertical coordinates of the outer surfaces’
control points. This choice of design model introduces 8 new design variables for each outer skin surface. The upper bound of
2.9 m and lower bound of 3.3 m are set for the control points of the outer surfaces. The same boundary and loading conditions are
applied to the eVTOL wing. The optimized geometry and associated displacement contour are depicted in Fig. 18, where the internal
energy of the wing is reduced by 64.54%. The wing root expands in the vertical direction, and the spars move toward the center
simultaneously to enhance the bending rigidity of the wing. Meanwhile, the longer edges of the ribs and spars still maintain the
T-junctions with the lower and upper surfaces despite their shape updates. Due to the use of a simple distributed load, the control
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Fig. 17. (a) The optimized geometry with planar spars and ribs and contour plot of the displacements. (b) The optimized geometry with quadratic spars and
planar ribs and resulting displacements. The displacement field is scaled by a factor of 20.
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Fig. 18. The displacement field of the optimized geometry incorporating updates of outer skins and rigid body translation of spars ribs and resulting displacements.
The displacement field is scaled by a factor of 20.
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points of the outer surfaces reach the specified limits to maximize the support of the wing, as expected. Aerodynamic solvers and
appropriate aero-structural coupling methods are required in future work to obtain a more realistic design.

7. Conclusion

This paper introduces a novel shape optimization approach for shell structures composed of multiple B-spline or NURBS patches.
This method allows relative movement between shell patches without compromising mesh quality during shape updates, thereby
enabling moving intersections. Shell patches are modeled using Kirchhoff-Love theory and discretized isogeometrically in the
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analysis, and intersecting shell patches are coupled using a penalty-based method. To achieve the moving intersections during design
optimization, partial derivatives of the penalty energy with respect to surface intersections’ parametric locations are formulated,
along with an implicit relation between shell patches’ control points and surface intersections’ parametric locations. Standard
benchmark problems are employed to validate this shape optimization approach, demonstrating that the optimized solutions closely
match the reference solutions. Furthermore, we apply the proposed approach to adjust the layout of the internal spars and ribs of
an eVTOL aircraft wing, resulting in nontraditional wing designs aimed at minimizing the internal energy of the wing.

In the optimization workflow, an initial CAD geometry of a shell structure is imported into the framework, with the control points
of the CAD geometry treated as design variables. Their coordinates are updated directly using the optimization algorithm. The CAD
geometry with updated control points is then used in the analysis framework directly to evaluate the structural response and total
derivatives without additional steps. Additionally, the optimized CAD geometry is still represented by a collection of B-spline or
NURBS surfaces, which can be exported to standard CAD file formats. A limitation of the current framework is that stiffeners may
not lie on the main surface with perfect T-junctions. Besides, adaptive discretization of the quadrature meshes to accommodate the
stretch of intersections remains an interesting research topic.

Integrating IGA into shell shape optimization presents notable advantages. The direct analysis based on CAD geometries in IGA
naturally bridges the gap between the design model and analysis model within the optimization loop without geometric errors.
The coarse design model is employed to update the shape of the geometry, while the fine analysis model is used for structural
analysis. Shape modifications are directly applied to the coarse design model, and the structural response of the updated geometry
is evaluated using the refined analysis model. As such, the dimension of the design space can be significantly reduced. This shape
optimization workflow for non-matching shells is significantly simplified and accelerates the conceptual design of complex shell
structures. The optimal designs provide valuable insights for the development of innovative shell structures.
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Appendix A. Partial derivatives of the non-matching residual

The block matrices in (35) are obtained through the application of the chain rule and taking derivatives for the NURBS basis
functions. The formulation of the first diagonal block is detailed as follows,

A ~A ~ A ~A ~
9ARGe, = (OARMEDNTEHMIRE + RAYE)T 9ARG,

(A1)
N ~A ~ ~ ~A ~
+ ORGPV R + RA ) 0, RGE,
where pr*en = 0ga Wpﬁg and R’;‘fm = a&? Wpﬁg are residual vectors of the penalty energy on the quadrature mesh & at location &*.

aEAﬁA(EA) and 0EA ﬁA,§ (&) are 3D arrays involve the first order and second order derivatives of the NURBS basis functions, where

the transpose T(2,3, 1) indicate switching the axes of the 3D array from (1,2,3) to (2,3, 1). Partial derivative aEARSen in (A.1) is
formulated as

