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Abstract. The isogeometric analysis (IGA) has offered a prospect of integrating
CAD and CAE more closely, while the existing CAD models derived from commercial
software usually need extra efforts to be made suitable for IGA, which hinders the
industry level practice for this budding technology framework. While in certain
scenarios, it is highly efficient to generate analysis-suitable models utilizing
parametric modeling techniques when the analysis of a series of products with
similar geometric features is conducted via IGA. This paper proposes the basic
procedures as well as the technology details to realize the IGA based design of
multi-hole wall plate structures, which are commonly used in the aerospace
industry as external housings and for attaching various components. Traditionally
the design procedure was challenging due to the need for repeated modeling and
analysis to meet the varied requirements from different sectors. Hence, by using
IGA as the analysis tool and combining it with parametric design, the whole process
from geometric modeling to performance assessment of multi-hole wall plate
structures can be integrated and simplified, enabling the reduction of product
development timespan and the improvement of field efficiency.

Keywords: multi-hole wall plates, parametric modeling method, NURBS, iso-geom
etric analysis, NLIGA
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1 INTRODUCTION

For engineers, the traditional product design process involves two critical steps: modeling using
Computer-Aided Design (CAD) and performance analysis using the Finite Element Method (FEM).
Due to the difference of the geometry representation methods in CAD and FEM, the generation of
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analysis model for FEM could be tiresome and time-consuming, especially when the target product
is complex and conveys abundant information from different design sectors’ requirements, like in
the aerospace industry. During the analysis process, if mesh subdivision is necessary, the
interaction with the CAD system and mesh re-generation cannot be avoided, accounting for about
80% of overall analysis time [2]. Additionally, for FEM, the mesh is only an approximate
representation of the model, resulting in the loss of certain geometric features [3], which also
makes the convergence and acquisition of high accuracy results a prolonged process.

To address the issues above, Isogeometric analysis (IGA), proposed by Hughes et al. [9] is a
numerical analysis technique that has offered a prospect of integrating CAD and CAE more closely.
Same as CAD system, spline technique, such as Non-Uniform Rational B-spline, is employed in IGA
for the expression of geometry and field variables, by which the high accuracy and high
computational-efficient results can be obtained. Moreover, with the help of IGA, changes to the
design can be easily incorporated into the analysis without the frequent need for re-meshing or
other modifications, resulting in a more efficient design process. However, a disadvantage of IGA
is that it is usually difficult to applied directly to complex models in CAD systems, which are often
composed of multiple trimmed and glued surfaces, wherein gaps, overlaps, and non-conforming
problems may exist [6]. Modification and generation of models suitable for IGA, consequently,
must be implemented, leading to heavy work for geometry fix operation, which hinders the
industry level practice for this promising technology.
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Figure 1: Extensive application of multi-hole wall plate structures: (a) aircraft fuselage [18], (b)
stiffened cylindrical shell [7].

Parametric design is a prevailing design approach that is well-suited for designing a sequence of
products with similar geometric features. This approach enables users to manipulate one or more
parameters, thus facilitating modifications to the geometric model [17]. Notably, in product
design, this method shows great capability that various departments can effortlessly implement
geometry adjustment without rebuilding the model, significantly reducing the design duration and
boosting work efficiency. This method has been widely adopted by engineers in miscellaneous
domains owing to its advantages, including architectural design [19], solid rocket engine design
[16], and multifunctional cellular material structure design [10].

With the continuous development of CAD and CAE, the IGA-based parametric design platform
has received widespread attention and researchers have conducted in-depth research. Hsu et al.
[8] proposed an interactive parametric design platform, implemented as Rhino plug-ins, enabling
design engineers and analysts to input parameters, generate models, perform analysis, and
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visualize results within the same CAD program. In addition, focusing on tunnel design within the
Building Information Modeling (BIM) framework, Ninic et al. [14] presented a systematic approach
that connects BIM software with IGA for efficient design and analysis. In the similar field, Langst et
al. [12] explores the integration of IGA into standard CAD software, providing a unified design
toolbox for architectural and engineering projects. Furthermore, Li et al. [13] introduces a user-
friendly software platform called HIGA, which integrates geometric modeling, IGA, and post-
processing modules for complex hydraulic structures. These studies collectively showcase the
benefits of IGA as well as its potential in diverse engineering domains. However, less attention has
been paid to the integrated design-analysis approach for models with complex geometric features,
such as models with arbitrarily shaped holes.

