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Abstract. In modern, ever-changing markets, product redesign is an essential means
to keep a company's competitive advantages in business. In this paper, we propose
a new approach to streamline the redesigned workflow of thin-walled products by
means of geometric reverse engineering (RE), isogeometric shell analysis, and T-
spline surface (T-splines) modeling. Firstly, we apply RE technique to create a
computer-aided design (CAD) model from one physical thin-walled product. Then,
we convert this CAD model into mechanical T-splines (MT-splines), which are built
on the T-splines and isogeometric shell analysis. MT-splines not only can achieve the
direct mechanical analysis of redesigned products in computer-aided engineering
(CAE) by skipping the costly meshing process but also possess the flexible shape
editability that comes from the combination of geometric alteration and mechanical
deformation, all of which considerably improve the efficiency of product redesign
workflow. Additionally, we study and find a helpful connection between local-uniform
refinement (LU-Refinement) of T-splines and isogeometric analysis (IGA) in this
paper so that we can always ensure the analysis-suitability of locally-refined MT-
splines, which is crucial to the mechanical deformation and analysis of MT-splines
driven by IGA. Finally, two redesign examples of bike mudguard and car-door are
provided to demonstrate the usefulness and effectiveness of our proposed redesign
workflow, offering new thinking for integrating RE, CAD, and CAE in new product
development.

Keywords: Product redesign, Geometric reverse engineering, T-splines refinement,
Isogeometric analysis and design
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1 INTRODUCTION

To better meet customer's needs in today's competitive market, industrial designers are asked to
develop and introduce new products within a limited time continuously. Instead of creating a new
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product design from scratch, designers normally choose to reuse one existing similar product as the
basis for designing a new one [29]. By redesigning existing products, designers are capable of rapidly
evolving their products to constantly improve the competitiveness of the company while considerably
reducing the cost of product development. Because the visual appearance of the product is an
important factor in enhancing customer experience, modifying the product shape has become one
of the effective ways to achieve product redesign. In many cases, a product redesigned with a new
pleasing appearance will be more competitive to attract customers than the old product whose shape
is less attractive.

However, it is not always an easy task to redesign an existing product in practical application
because many products that need to be improved in the modern industry frequently only have
physical objects and lack their original CAD documents for some reason. Therefore, how to obtain a
suitable CAD model as the basis for product redesign becomes a challenging task for designers.
Fortunately, RE technique [5] makes it possible for designers to quickly recreate a 3D model in
computer from physical object. This model reconstruction technique has been extensively used in
many fields to improve the product development cycle, including the fields of aerospace, automobile,
injection mold, medical equipment, and consumer products. In some major CAD systems like CATIA
[6] and NX CAD [26], RE technique has been integrated as an important tool to facilitate product
redesign. Some professional RE modeling tools are also developed with the aim of recreating a high-
quality CAD model from 3D scanning data for product redesign, such as Geomagic Design X [14].

Once designers obtain the CAD model of physical product through RE modeling, they can readily
build a new product design by making some shape alterations to this model. After that, redesigned
CAD model needs to be imported into a CAE system to examine the feasibility in engineering, like
checking its mechanical property. Hence, the data integration from CAD to CAE is also a crucial
factor to affect the efficiency of product redesign workflow. CAD and CAE fields have a long-standing
issue of data compatibility because they adopt different mathematical approaches to describe their
respective models. One CAD model always needs to be converted into another CAE-suitable model
before conducting the engineering analysis on a computer. Such a CAD-to-CAE conversion process
is usually complicated and time-consuming, making it difficult to ensure a quick and efficient
checking of engineering performance in CAE after each product redesign.

Therefore, RE modeling, shape modification, and CAE analysis are three important aspects of
industrial product redesign. Some research has been done in these three directions and achieved
some good results. For example, a parametric reverse modeling method is proposed in [34] to
improve the redesign of the prismatic CAD model described by NURBS surfaces. This redesign
method based on reverse modeling includes four key steps, which are strategy analysis, extraction
of sectional curves, reconstruction of feature models, and parametric redesign. In [7], haptic
modeling is integrated with reverse modeling to present a new redesign approach. The shape
modification in product redesign can become more flexible and intuitive with the help of a haptic
interface in the virtual world. In [36], a new product redesign method is proposed by integrating
reverse modeling with deformation. In this method, the GSM tool in ThinkDesign [31] software is
applied to facilitate the shape modification of the redesigned product. Besides, a reverse innovative
design methodology is presented in [35] to streamline the development of new products. CAE
analysis software packages, such as Abaqus [1], are integrated into this redesign method and are
used to achieve the design verification so that the redesigned product can be continuously optimized
based on analysis feedback. However, the CAE analysis in redesign workflow is still inefficient due
to the incompatible issue between CAD and CAE models. Moreover, we have to use different tools
to separately realize the shape modification and CAE analysis of redesigned product, like the GSM
tool of ThinkDesign for geometric deformation and the Abaqus software package for CAE mechanical
analysis. Besides, the rigid tensor-product scheme of NURBS surface limits its flexibility in shape
modification when it comes to product redesign.