RA  _ 5. RA A RA A
OEA Rpen = 0ga Rpen 0EAd + 0&? Rpen OEA dg
RA pA RA BA (A.2)
+ al“,ARPen aEAP + (3132 Rpen BEAP 5
where the first component in each term, e.g., dga f{pAen,

as aEAdA’ it is computed via the interpolation matrix,

can be derived from the penalty energy (9). For the second components, such

opadt = 0,0 (RAGEM @A) = (aEAﬁA(éA))T“M ar . (A.3)
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Likewise, the other component, 651\(1?, involves the first derivative of the shell displacement is calculated as
< A =A
Iprdy = OaRY, @)V ah (A.4)

Replacing d* with PA in (A.3) and (A.4), we can obtain OEAPA and OEAP?, and therefore, 6EARA The same derivation can be applied

pen*
to I;)btain 6§AR§\§n. Substituting ‘)gARpAen and 9 RS

ozR.
¢

pen into (A.1), we can get the first diagonal block matrix of the partial derivative
The off-diagonal block has a similar formulation to the diagonal block,

0 R, = RAEM)T OpRY,, + (R, EM)T aémggn. (A.5)

pen pen

With the diagonal and off-diagonal blocks, we can obtain the partial derivative in (35).

In (A.1) and (A.4), it becomes evident that the second-order derivative of the NURBS basis functions for the shell patch is
included. Consequently, the C! continuity is required if the evaluation point is located at the element boundary. This requirement
is inherently fulfilled by the NURBS basis functions, thereby highlighting the advantages of IGA in the application of design
optimization.

Appendix B. Partial derivatives of the implicit intersection representation
To compute the analytical total derivative of the non-matching shell optimization problem, partial derivatives of the implicit

intersection representation (36) with respect to P and & are required. The partial derivative of the implicit residual vector with
respect to intersections’ parametric coordinates, 0gR,, states as

EA EB
FA 0
0§RL. = , o
vr
VS
where
[ﬁA EHPr R (;‘A)PA] ifi=k
ES‘ B o @ ’ - and
0, otherwise
(B.2)
R B i zB o
BB =1 [RB’¢1 EPP RE (& )PB] , ifi=k ’
! 0, otherwise

fori={1,2,...,m} and k = {1,2,...,m}. Matrices E* and EP have sizes of (m x sd) x (mx pd). Each entry, Eﬁc or E?k, is a block matrix
with a size of sd X pd. And

A ~ A ~ T A ~ A ~ .
2(RAGDPA - RAG) PR ) [RA, B PA R @) PA] L ifk=)-1
A ~ A ~ T A ~ A ~
2 (RAE, )PA - RAG PR [RA, @pr RA, @A, if k=
A ~ A ~ T A ~ A ~ .
2 (RAE, P - RAEDPA )[R, (B 0P RAL @ DPA] L ifk=j+1

0, otherwise

> (B.3)

for j € {2,3,....m—1} and k € {1,2,...,m}. FA has dimensions of (m — 2) X (m x pd), with each entry F;."k being of size of 1 X pd.
Additionally, v, is a row vector consisting of zero values except for the r-th entry, which is set to 1. And v, possesses these same
properties.

The partial derivative of the residual vector with respect to shell patches’ control points dpR, is expressed as

RAEYH  -RBE)
WR,=| G} o | (B.4)

0

0
forie {1,2,....m} and j € {2,3,...,m—1}. And Gj.‘ is a row vector and has the following definition

AA o~ A A~ T /an - N
Gh=2pA" [(RA@;*H) ~RAED) (RAE ) -RAED)
(B.5)
LA~ A A~ T/ 0 - Ap

- (RAED - RAE))) (RA@;.*)—RA@?,I))] :

Consequently, we can obtain the total derivative of the intersections’ parametric coordinates with respect to shell patches’ control
points by substituting (B.1) and (B.4) into (39).

21



H. Zhao et al. Computer Methods in Applied Mechanics and Engineering 431 (2024) 117322

References

[1] T.J.R. Hughes, J.A. Cottrell, Y. Bazilevs, Isogeometric analysis: CAD, finite elements, NURBS, exact geometry, and mesh refinement, Comput. Methods
Appl. Mech. Engrg. 194 (2005) 4135-4195.