In the aerospace industry, multi-hole wall plate structures are prevalent due to their frequent
use as external housings and their ability to be attached to various components [18, 7], shown in
Figure 1. During the general design stage of products such as rocket sections, the main body is
typically composed of multi-hole wall plates that serve as the basic structures. However, designing
such structures needs to accommodate the different requirements of various sectors, which usually
undergo frequent changes, and the resulting modifications must be reflected in the basic
structures [4]. The general design sector has to do lot of repeated modeling and analysis work.
Even one small change is raised from a certain related sector, the whole process needs to be
redone for safety consideration. This situation amplifies the data transferring bottleneck between
CAD and FEM, which means the demands for integrated design software is very imperative.

Hence, we have developed a series of methods to implement the IGA-based technique
roadmap for designing multi-hole wall plate structures of aerospace products. A parametric
modeling interface is utilized to input important design information, and the structure's geometry
is segmented into more elementary parts during the modeling process. These segmented elements
undergo a special process to make them suitable for IGA. Thus, the IGA-based design process can
be performed, aiming at the realization of quick generation and modification of analysis-suitable
models and estimation of comprehensive performance, which shortens the product development
timespan and improves field efficiency.

This paper is organized as follows. Section 2 begins by introducing the NURBS basic
techniques. In Section 3, the parametric modeling method for multi-hole wall plate models that are
suitable for IGA is presented. To validate the feasibility of the proposed method, several cases are
studied in Section 4. Finally, Section 5 concludes the paper by providing a summary of the
research and outlining future research directions.

2 NURBS FUNDAMENTALS

2.1 Trivariate NURBS

The trivariate NURBS is the basis for the elementary geometries’ construction. A NURBS volume of
degree p in the u direction, degree ¢ in the v direction and degree r in the w direction,

respectively, is a trivariate vector-based piecewise rational function of the form

n_m l

Z Z Z N (N (N, (@), (P,

i=0 j=0 k=0

zn: i Z Niﬁp (U)NM (U)Nk,r (w)wi,jfk

i=0 j=0 k=0

S(u,v,w) =

(2.1)

are the weights, and the N. (u) , N. (v)

The P . form a tridirectional control net, the w ,
i,k i3,k i,p Jsq

and N, (w) are the nonrational B-spline basis functions defined on the knot vectors

Computer-Aided Design & Applications, 21(2), 2024, 313-327
© 2024 CAD Solutions, LLC, http://www.cad-journal.net



http://www.cad-journal.net/

316

V:‘o,...,o,vqﬂ,...,vjq1,1,...71} (2.2)
1

W = lO,...,O,er,...,%Tl,l,...,l}
r+

1 r+1
where a=n+p+1, 8=m+q+1and y=Il+r+1.

2.2 Cylindrical Intersecting Curve Fitting

In the process of parametric modeling for multi-hole wall plates, it is essential to partition the wall
plate with holes into several basic elements of hexahedral topology to generate a model suitable
for isogeometric analysis [1]. The partition-fitting-modeling process, taking a wall plate with a
circular hole as an example, is described briefly in this section and the following one.