The IGA approach [18] proposed by Prof. Hughes in 2005 can significantly enhance the
integration between CAD and CAE. It is because IGA uses the same set of spline basis functions to
mathematically describe both CAD and CAE models so that CAE analysis can be directly performed
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on the CAD model without relying on the complex and inefficient model conversion. These years,
the IGA approach has been successfully applied in many CAE fields to improve the accuracy and
efficiency of engineering analysis, such as in shell analysis and simulation [21][30], contact
mechanics [23], structural vibration [9], aerodynamics [3], even the optics [2] and cardiac
electrophysiology [4]. Some commercial CAE software, like LS-DYNA [17] and Abaqus [22], have
also developed corresponding IGA modules on their platforms, hoping to make full use of the IGA
approach in industry applications. Therefore, IGA is a promising engineering analysis approach and
can be used to streamline the current product redesign workflow.

In the CAD industry, T-splines [28] are the superset of the popular Non-Uniform Rational B-
Spline (NURBS) surface and accommodate flexible T-junctions on its surface structure. For the
benefits of local refinability and exact compatibility to NURBS surface, T-splines are widely studied
in CAD and CAE fields, like efficient local surface skinning [24] and adaptive isogeometric analysis
[11]. Moreover, T-splines can also be applied to improve the efficiency of computer numerical control
(CNC) manufacturing [13] and additive manufacturing (AM) [12]. For their advantages in CAD and
CAE, T-splines will also be beneficial to product redesign in engineering, especially useful to the
redesign of thin-walled products described by freeform surfaces.

Some research has been done in recent years to study the integration of RE/T-splines, T-
splines/IGA, and IGA/RE. For example, T-splines are combined with RE in [19] to achieve the flexible
geometric reconstruction of tree branch structures in blood vessels and arteries for medical
applications. In [10], T-splines are used to increase the efficiency of IGA with much-reduced degrees
of freedom in computational mechanics when handling the frictionless contact problem of large
deformation. In [16], a RE framework based on IGA is proposed to improve the numerical modeling
and simulation of deep-drawn thin shell components. Although these existing studies have made
some progress in CAD and CAE fields, how to unify the RE, T-splines, and IGA to resolve engineering
design problems has not been investigated to our knowledge, especially in the aspect of product
redesign.

As seen in Figure 1, we will introduce a new approach in this paper to streamline the redesign
workflow of thin-walled products that are extensively used in aircraft, automotive, ships, buildings,
and consumer products based on the smooth integration of RE/T-splines/IGA. Firstly, the RE
modeling tool is applied to create a suitable NURBS model from the scanned data of one physical
thin-walled product. Then, MT-splines is built on this NURBS model through model conversion and
isogeometric shell analysis. Based on the resulting MT-splines, we can achieve flexible shape
manipulation and direct mechanical analysis, both of which will greatly enhance the efficiency of
thin-walled product redesign from both aspects of CAD and CAE.

MT-splines

Physical Thin- CAD Surface Flexible Shape Direct Mechanical Redesigned
walled Product . Reconstruction ’ Manipulation ’ Analysis ’ New Product

Figure 1: New redesign process for thin-walled products.

The rest of the paper is organized as follows. In Section 2, we briefly review the RE technique of
geometric models. Section 3 offers a short description of T-splines and particularly investigates the
LU-Refinement of T-splines. The construction of MT-splines based on isogeometric shell analysis is
presented in Section 4, and Section 5 introduces the new redesign workflow for thin-walled products.
Two redesign examples are given in Section 6 to show the effectiveness and usefulness of our
proposed new approach. Finally, Section 7 concludes the paper and discusses our future research
direction.
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In this paper, we focus on the shape redesign of thin-walled product and restrict the discussion
on the case of bicubic T-splines. Additionally, we will use different control polygons to distinguish
the NURBS surface (black polygon), T-splines (green polygon) and MT-splines (red polygon).