[2] L. Piegl, W. Tiller, The NURBS Book, Springer Science & Business Media, 2012.

[3] T.W. Sederberg, J. Zheng, A. Bakenov, A. Nasri, T-splines and T-NURCCs, ACM Trans. Graph. (TOG) 22 (3) (2003) 477-484.

[4] Y. Bazilevs, V.M. Calo, J.A. Cottrell, J.A. Evans, T.J.R. Hughes, S. Lipton, M.A. Scott, T.W. Sederberg, Isogeometric analysis using T-splines, Comput.
Methods Appl. Mech. Engrg. 199 (5-8) (2010) 229-263.

[5] C. Giannelli, B. Jiittler, H. Speleers, THB-splines: The truncated basis for hierarchical splines, Comput. Aided Geom. Design 29 (7) (2012) 485-498.

[6] D.C. Thomas, L. Engvall, S.K. Schmidt, K. Tew, M.A. Scott, U-splines: Splines over unstructured meshes, Comput. Methods Appl. Mech. Engrg. 401 (2022)
115515.

[7]1 M.F. Hardwick, R.L. Clay, P.T. Boggs, E.J. Walsh, A.R. Larzelere, A. Altshuler, DART System Analysis, Technical Report SAND2005-4647, Sandia National
Laboratories, 2005.

[8] J. Kiendl, K.-U. Bletzinger, J. Linhard, R. Wiichner, Isogeometric shell analysis with Kirchhoff-Love elements, Comput. Methods Appl. Mech. Engrg. 198
(49-52) (2009) 3902-3914.

[9] J. Kiendl, Isogeometric Analysis and Shape Optimal Design of Shell Structures (Ph.D. thesis), Lehrstuhl fiir Statik, Technische Universitat Miinchen, 2011.

[10] J. Kiendl, M.-C. Hsu, M.C.H. Wu, A. Reali, Isogeometric Kirchhoff-Love shell formulations for general hyperelastic materials, Comput. Methods Appl. Mech.
Engrg. 291 (2015) 280-303.

[11] N. Nguyen-Thanh, J. Kiendl, H. Nguyen-Xuan, R. Wiichner, K.-U. Bletzinger, Y. Bazilevs, T. Rabczuk, Rotation free isogeometric thin shell analysis using
PHT-splines, Comput. Methods Appl. Mech. Engrg. 200 (47) (2011) 3410-3424.

[12] H. Casquero, L. Liu, Y. Zhang, A. Reali, J. Kiendl, H. Gomez, Arbitrary-degree T-splines for isogeometric analysis of fully nonlinear Kirchhoff-Love shells,
Comput. Aided Des. 82 (2017) 140-153, Isogeometric Design and Analysis.

[13] H. Casquero, X. Wei, D. Toshniwal, A. Li, T.J.R. Hughes, J. Kiendl, Y.J. Zhang, Seamless integration of design and Kirchhoff-Love shell analysis using
analysis-suitable unstructured T-splines, Comput. Methods Appl. Mech. Engrg. 360 (2020) 112765.

[14] D. Magisano, A. Corrado, L. Leonetti, J. Kiendl, G. Garcea, Large deformation Kirchhoff-Love shell hierarchically enriched with warping: Isogeometric
formulation and modeling of alternating stiff/soft layups, Comput. Methods Appl. Mech. Engrg. 418 (2024) 116556.

[15] M.-C. Hsu, D. Kamensky, Y. Bazilevs, M.S. Sacks, T.J.R. Hughes, Fluid-structure interaction analysis of bioprosthetic heart valves: significance of arterial
wall deformation, Comput. Mech. 54 (2014) 1055-1071.

[16] D. Kamensky, M.-C. Hsu, D. Schillinger, J.A. Evans, A. Aggarwal, Y. Bazilevs, M.S. Sacks, T.J.R. Hughes, An immersogeometric variational framework for
fluid—structure interaction: Application to bioprosthetic heart valves, Comput. Methods Appl. Mech. Engrg. 284 (2015) 1005-1053.

[17] D. Kamensky, J.A. Evans, M.-C. Hsu, Y. Bazilevs, Projection-based stabilization of interface Lagrange multipliers in immersogeometric fluid-thin structure
interaction analysis, with application to heart valve modeling, Comput. Math. Appl. 74 (9) (2017) 2068-2088, Advances in Mathematics of Finite Elements,
honoring 90th birthday of Ivo Babuska.