The first task of the segmentation process is to split the contour curve of the hole, whose
mathematical nature is an intersecting curve composed of two mutually perpendicular cylinders
with intersecting axes. For such cylindrical intersecting curves, the parametric equation is

z = z(p) = R, cos(p)

y=ylp) = £ (R’ — Rl cos’(p) ¢ €[0,27] (2.3)

z = 2(p) = R, sin(p)

where R, R, are the radii of the two cylinders respectively.
In this paper, we divide the intersecting curve into four parts, which means that segmentation
is implemented at the points where ¢ = 45° 135°,225°, 315° according to Equation (2.3), also shown

as point A, B, C and D in Figure 2(a). Each part is fitted with a cubic NURBS curve, using the global
curve interpolation method with specified end derivatives, as described in [15]. Every derivative
whereby gives rise to one additional knot and control point, and hence to one additional linear

equation. Data points @, ,k=0,---,n are uniformly sampled on the parameter curve, with D, and

D representing the end derivatives. To simplify the implementation and at the same time

guarantee the needed precision, we set n =4 and assign all control point weights a value of 1.
Using chord length method, let d be the total chord length

d= Z‘Qk - Qk*]‘ (2'4)
k=1
Then
Q. —Q,._
@, =0,a, =1, ak:rHJr‘ d y - ]‘,k:L...,n—l (2.5)
The knots are
Uy ==uy =0, u ==y, =1
- (2.6)
Uy = U 7=L12--n—1

Based on the data points given before, n +1 equations can be obtained
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n+2

i=0
Two additional equations are given below according to the expressions of end derivatives
u
7P0+P1 :§4D0 (28)
1 B un+2 2 9
_PTH»l + Pn+2 = 3 Dn ( ' )

Inserting Equation (2.8) and (2.9) into Equation (2.7) as the second and next to last equations,
respectively, yields the fitting result, shown in Figure 3(a), where we assume that R =100mm ,

R, = 80mm and the hole is located at the center of the wall plate.

2.3 Surface Fitting

After successfully fitting the intersecting curve, the trimmed outer surface of the cylinder, taking
the surface 1 as an example, needs to be fitted, as shown in Figure 2(a).

Surface to be fitted

Known control points

®

ol

The intersecting curve .
fitted by NURBS curve Unknown control points

(a) (b)

Figure 2: Wall plate with a round hole: (a) curves and surfaces to be fitted, (b) schematic
diagram of surface fitting, with red dots representing known control points and yellow ones are
unknown.

Surface fitting is implemented by global surface interpolation method, using NURBS bicubic surface.
Data points @, ,k=0,---,n,1=0,---;m are sampled uniformly on the cylindrical sidewall surface. In

order to inherit the fitting result described in Section 2.2, here n =6 according to Equation (2.7);
on the other hand, the segmentation curves are all cylindrical helices, which can be approximated

by a cubic rational Bézier curve, so m = 3. Again, the first order of business is to obtain reasonable

and the knot vectors U and V. Parameters 657...,177’, for each | are computed

values for the u,,7
using the chord length method, and then each %, is acquired by averaging across all ﬁ,i, 1=0,..,m,

as shown in Equation (2.10); the v, are analogous.

Computer-Aided Design & Applications, 21(2), 2024, 313-327
© 2024 CAD Solutions, LLC, http://www.cad-journal.net



http://www.cad-journal.net/

318

1 m
I, =———> % k=0..n (2.10)

Knot vectors U and V are inherited directly from the ones of the contour curves located on the
surface boundary, of which the NURBS geometric representation is already processed, i.e., an arc,
two cylindrical helices [11], and the result of curve fitting.

Equations for surface interpolation, subsequently, are given below.

n m
N u N. v w P .
wp Tk TUgq U TG g

Q=" (2.11)
SN N, u, N, 5o,
Lp 1,4 2¥)
i=0 j=0
Let
R;.“l :ZZNi,p Ek Nqu 5l wiA]Qk,l (2'12)
i=0 j=0
and
P’ =w P (2.13)

1] YA

Therefore, Equation (2.10) can be written as

n m
R' =) N _u N. o7 P"
k.l iwp k g Tl T
i=0 j=0

The essence of solving Equation (2.14) is to perform two successive curve interpolation operations
in four-dimensional space. Fitting result is presented in Figure 3(b).
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60 »

40 3
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60 “‘ = -60 » - . =

1 ~ 50 e " 50 6
pp® =
- 50 E B
% x

(2.14)

F
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The scatter plot of NURBS fitting result
parametric curves

(a) (b)

Figure 3: Fitting results: (a) cylindrical intersecting curve, (b) surface 1 in Figure 2(a).