2 REVERSE ENGINEERING MODELING

Broadly speaking, reverse engineering is a process that takes apart one existing object into some
basic units and analyzes their internal relations to gain knowledge about how this object works.
Many things in a wide range of fields can be reverse-engineered, like those in product design, military
technology, software engineering, chemicals, and even the pharmaceutical industry. For the
reconstruction of the geometric model in the product design field, the RE technique is used to build
a CAD model from the physical product by utilizing contact or non-contact digital measuring devices
when the original CAD data of this product is incomplete or unavailable.

A typical process of geometric RE for product redesign is shown in Figure 2 and can be divided
into four steps. In the first step, a 3D scanning system is used to acquire the shape information
about the physical product, obtaining a data set of point clouds to describe the product shape. In
step 2, the resulting point-cloud data is processed sequentially through operations of registration,
cleaning, simplification, and smoothing so as to produce a suitable mesh model for surface
reconstruction. In step 3, surface fitting is applied to create an appropriate surface patch from each
consistent region over the mesh model, generating a set of surface patches to represent the shape
of the physical product. In the final step, these fitted surface patches are trimmed and smoothly
stitched to build a basic CAD model for subsequent product redesign, completing the geometric
reconstruction of the physical product.

Physical Product lProduct Redesign |
3D Scanning |-> Point Cloud Surface , CAD M'odel
Processing Reconstruction Creation

Figure 2: Geometric reverse engineering for product redesign.

With RE technique, designers are capable to quickly start a redesign work for those products that
lack their original CAD documents, because it is no longer necessary for designers to laboriously
redesign the product from scratch as in traditional product redesign cycle.

3  T-SPLINES AND LOCAL UNIFORM REFINEMENT

T-splines is an advanced geometry description for freeform surfaces in the CAD field. It has flexible
local refinability and desirable exact compatibility with the popular NURBS surface. When refining
the T-splines, we can add new control points in local rows or columns onto the surface rather than
add full rows or columns of control points, which is unavoidable in NURBS refinements. Different
from the NURBS surface based on tensor-product scheme, T-splines adopt the formulation of point-
based splines (PB-splines) [28] by defining bicubic B-spline functions over a two-dimensional grid

structure called T-mesh. Each bicubic B-spline function B, (U,V) determines its local support of
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(Ujg, Ui, Upp, Uig, Uiy ) /(Vig, Vi, Vi, Vig, Vi, ) from T-mesh  topology using a ray-tossing method
introduced in [28].

Figure 3(a) shows a T-mesh with 57 junctions which includes 12 T-junctions. Bicubic B-spline
functions are anchored at these junctions, and B8 in Figure 3(a) is a bicubic B-spline function

located at T-junction TS. By applying the ray-tossing method at T8 in four directions, B8 gets its

local-support of (Ug,Ug,Ug,Ug,U;n) /(V5,V,, Vs, Vs, V,) that are two sets of knot vectors. After all the

B-spline functions determine their local-supports from T-mesh topology, we can use the Equation
(3.1) to construct a T-splines as shown in Figure 3(b), by assigning a specific control polygon formed

by a set of control points P.,.

n
S(u,v):§ B, (u,v)xP, (3.1)
i

V12 €1,
11 €19
10 1 7 [ V]

-+ e

T3 T; Ts T
e T es T,
vg T 3 T AT Ts 3 Tg
vy 5 Tgh% Tl ° L _i_‘ ah TQF% T
9 T T CE) o S es T T
U5 T T \ / [ Ty T,
I Ty/Bs |2 i B e ] Ty Bs
vy
1 \ )
v3 ' r
Ty ' ! e Ty
b2 1 S I
] T Y— oas e — e ——>
Ugtir Uz ug Uy Us UgUTUs Uy  UOUNULR dody  d, dy dy dsdgdr ds  dy dydn

(a) (b) (c)

Figure 3: T-mesh can be defined over two global knot vectors (a) or two global knot intervals (c). (b)
is the corresponding T-splines assigned with a control polygon.

By applying the d, =U,, —U;, and € =V,,; —V,, we can also use the knot intervals to describe the
local support of each B-spline function over T-mesh. As seen in Figure 3(c), local-support of Bs at

Ty can be redefined through knot intervals of (ds,dg +d,,dg,dg) /(e;,€,,€5,€). Next, we will use

the knot intervals to investigate an important property of LU-Refinement, which was first proposed
in [28] and is one of the common refining operations for T-splines.

Figure 4 shows a typical LU-Refinement of bicubic T-splines when the new junction J' is added
onto a horizontal edge of T-mesh. At this point, four neighboring B-spline functions of

B,/B, /B, /B, are affected by the added J' and they have uniform vertical local supports. The

d /d,/d, /d,/d, area set of knot intervals that are used in local refinements of B, /B, /B, /B,

. After the LU-Refinement, B, /B, /B, /B, convert to the B,/B, /B /B, /B,, adding a new

junction onto T-mesh and splitting the knot interval dn into dnL +an.
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Figure 4: Local-uniform refining operation of T-splines.