[18] D. Kamensky, Open-source immersogeometric analysis of fluid-structure interaction using FEniCS and tIGAr, Comput. Math. Appl. 81 (2021) 634-648,
Development and Application of Open-source Software for Problems with Numerical PDEs.

[19] G.E. Neighbor, H. Zhao, M. Saraeian, M.-C. Hsu, D. Kamensky, Leveraging code generation for transparent immersogeometric fluid—structure interaction
analysis on deforming domains, Eng. Comput. 39 (2) (2023) 1019-1040.

[20] A.J. Herrema, J. Kiendl, M.-C. Hsu, A framework for isogeometric-analysis-based optimization of wind turbine blade structures, Wind Energy 22 (2) (2019)
153-170.

[21] A.J. Herrema, E.L. Johnson, D. Proserpio, M.C.H. Wu, J. Kiendl, M.-C. Hsu, Penalty coupling of non-matching isogeometric Kirchhoff-Love shell patches
with application to composite wind turbine blades, Comput. Methods Appl. Mech. Engrg. 346 (2019) 810-840.

[22] E.L. Johnson, M.-C. Hsu, Isogeometric analysis of ice accretion on wind turbine blades, Comput. Mech. 66 (2) (2020) 311-322.

[23] J. Schulte, M. Dittmann, S.R. Eugster, S. Hesch, T. Reinicke, F. Dell’Isola, C. Hesch, Isogeometric analysis of fiber reinforced composites using Kirchhoff-Love
shell elements, Comput. Methods Appl. Mech. Engrg. 362 (2020) 112845.

[24] H. Mohammadi, A.R. Setoodeh, A.P. Vassilopoulos, Isogeometric Kirchhoff-Love shell patches in free and forced vibration of sinusoidally corrugated FG
carbon nanotube-reinforced composite panels, Thin-Walled Struct. 171 (2022) 108707.

[25] T. Hirschler, Isogeometric Modeling for the Optimal Design of Aerostructures (Ph.D. thesis), Université de Lyon, 2019.

[26] H. Zhao, X. Liu, A.H. Fletcher, R. Xiang, J.T. Hwang, D. Kamensky, An open-source framework for coupling non-matching isogeometric shells with
application to aerospace structures, Comput. Math. Appl. 111 (2022) 109-123.

[27] P. Hao, Y. Wang, L. Jin, S. Ma, B. Wang, An isogeometric design-analysis-optimization workflow of stiffened thin-walled structures via multilevel
NURBS-based free-form deformations (MNFFD), Comput. Methods Appl. Mech. Engrg. 408 (2023) 115936.

[28] J. Kiendl, Y. Bazilevs, M.-C. Hsu, R. Wiichner, K.-U. Bletzinger, The bending strip method for isogeometric analysis of Kirchhoff-Love shell structures
comprised of multiple patches, Comput. Methods Appl. Mech. Engrg. 199 (2010) 2403-2416.

[29] T.X. Duong, F. Roohbakhshan, R.A. Sauer, A new rotation-free isogeometric thin shell formulation and a corresponding continuity constraint for patch
boundaries, Comput. Methods Appl. Mech. Engrg. 316 (2017) 43-83, Special Issue on Isogeometric Analysis: Progress and Challenges.

[30] E. Brivadis, A. Buffa, B. Wohlmuth, L. Wunderlich, Isogeometric mortar methods, Comput. Methods Appl. Mech. Engrg. 284 (2015) 292-319, Isogeometric
Analysis Special Issue.

[31] T. Horger, A. Reali, B. Wohlmuth, L. Wunderlich, A hybrid isogeometric approach on multi-patches with applications to Kirchhoff plates and eigenvalue
problems, Comput. Methods Appl. Mech. Engrg. 348 (2019) 396-408.

[32] T. Hirschler, R. Bouclier, D. Dureisseix, A. Duval, T. Elguedj, J. Morlier, A dual domain decomposition algorithm for the analysis of non-conforming
isogeometric Kirchhoff-Love shells, Comput. Methods Appl. Mech. Engrg. 357 (2019) 112578.

[33] Y. Guo, M. Ruess, Nitsche’s method for a coupling of isogeometric thin shells and blended shell structures, Comput. Methods Appl. Mech. Engrg. 284
(2015) 881-905.