3 PARAMETRIC MODELING METHOD

Multi-hole wall plates are generally regularly wrapped around the outer surface of the aerospace
product to help the product withstand external loads, such as bending or torsion. In addition,
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conforming elements, shown in Figure 4, are often used in the meshing process of IGA, facilitating
the stiffness matrix assembly of computation. Since the arrangement pattern of the wall plates is
in accordance with the characteristics of the conforming elements, it is reasonable and effective to
conduct parametric design and mechanical analysis based on the conforming elements.

Non-conforming elements Conforming elements

Figure 4: Non-conforming elements and conforming elements

Parameter input:
1. Overall dimensions of the product:

: Automatic execution
+ Outer radius; 1

|

1

« Height; Dimension calculation |
« Wall plate thickness; of each wall plate and rib: ) P ) :
+ Quantity, thickness and width of ribs; 9 1. Width; Coordinates of control points ; Modeling process

2. Dimensions of holes: : 2. Height;
« Location; 1
« Size; L e
3. Arrangement of ribs.

Figure 5: The illustration of automatic parameter processing during the modeling procedure of
cylindrical wall plate structure.

«

Conforming operation: 4 .

L 1. Degree elevation ” ' Y . |
2. Knot insertion 4 v
3. Patch alignment N Vv R

Figure 6: Conforming operation: degree elevation, knot insertion and patch alignment.

The parametric modeling process of multi-hole wall plates is briefly described below, which is
clearly shown in Figure 7.

1. Parameter input: users input overall dimensions of the product, and the location as well as
size of the holes, respectively, according to the design requirements.

2. NURBS volume modeling: the parametric modeling program is similar to a "black box",
which will automatically calculate the position and size of each basic elements according to
the design requirements. The key information, such as control point coordinates, is derived
during the modeling process, which is illustrated in Figure 5, taking the cylindrical wall
plate structure for instance. Firstly, the wall plates without holes and the ribs, same as the
NURBS volume, which is hexahedral in topology, can be modeled directly. Secondly, for the
ones with holes, the program will automatically figure out which wall plate the hole is
located on and segment it into several basic hexahedral elements, then the fitting
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operation is whereby performed. Finally, NURBS volume models for analysis are obtained
based on the open-source framework NLIGA [5].

Assembly: the NURBS volume models need to be assembled according to the dimensional
parameters and design requirements after modeling process. The assembly procedure can
be regarded as conforming operation, which is automatically implemented according to the
dimensional parameters and design requirements after modeling process, including:

(1) Degree elevation: traverse each wall plate model to find the model with highest degree
in direction », v and w, and perform degree elevation on the other models to make sure
that all models have the same degree.

(2) Knot insertion: during the traversal, the merge set is taken for all knot vectors. Perform
knot insertion operations to keep the knot vectors consistent for all models.

(3) Patch alignment: set the coordinates for all wall plate models, which means that each
wall plate model is automatically moved to the specified position in order to achieve patch
alignment.

Analysis: material properties and mechanical boundary conditions are set for the
mechanical analysis of the model, providing guidance for the adjustment of design
parameters and performance optimization of the wall plate structure.

Modification

Parameter input

Dimension calculation

Modeling process

| ion-fitting-modeling process |

L .

Wall plates Wall plates
without holes with holes

—| =3

I !
.

Assembly
Conforming operation:
1. Degree elevation
2. Knots insertion
3. Patches Alignment

v

Multi-hole wall plates

The design
requirements
are fulfilled ?