According to the refinement equations of the bicubic B-spline function in four different cases that
are given in Section 4.1 of [27], we use the knot intervals of d,/d, /d;/d;/d,/d, to describe

local refinements of B, /B, /B, /B, in LU-Refinement and obtain the Equations (3.2) to (3.5).

. dR
B,=B,+———B, (3.2)
d +d, +d,
L d¥+d
Bb:ma)_{_# . (3.3)
d +d, +d, d,+d, +d,
L df+d, +d
.= dy +d, B,+——>—'B, (3.4)
d,+d, +d, d,+d,+d,
d S
g =—+—B.+B, (3.5)
d,+d,+d,
By adding up the both sides of Equations (3.2) to (3.5), we can get the Equation (3.6).
B,+B,+B,+B,=B +B +B +B +B (3.6)

[28] introduced the standard T-splines, whose B-spline functions meet the requirement of

n
z B, (u,Vv) =1. If LU-Refinement is applied to one standard T-splines with N B-spline functions, we
i=1
can always obtain another new standard T-splines, based on the deduction in Figure 5 and Equation
(3.6).

| old standard T-splines |

n

ZBi(u,v) =1=>» By+...4+B, + By + B, + Bg+...+B, =1
= J, LU-Refinement
By+...+B,+B,+B.+ B, + B.+...+B, =1

n+1 ¢

[ new standard T-splines | @ Z Bi(u,v) =1

i=1

Figure 5: Pass down the standard property of T-splines through LU-Refinement.
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Such a relationship between LU-Refinement and standard T-splines is quite useful in studying the
analysis-suitability of MT-splines, which will be discussed in the next section.

4  MECHANICAL T-SPLINES

Compared with other types of engineering structures, the thin-shell structure has the advantages of
lightness, high strength, and good design ability. Hence, thin-shell structures are extensively used
to design industrial and consumer products in many applications. Due to the thin and curved
characteristics of shape, a thin-walled structure in engineering is normally described through a
freeform surface model in CAD, like the Bezier surface, B-spline surface, or NURBS surface. In this
paper, we choose the flexible T-splines to describe the CAD model of the thin-walled product that
has a freeform shape.

4.1 Isogeometric Shell Analysis

The thin-shell mechanical analysis based on isogeometric analysis has been described with details
in [21]. In Kirchhoff-Love shell theory, the following two hypothesis need to be maintained.

(a) Cross-sections of the shell remain straight and perpendicular to the mid-surface during shell
deformation.

(b) There are no transverse shear strains when deforming the shell structure, such as the car-
body part.

The geometry of a thin-shell structure with uniform thickness can be thus represented by its
mid-surface and thickness, and a linear strain distribution is ensured through the thickness.

Consider a shell model with a thickness t in the reference configuration, the mid-surface Q is

parameterized by the coordinates 91 and 02. Any material point P in the shell can be
mathematically described as:

= tt
P(6,6,,6,)=x(0,,0,)+6,a,(6,6,), 0,¢ [_E’E] (4.1)

X(6,,8,) isthe parametric representation of the middle surface of the shell. a,(6,,6,) is the normal

vector of the point at X(8,,6,) , and can be defined as follows:

_axa
|a1L X a2|

Where X , denotes the partial derivatives of X. @ and @, respectively correspond to two tangent

a,=x, aefl2} a

a 24

(4.2)

vectors of mid-surface at P .

Similarly, any material point P in the deformed geometry can be written as:

A A N tt
P(6,,0,,0,)=%(,,0,)+6,4,(6,,6,), 0O,¢ [_E'E] (4.3)

Where X and ('913 are defined in the same way as the X and &, in Equation (4.1).

Accordingly, we can obtain the displacement field U(6,,6,) of the middle surface of the shell as
follows:

u(,, 0,) =x(6,,6,)-x(6,,0,) (4.4)
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Such a displacement field U is enough to fully describe the kinematics of a deformed shell model
under external force. All strain quantities of interest for mechanics analysis can be deduced from
this displacement field U, which describes the deformation of the shell's middle surface.

For the sake of brevity, the full derivation of the thin-shell energy and equilibrium configuration,
as well as the discretization of the thin-shell element, can be found in [8]. We closely follow the
approaches in [8] and [25] to implement the isogeometric analysis of thin-shell based on Kirchhoff-
Love theory and extend them to the case of bicubic T-splines in this paper.