[34] Y. Guo, J. Heller, T.J.R. Hughes, M. Ruess, D. Schillinger, Variationally consistent isogeometric analysis of trimmed thin shells at finite deformations,
based on the STEP exchange format, Comput. Methods Appl. Mech. Engrg. 336 (2018) 39-79.

[35] Y. Guo, Z. Zou, M. Ruess, Isogeometric multi-patch analyses for mixed thin shells in the framework of non-linear elasticity, Comput. Methods Appl. Mech.
Engrg. 380 (2021) 113771.

[36] J. Benzaken, J.A. Evans, S.F. McCormick, R. Tamstorf, Nitsche’s method for linear Kirchhoff-Love shells: Formulation, error analysis, and verification,
Comput. Methods Appl. Mech. Engrg. 374 (2021) 113544.

[37] Y. Wang, Y. Yu, Y. Lin, Isogeometric analysis with embedded stiffened shells for the hull structural mechanical analysis, J. Mar. Sci. Technol. 27 (1)
(2022) 786-805.

[38] Y. Yu, Y. Wang, Y. Lin, IsoGeometric analysis with non-conforming multi-patches for the hull structural mechanical analysis, Thin-Walled Struct. 187

(2023) 110757.

22


http://refhub.elsevier.com/S0045-7825(24)00577-2/sb1
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb1
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb1
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb2
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb3
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb4
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb4
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb4
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb5
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb6
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb6
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb6
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb7
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb7
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb7
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb8
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb8
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb8
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb9
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb10
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb10
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb10
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb11
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb11
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb11
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb12
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb12
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb12
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb13
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb13
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb13
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb14
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb14
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb14
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb15
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb15
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb15
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb16
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb16
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb16
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb17
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb17
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb17
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb17
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb17
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb18
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb18
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb18
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb19
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb19
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb19
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb20
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb20
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb20
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb21
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb21
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb21
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb22
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb23
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb23
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb23
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb24
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb24
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb24
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb25
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb26
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb26
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb26
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb27
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb27
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb27
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb28
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb28
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb28
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb29
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb29
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb29
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb30
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb30
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb30
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb31
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb31
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb31
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb32
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb32
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb32
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb33
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb33
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb33
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb34
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb34
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb34
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb35
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb35
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb35
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb36
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb36
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb36
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb37
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb37
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb37
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb38
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb38
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb38

H. Zhao et al. Computer Methods in Applied Mechanics and Engineering 431 (2024) 117322

[39]

[40]

[41]

[42]
[43]

[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]

[59]
[60]

[61]

[62]

[63]

[64]
[65]

[66]

[67]

[68]

[69]
[70]

[71]
[72]
[73]
[74]
[75]
[76]

[771

L. Coradello, G. Loli, A. Buffa, A projected super-penalty method for the C'-coupling of multi-patch isogeometric Kirchhoff plates, Comput. Mech. 67 (4)
(2021) 1133-1153.

L. Coradello, J. Kiendl, A. Buffa, Coupling of non-conforming trimmed isogeometric Kirchhoff-Love shells via a projected super-penalty approach, 2021,
arXiv:2104.13804.

L. Leonetti, F.S. Liguori, D. Magisano, J. Kiendl, A. Reali, G. Garcea, A robust penalty coupling of non-matching isogeometric Kirchhoff-Love shell patches
in large deformations, Comput. Methods Appl. Mech. Engrg. 371 (2020) 113289.

D. Proserpio, J. Kiendl, Penalty coupling of trimmed isogeometric Kirchhoff-Love shell patches, J. Mech. 38 (2022) 156-165.

G. Guarino, P. Antolin, A. Milazzo, A. Buffa, An interior penalty coupling strategy for isogeometric non-conformal Kirchhoff-Love shell patches, Eng.
Comput. (2024) 1-27.

T. Hirschler, R. Bouclier, A. Duval, T. Elguedj, J. Morlier, The embedded isogeometric Kirchhoff-Love shell: From design to shape optimization of
non-conforming stiffened multipatch structures, Comput. Methods Appl. Mech. Engrg. 349 (2019) 774-797.

K.-U. Bletzinger, E. Ramm, Form finding of shells by structural optimization, Eng. Comput. 9 (1993) 27-35.

W.A. Wall, M.A. Frenzel, C. Cyron, Isogeometric structural shape optimization, Comput. Methods Appl. Mech. Engrg. 197 (33-40) (2008) 2976-2988.