Figure 7: Flowchart of the IGA based parametric design program.
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All models are stored into a one-dimensional array, which facilitates the temporary addition or
removal of holes and quick modeling. A wall plate model without holes is stored first, and if a
certain wall plate needs to be perforated, it will be replaced by one with square or round holes,
enabling quick modification and re-modeling, as shown in Figure 8.

Wall plate models with holes

2 4

l l
X3 X
/ One-dimensional array

Wall plate models
without holes

Figure 8: The method for model information storage, where the green square represents the wall
plate with square holes, and the yellow one represents the wall plate with round holes.

4 CASE STUDY

4.1 Linear Elasticity Problem Based on IGA

Formulations for 3D linear elasticity problems based on isogeometric analysis method are briefly
discussed in this section, which serve as the theoretical basis for the following section. Given a

physical domain Q — R® with boundary I' = 90, establish the strong form of governing equations
as

Vo+b=0
s:% vu+v'u (4.1)
o=D:e

The Dirichlet boundary conditions and Neumann boundary conditions are introduced below

u=u onl,

(4.2)

on=p only

where u refer to prescribed boundary displacements and p refer to the tractions, respectively.
According to the principle of virtual work, Equation (4.1) can be written as

fo:éedQ—[fb-éudQ+f p~6udF]—O (4.3)
Q ) r,

Moreover, discretization of the whole model is implemented for calculation, such that the geometry
x on a certain element is described as

nep

x = ZR,.I; (4.4)
i=1

where R, means NURBS basis function, P, means control points and ncp means the number of

control points, respectively. The displacement u and its variation éu, following the isogeometric
concept, are expressed as
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nep
u= E dei
i=1

(4.5)

nep

su=" "R od,
i=1

Global stiffness equation is acquired by substituting Equation (4.5) into Equation (4.3)
Kd=p (4.6)
in which K stands for stiffness matrix, d stands for displacement vector to be calculated and p

stands for load vector. Consequently, the performance of the product can be substantiated via the
estimation of the solving result.

4.2 Case 1: Cylindrical Multi-hole Wall Plate Structure

According to the parametric modeling method in Section 3, a cylindrical wall plate model is built,
which is widely used around the outer surface of the rocket. Important design parameters are
listed in Table 1 below.

Parameters Symbols Values

Outer radius of the structure R 600 (mm)

Height H 780 (mm)

Wall plate thickness t 30 (mm)
Number of axial ribs Ny 6
Number of circumferential ribs N 2

Width of axial ribs W, 4 ()
Width of circumferential ribs We 30 (mm)
Thickness of all ribs t 25 (mm)

Table 1: Overall dimensions of the cylindrical wall plate structure.

Assuming a uniform arrangement of ribs, input the above parameters into the program to obtain a
model without holes, as shown in Figure 9(a). A detailed illustration of dimension calculation for a
certain wall plate is presented. For the wall plate located in row i and column j, as shown in Figure

5, the dimensions to be calculated include its height %, width w, and position %, h,, w, w,.
Here, assuming a uniform distribution of the ribs, the height » is calculated as
h_H_”c"“’(-, 4.7
- n(‘, +1 ( ' )
At the same time, the width w is calculated as
w = 2 _ w
n o (4.8)
Therefore, height of bottom and top of wall plate is acquired
h =i h+w, (4.9)
hy="h +h (4.10)
Similarly, angular coordinates of the wall plate can be expressed as
.27
w =j-— (4.11)

n
a
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(4.12)

Combining the above dimensioning process with the key dimensions in Table 1, the control point

coordinates of the model can be obtained.

(b)

Figure 9: The cylindrical wall plate structure: (a)with no holes, (b) with square and round holes.

The following parameters can be input if square holes and round holes are desired (supposing that
the holes are centered in the wall plates). A new model is obtained after re-modeling process,

shown in Figure 9(b).