4.2  Construction of MT-splines

Next, we apply the isogeometric shell analysis based on Kirchhoff-Love theory to build the MT-splines,
which seamlessly combines the T-splines geometric model with the thin-shell isogeometric analysis
model.

As seen in Equation (3.1) and Equation (4.5), the B-spline function B;(U,V) is not only used to
define the geometry model of MT-splines in CAD by pairing with the control point P, in S(u,V), but
also applied to formulate the displacement field D(u,v) over MT-splines in CAE analysis by
associating with the displacement variable X, at P . A workflow for isogeometric shell analysis on

MT-splines is shown in Figure 6, and [K][X]=[F] is the resulting global stiffness matrix equation,
which is the core part of MT-splines to realize shape modification and mechanical analysis.

n
D(u,v) =Y B, (u,v)x X, (4.5)
i=1
- enl Incorporate Isogeometric Formulate
T-splines |=> Kirchhoff-Love Shell Analysis d MT-splines \
Extract
A bi Evaluate (K], and [F] Patch-elements
Build ssembly valuate [K]. an o
[KIIX]=[F] - [K] and [F] <« over Each Patch-element

Figure 6: Isogeometric analysis workflow on MT-splines starting from T-splines.

It is desirable to have a MT-splines that is always suitable for IGA. In this paper, we will achieve this
goal by utilizing the standard property and LU-Refinement of T-splines.

First of all, the Lemma 2 proposed in Section 2 of [32] has proven that standard T-splines always
have a set of linearly independent B-spline functions. Hence, standard T-splines are inherently
suitable for IGA. From the discussion in Section 3 about the relationship between standard T-splines

and LU-Refinement, we can always generate a new standard T-splines TSi+l after applying the LU-
Refinement to one standard T-splines TS;. Since TS, and TS,,; are both standard, they are
linearly independent from the Lemma 2 in [32] and are suitable to IGA .

Therefore, if we start with initial MT-splines with standard property and apply LU-Refinements
to refine these MT-splines for M times, we can get the MTS, - MTS, —»... - MTS,,. From
above discussion, all of these MT-splines are standard and so they are also analysis-suitable T-
splines. In Figure 7, for example, TSO is a standard T-spline and is converted to a MT-splines |\/|TS0

after incorporating isogeometric shell analysis. MTS, inherits the standard property from TS;.
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Next, we apply LU-Refinements to refine MTS, to the MTS, by adding a local row of control points.
Then, we continue to refine MTS, to the MTS, through LU-Refinements and add another local
column of control points. Because MTS, and MTS, are produced from the initial standard MTS,

by applying only LU-Refinements, they are both standard like MTS,, and MTS,/MTS, /MTS,
are all suitable for IGA.

- 4
= RIS T EMSBAN T——F— 1 1] —3—F—F—1 1
| 1 === i i
Y - N | = | N
[ 1
| I o gi
Jt\*j It et ,:::E 2 i = 3 S—— —1
TS, MTS, MTS, MTS,

Figure 7: An example of how to ensure the analysis-suitability of MT-splines during local refinements.

In this way, we can always guarantee the analysis-suitability of MT-splines for IGA during local
refinements, which will help us to realize the intuitive deformation design and direct mechanical
analysis of MT-splines driven by isogeometric shell analysis.

5 INTEGRATED PRODUCT REDESIGN WORKFLOW

To streamline the redesign process of the thin-walled product whose CAD documents are not
complete enough to reconstruct the CAD model of this product, we propose a new redesign workflow
for the thin-walled product, as seen in Figure 8, by combining the reverse modeling technique, LU-
Refinements of T-splines and isogeometric analysis of thin-shell.

Physical Thin- . . ‘
| walled Product —)I Initial MT-spImesl —)I New MT-splines |
| Paint Cloud Data | | LU-Refinements | Set Boundary
Condition and
v Apply the Force
| Surface Lofting | | Refined vb
MT-splines
Post-processing
* based on
| NURBS Model | Local Editing | von Mises Stress
v v v
. . Check Mechanical
Uniform T-plines I— | Glabal Alteration |— ecpm‘f:mj'”'ca

o CAD Surface 9 Flexible Shape eDirecl Mechanical f(ir%
| Reconstruction l:>| Manipulation I:> Analysis |=> redesign
multiple multiple
... redesigns .. analysis
Figure 8: New workflow for thin-walled product redesign based on three major steps.
Step 1: CAD Surface Reconstruction.