S. Cho, S.-H. Ha, Isogeometric shape design optimization: exact geometry and enhanced sensitivity, Struct. Multidiscip. Optim. 38 (2009) 53-70.

S.-H. Ha, K.K. Choi, S. Cho, Numerical method for shape optimization using T-spline based isogeometric method, Struct. Multidiscip. Optim. 42 (2010)
417-428.

X. Qian, Full analytical sensitivities in NURBS based isogeometric shape optimization, Comput. Methods Appl. Mech. Engrg. 199 (29-32) (2010) 2059-2071.
K. Li, X. Qian, Isogeometric analysis and shape optimization via boundary integral, Comput. Aided Des. 43 (11) (2011) 1427-1437.

H. Azegami, S. Fukumoto, T. Aoyama, Shape optimization of continua using NURBS as basis functions, Struct. Multidiscip. Optim. 47 (2013) 247-258.
A.P. Nagy, S.T. IJsselmuiden, M.M. Abdalla, Isogeometric design of anisotropic shells: optimal form and material distribution, Comput. Methods Appl.
Mech. Engrg. 264 (2013) 145-162.

P. Hao, X. Yuan, C. Liu, B. Wang, H. Liu, G. Li, F. Niu, An integrated framework of exact modeling, isogeometric analysis and optimization for
variable-stiffness composite panels, Comput. Methods Appl. Mech. Engrg. 339 (2018) 205-238.

A.J. Herrema, N.M. Wiese, C.N. Darling, B. Ganapathysubramanian, A. Krishnamurthy, M.-C. Hsu, A framework for parametric design optimization using
isogeometric analysis, Comput. Methods Appl. Mech. Engrg. 316 (2017) 944-965.

Y. Ding, Shape optimization of structures: a literature survey, Comput. Struct. 24 (6) (1986) 985-1004.

M.H. Imam, Three-dimensional shape optimization, Internat. J. Numer. Methods Engrg. 18 (5) (1982) 661-673.

R. Bouclier, T. Hirschler, IGA: Non-conforming coupling and shape optimization of complex multipatch structures, John Wiley & Sons, 2022.

H. Zhao, D. Kamensky, J.T. Hwang, J.S. Chen, Automated shape and thickness optimization for non-matching isogeometric shells using free-form
deformation, Eng. Comput. (2024) 1-24.

T.W. Sederberg, S.R. Parry, Free-form deformation of solid geometric models, SSIGGRAPH Comput. Graph. 20 (4) (1986) 151-160.

D. Schillinger, P.K. Ruthala, L.H. Nguyen, Lagrange extraction and projection for NURBS basis functions: A direct link between isogeometric and standard
nodal finite element formulations, Internat. J. Numer. Methods Engrg. 108 (6) (2016) 515-534.

J. Kiendl, R. Schmidt, R. Wiichner, K.-U. Bletzinger, Isogeometric shape optimization of shells using semi-analytical sensitivity analysis and sensitivity
weighting, Comput. Methods Appl. Mech. Engrg. 274 (2014) 148-167.

T. Hirschler, R. Bouclier, A. Duval, T. Elguedj, J. Morlier, A new lighting on analytical discrete sensitivities in the context of isogeometric shape optimization,
Arch. Comput. Methods Eng. 28 (4) (2021) 2371-2408.

A.P. Nagy, M.M. Abdalla, Z. Giirdal, Isogeometric sizing and shape optimisation of beam structures, Comput. Methods Appl. Mech. Engrg. 199 (17-20)
(2010) 1216-1230.

T. Paviot, J. Feringa, PythonOCC, Technical Report, 2018, 3D CAD/CAE/PLM development framework for the Python programming language.

A. Logg, K.-A. Mardal, G.N. Wells, Automated Solution of Differential Equations by the Finite Element Method: The FEniCS book, vol. 84, Springer Science
& Business Media, 2012.

M.J. Borden, M.A. Scott, J.A. Evans, T.J.R. Hughes, Isogeometric finite element data structures based on Bézier extraction of NURBS, Internat. J. Numer.
Methods Engrg. 87 (2011) 15-47.

M.A. Scott, M.J. Borden, C.V. Verhoosel, T.W. Sederberg, T.J.R. Hughes, Isogeometric finite element data structures based on Bézier extraction of T-splines,
Internat. J. Numer. Methods Engrg. 88 (2011) 126-156.