Parameters Symbols Values

) . . . 28 (°), 390 (mm);
C|rcumferen£::asl aunadrez;]acﬁ:asscoordlnates O Zr 148 (%), 390 (mm):
9 268 (°), 390 (mm);

Width of square holes Wegr 30; 20; 40 (°)
Height of square holes sqr 150; 100; 80 (mm)
) . . . 88 (°), 660 (mm);
Circumferential and Z-axis coordinates 0 Zung 208 (°), 660 (mm);

of round holes

328 (°), 660 (mm);

Radii of round holes

Trnd

80; 40; 60 (mm)

Table 2: Dimensions of the hole features.

In order to analyze the axial load carrying capacity of the structure, we fixed the bottom of the
model and applied 100 MPa pressure on the top, based on the assumption of elastic material.
Figure 10(a) shows the results of the isogeometric analysis, while Figure 10(b) shows the results

from ABAQUS.
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U, u2
+3.927e-04
-5.093e-03

(b) ABAQUS

Figure 10: Analysis result of cylindrical wall plate structure using different method.

4.3 Case 2: Fuselage with Round Holes

To illustrate the repeatability of the method, we also applied it to the modeling construction of an
aircraft fuselage, as shown in Figure 11. The key dimensions to be entered are the fuselage length,
the outer radius of the circular plate, the height of the flat plate, the hole size (located in the
center of the wall plates), and the width of ribs (uniformly distributed), illustrated in Table 3.

Figure 11: Fuselage with round holes.

Performance analysis is then conducted. Here we fixed the left end of the model and applied a
200MPa surface traction along Z axis on the right end, based on the assumption of elastic material.
Figure 12(a) shows the results of the isogeometric analysis, while Figure 12(b) shows the results

from ABAQUS.

Parameters Symbols Values
Length L 1800 (mm)
QOuter radius of the circular plate R 600 (mm)
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Height of the flat plate H 600 (mm)

Wall plate thickness t 30 (mm)
Number of circular axial ribs Nea 4
Number of circular circumferential ribs Nee 5

Width of circular axial ribs Wea 4 (%)

Width of circular circumferential ribs Wee 30 (mm)
Number of flat axial ribs Nia 3
Number of flat circumferential ribs Ng 5

Width of flat axial ribs Wia 30 (mm)

Width of flat circumferential ribs Wi 30 (mm)

Thickness of all ribs t, 25 (mm)

Radius of round holes Find 50 (mm)

Table 3: Overall dimensions of the fuselage.

s |

(a) IGA (b) ABAQUS

Figure 12: Analysis result of fuselage using different method.

Youngs Load Number of Maximum vertical
_modulus | Scales Case (MPa) Methods h displacement magnitude
3x106 a meshes (mm)
Poisson 1 100 IGA 120 6.747x102
ratio 1:1 FEA 84270 6.543x102
' IGA 452 2.249
0.6 2 200 FEA 301812 2.152

Table 4: Experiment parameters and the result comparison between IGA and FEA.

Referring to Table 4, the results of IGA are found in good coincidence with those of ABAQUS.
However, the number of meshes used in IGA is far less than the one in FEA, highlighting the high
efficiency and better convergence behavior of IGA.
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5 CONCLUSION

This paper put forwards an IGA-based design approach for multi-hole wall plate structures, which
presents the conception of integrating modeling & analysis in one single software environment,
enabling engineers to rapidly and effectively make preliminary assessments of product
performance and expeditiously re-model it in accordance with design specifications. The case
studies prove the effectiveness and practicality of the method. Moreover, the paper shows that
although using IGA as a basic pattern for product design still needs more efforts even
breakthroughs in geometry modeling theory, it can exert prowess in circumstances where the
product’s shape features are comparatively stable and regular, which will provide practical
experiences for the implementation of CAD/CAE integrating software. Note that in the methods
provided in this paper, the fitting accuracy may not reach the expected requirements using
interpolation if holes and surfaces have more complex geometric features. Future work, therefore,
will focus on improving the fitting accuracy and preserving as many local details as possible.
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