Firstly, we use a 3D optical scanner to acquire the shape information about physical thin-walled
product. A point-cloud data is produced and processed into a suitable mesh model for surface
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reconstruction. Then, we create multiple spline curves over the mesh model and reconstruct a
NURBS model through surface lofting. Finally, the reconstructed NURBS model is exactly converted
to uniform T-splines without T-junctions by redefining B-spline functions from the tensor-product
spline scheme to the PB-splines scheme based on T-mesh. This step offers a proper CAD model
described by uniform T-splines for subsequent product redesign and is the foundation of workflow.

Step 2: Flexible Shape Manipulation.

In this step, uniform T-splines are incorporated with isogeometric shell analysis to build an initial
MT-splines. Because uniform T-splines have the same set of B-spline functions as the NURBS model
after exact conversion between them, initial MT-splines also possess the standard property of

Z Bi =1. Then, local rows or columns of new control points are added over MT pipelines through
LU-Refinements. From the discussion in Section 4, LU-Refined MT-splines are also standard and are
thus suitable for IGA all the time.

We can efficiently create new local details by editing those locally added control points through
geometric displacements. After editing local details over MT-splines, we can realize the global

alteration of MT-splines via mechanical deformation based on [X]=[K]*[F], which is derived from

the [K][X]=[F] in isogeometric shell analysis. By applying a force vector of [F.,p] onto MT-
splines for shape design, we can obtain a global displacement vector of [Xap]=[K] [Feap] - Each

Xi in [XCAD] is a displacement value to be used to update the position of the control point F’I to

achieve the global alteration of MT-splines.

In this way, we can realize the flexible shape manipulation of MT-splines through local geometric
editing as well as global mechanical alteration, producing multiple redesign schemes for thin-walled
products. This step is the core part of the entire redesign workflow.

Step 3: Direct Mechanical Analysis

Surface patches of MT-splines serve as finite elements in isogeometric shell analysis in this step.
Hence, we can directly conduct the mechanical analysis over MT-splines based on [K][X]=[F]
that results from isogeometric shell analysis by skipping the complex and time-consuming finite
element meshing. Specifically, we get the [X e ]=[K] ™ [Feae] by applying a force vector [Feac]

onto MT-splines for mechanical analysis. X, is the displacement value in [ X.,z] and is put back

n
into the D(u,v) = Z Bi (u,v) X Xi , which is post-processed to generate a stress distribution on MT-
i=1
splines to describe the effect of [FCAE] . By doing this, we can greatly simplify the analysis process
in CAE and quickly check the mechanical property of redesigned thin-walled product.

A decision on the final redesign scheme will be made by comprehensively considering the
mechanical analysis result and new shape of redesigned product.

Figure 9 offers an example to illustrate our proposed new workflow for thin-walled product
redesign. Figures 9(a) to 9(c) describe Step 1 of CAD surface reconstruction, in which a NURBS
model is reconstructed from 3D scanned data through surface lofting and is exactly converted to
uniform T-splines. Figures 9(d) to 9(g) show Step 2 of flexible shape manipulation. In this step, a
new local feature is firstly created over MT-splines by editing locally added control points via
geometric displacements, and then the entire surface is globally altered by fixing one surface
boundary and applying an upper force. Figure 9(h) represents Step 3 of direct mechanical analysis
over MT-splines without needing the additional finite element meshing process. Next, we will
determine whether the MT-splines resulting from flexible shape manipulation can be used as the
final redesign scheme, based on the analysis result in Figure 9(h) and the new shape in Figure 9(g).

Computer-Aided Design & Applications, 22(6), 2025, 958-975
© 2025 U-turn Press LLC, http://www.cad-journal.net



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

968

Figure 9: Application of our proposed new workflow for thin-walled product redesign: (a) Scanned
data with added lofting curves, (b) Recreated NURBS model, (c) Exactly converted uniform T-splines,
(d) Initial MT-splines with incorporated thin-shell property, (e) LU-Refined MT-splines, (f) MT-splines
after editing local details, (g) MT-splines after applying global alteration, (h) Direct analysis on the
MT-splines with a new shape.

6 PRODUCT REDESIGN EXAMPLES

In this section, we will first use an example of a bike mudguard to demonstrate the usefulness and
effectiveness of our proposed new workflow for thin-walled product redesign. As seen in Figure
10(a), this is one type of mudguard on the market that has become less appealing to customers in
recent years for its old-fashioned style. To increase the competitiveness of this product in the
market, designers are asked to develop a more sleek mudguard through product redesign.
Unfortunately, the original CAD documents of this mudguard product have been lost for some reason.
Hence, we will exploit the RE modeling and MT pipelines to achieve an efficient redesign of this thin-
walled product.