J.E. Fromm, N. Wunsch, R. Xiang, H. Zhao, K. Maute, J.A. Evans, D. Kamensky, Interpolation-based immersed finite element and isogeometric analysis,
Comput. Methods Appl. Mech. Engrg. 405 (2023) 115890.

D. Kamensky, Y. Bazilevs, tIGAr: Automating isogeometric analysis with FEniCS, Comput. Methods Appl. Mech. Engrg. 344 (2019) 477-498.

J.S. Gray, J.T. Hwang, J.R.R.A. Martins, K.T. Moore, B.A. Naylor, OpenMDAO: An open-source framework for multidisciplinary design, analysis, and
optimization, Struct. Multidiscip. Optim. 59 (2019) 1075-1104.

D. Kraft, A software package for sequential quadratic programming, 1988, Forschungsbericht- Deutsche Forschungs- und Versuchsanstalt fur Luft- und
Raumfahrt.

P.E. Gill, W. Murray, M.A. Saunders, SNOPT: An SQP algorithm for large-scale constrained optimization, SIAM Rev. 47 (1) (2005) 99-131.
https://github.com/hanzhao2020/GOLDFISH, GOLDFISH source code.

J. Gloudemans, P. Davis, P. Gelhausen, A rapid geometry modeler for conceptual aircraft, in: 34th Aerospace Sciences Meeting and Exhibit, 1996.

J. Gloudemans, R. McDonald, Improved geometry modeling for high fidelity parametric design, in: 48th AIAA Aerospace Sciences Meeting Including the
New Horizons Forum and Aerospace Exposition, 2010.

W. Fredericks, K. Antcliff, G. Costa, N. Deshpande, M. Moore, E. San Miguel, A. Snyder, Aircraft conceptual design using vehicle sketch pad, in: 48th
AIAA Aerospace Sciences Meeting Including the New Horizons Forum and Aerospace Exposition, 2010.

A. Hahn, Vehicle sketch pad: A parametric geometry modeler for conceptual aircraft design, in: 48th AIAA Aerospace Sciences Meeting Including the New
Horizons Forum and Aerospace Exposition, 2010.

23


http://refhub.elsevier.com/S0045-7825(24)00577-2/sb39
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb39
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb39
http://arxiv.org/abs/2104.13804
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb41
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb41
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb41
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb42
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb43
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb43
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb43
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb44
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb44
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb44
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb45
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb46
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb47
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb48
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb48
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb48
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb49
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb50
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb51
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb52
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb52
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb52
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb53
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb53
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb53
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb54
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb54
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb54
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb55
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb56
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb57
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb58
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb58
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb58
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb59
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb60
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb60
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb60
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb61
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb61
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb61
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb62
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb62
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb62
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb63
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb63
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb63
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb64
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb65
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb65
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb65
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb66
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb66
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb66
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb67
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb67
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb67
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb68
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb68
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb68
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb69
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb70
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb70
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb70
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb71
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb71
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb71
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb72
https://github.com/hanzhao2020/GOLDFISH
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb74
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb75
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb75
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb75
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb76
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb76
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb76
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb77
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb77
http://refhub.elsevier.com/S0045-7825(24)00577-2/sb77

	Shape optimization of non-matching isogeometric shells with moving intersections
	Introduction
	Non-matching coupling of Kirchhoff–Love shell
	Basic Kirchhoff–Love shell formulation
	Penalty coupling of shell patches
	Shell coupling with isogeometric discretization

	Shape optimization of non-matching shells with moving intersections
	Shape optimization of isogeometric Kirchhoff–Love shell
	Shape optimization of multi-patch isogeometric Kirchhoff–Love shells
	Implicit relation between shell control points and intersections' parametric coordinates


	Implementation
	Multilevel design for IGA-based optimization
	Intersection types in shape optimization
	Software elements for open-source implementation
	Optimization scheme

	Benchmark problems
	T-beam under distributed load
	Flat T-beam
	Curved T-beam

	Tube with follower pressure

	Applications to aircraft wings
	Conclusion
	CRediT authorship contribution statement
	Data availability
	Acknowledgments
	Appendix A. Partial derivatives of the non-matching residual
	Appendix B. Partial derivatives of the implicit intersection representation
	References