In Figure 10(a), we place the physical mudguard product onto the turntable of the optical 3D
scanner so as to obtain 3D point-cloud data about the shape of the mudguard. After completing the
operations of registration, cleaning, simplification and smoothing on this point-cloud data, we acquire
a mesh model for mudguard and import it into Geomagic Design X [14] for surface reconstruction.
Several section curves are properly created over this mesh model by utilizing the 3D splines modeling
tool in Geomagic Design X, and they are used to recreate a NURBS surface in Figure 10(b) through
surface lofting to approximate the shape of the scanned mudguard.

Next, we exactly convert the NURBS surface into uniform T-splines by redefining B-spline
functions over a uniform T-mesh and blend uniform T-splines with the thin-shell mechanical property
through isogeometric analysis to build an initial MT-splines with 210 control points, as seen in Figure
10(c). These MT-splines will be used as a suitable CAD/CAE model for subsequent mudguard
redesign.

To add some new local features onto the mudguard to increase its functionality and aesthetics,
we apply LU-Refinements to locally add 80 new control points onto MT pipelines. These new control
points are edited through geometric displacements to create required local features over MT-splines,
obtaining the first redesign scheme of mudguards, as seen in Figure 10(d). Suppose we choose the
popular NURBS modeling approach to achieve the same shape of mudguard as Figure 10(d). In that
case, we have to add 310 new control points rather than 80 control points due to the global
refinements of NURBS, producing a cumbersome NURBS surface in Figure 10(e) with many
redundant control points.
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Figure 10: Surface reconstruction and local editing of mudguard model: (a) Shape data acquisition
using an optical scanner, (b) Reconstruction of NURBS surface from scanned data of mudguard
through surface lofting, (c) Converted T-splines and initial MT-splines, (d) First redesign scheme for
mudguard described by a compact MT-splines that results from LU-Refinements and local editing, (e)
Same modeling result achieved by using a refined NURBS surface with many unnecessary control
points.

Here, we can see that MT-splines is capable to make the local editing of mudguard in redesign
process more flexible and efficient through local refinements than common NURBS surface. Moreover,
a compact MT-splines geometry can be produced with the advantage of facilitating subsequent
redesign operations on the mudguards, including the deformation alteration and mechanical analysis.

Particularly, we only apply LU-Refinements to refine MT-splines throughout the local editing of
the mudguard. Hence, the LU-Refined MT-splines in Figure 10(d) have the standard property to be
linearly independent and are suitable for IGA, based on the discussion in Section 4. In this way, we
can reliably employ isogeometric shell analysis to realize the intuitive deformation alteration and
direct mechanical analysis of mudguards in CAD and CAE, respectively.

Figure 11: Global deformation alteration of mudguard driven by isogeometric shell analysis: (a) First
redesign scheme for the mudguard, (b)(c) Deform the mudguard to get the second redesign, (d)(e)
Deform the mudguard to obtain the third redesign.

Based on the first redesign of the mudguard in Figure 11(a) that results from local editing, we can
easily obtain another two redesigns for the mudguard by utilizing the mechanical deformation of MT-
splines driven by isogeometric shell analysis. As seen in Figure 11(b), we fix the upper end of MT-

splines and apply two outward forces onto two points on both sides of the mudguard. [XCAD] is
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computed from the stiffness matrix equation of [Xcap]=[K] [Feap] inside MT-splines and is used
to deform the shape of MT-splines by updating control points, generating the second redesign of

mudguard in Figure 11(c). As shown in Figure 11(d), we similarly keep the upper end of MT-splines
fixed and exert two upper forces onto another two points over MT-splines this time. According to the

computed [Xap], mudguard is smoothly deformed to produce the third redesign in Figure 11(e).
Comparing with the redundant NURBS surface in Figure 10(e), the compact geometry of MT-

splines shown in Figure 10(d) is more advantageous to realize the efficient deformation alteration of
mudguard in Figure 11 controlled by isogeometric shell analysis .

Figure 12: Undesirable modification of mudguard produced from traditional geometry editing: (a)
First redesign scheme for the mudguard, (b)(c) Local editing effect different from the second redesign
scheme, (d)(e) Local editing effect, unlike the third redesign scheme.

If we choose to edit the shape of mudguard by displacing these control points in a common geometric
way rather than in a manner of mechanical deformation as described above, we can only get the
undesirable results of local modification as seen in Figure 12. Hence, the capability of mechanical
deformation of MT-splines offers us more modeling flexibility for mudguard redesign than traditional
geometric editing method, producing a desired smooth global modification of mudguard.

Finally, we employ the direct mechanical analysis of MT-splines to efficiently check the
mechanical property of each redesigned mudguard, so as to choose a best redesign scheme.

In Figure 13(a), we set identical boundary conditions and apply same downward forces over
redesigned mudguards, which are all created from one existing physical mudguard product by
applying the reverse modeling, local geometric editing and global deformation. Mechanical analysis
results for these mudguards can be quickly obtained in Figure 13(b), after post-processing the

computed displacement vector of [Xcae]=[K] ' [Feae] based on von Mises stress distribution.

Here, the material properties are the Poisson's ratio v =0.25 and Young's modulus E=1.6x105N/mm?,
and the thickness t=2mm.

By making full use of the seamless integration between CAD and CAE within MT-splines, we can
easily bypass the complicated process of finite element meshing as required in common CAE analysis,
which can be seen from Figures 13(a) to 13(c). As a result, the efficiency of mechanical analysis in
the final step of mudguard redesign workflow is significantly improved.

Moreover, the compact set of B-spline functions in MT-splines after LU-Refinements makes it
more efficient to achieve the isogeometric shell analysis on mudguard than the case of using a
redundant NURBS model produced from full rows and columns of refinements.

After comparing three mechanical analysis results shown in Figure 13(b), we select the third
redesign scheme as the final candidate to develop the coming new mudguard product, because this
scheme has a better mechanical property without the concentration of stresses than the other two
schemes. This redesign scheme for mudguard achieves a good trade-off between aesthetic
appearance and mechanical performance.
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Figure 13: Verification of redesign schemes through the direct mechanical analysis of MT-splines: (a)
Impose same boundary conditions and forces on redesigned mudguard models before the analysis,
(b) Isogeometric analysis results, (c) Conventional finite element models of mudguards necessary
for CAE analysis, (d) Alternative schemes of redesigned mudguard for comparison.

To further demonstrate the benefit and usefulness of our proposed new method, we offer another
example in automotive styling about the redesign of car-door. However, our existing optical 3D
scanner shown in Figure 10(a) is limited to acquiring the surface data of small parts like the
mudguard, not the components as large as the car door. Hence, we download an existing point-
cloud data set of bodywork from [15], whose scanned data about the car door is utilized in this
redesign example.

The whole redesign process of the car door is similar to the case of the mudguard as described
above. As seen in Figure 14(a) and Figure 14(b), we reconstruct a NURBS model from the scanned
data of the car door through surface lofting and take it as the original design for the car door. In
Figure 14(c) and Figure 14(d), the reconstructed NURBS model is firstly converted to uniform T-
splines and then initial MT-splines, which are refined through LU-Refinements and edited by adding
desired local features. The LU-Refined MT-splines in Figure 14(d) use a more compact geometry
than the refined NURBS in Figure 14(e) to achieve the same car-door surface design.

g RS
Reconstructed _— Uniform
NURBS (180 points) ¥ T-splines

es o

ST Refined
NURBS

Py
puuss Initial
(C) MT-splines

Figure 14: Surface reconstruction and local editing of car-door model: (a) Surface lofting applied on
a scanned point-cloud data of car-door, (b) NURBS surface after reconstruction, (c) Conversion into
a T-splines and an initial MT-splines, (d) First redesign scheme for car-door represented by a compact
MT-splines after LU-Refinements and local editing, (e) Same modeling result produced from a refined
NURBS surface with many redundant control points.
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After we obtain the first redesign scheme for the car-door in Figure 15(a) by editing locally added
control points, we apply the isogeometric shell analysis model within MT-splines to realize the
mechanical deformation of car-door geometry, producing the second and third redesign schemes as
shown in Figures 15(b) to 15(e). These two new schemes for the car door in Figure 15, resulting
from the mechanical deformation, have much smoother appearances than the other two car-door
redesign schemes in Figure 16, which are generated by moving the same set of control points in a
traditional geometric manner. In the redesign process of car door here, the material properties used
in isogeometric shell analysis are the Poisson's ratio ¥ =0.25 and Young's modulus E=1.6x105N/mm?,

and the thickness t=1.5mm.

-ligr""!lllh-i'
m,.inwulllll_,.

(c)

Figure 15: Smooth global deformation of car-door controlled by isogeometric shell analysis: (a) First
redesign scheme of car-door, (b)(c) Deform the car-door to produce the second redesign by fixing
four boundaries and applying forces onto four control points inwards, (d)(e) Deform the car-door to
obtain the third redesign after fixing the left and right boundaries and applying forces to three control
points inwards.

(c) (a) (e)

Figure 16: Unwanted shape alteration of car-door resulting from traditional geometry editing: (a)
First redesign scheme of car-door, (b)(c) Local editing result corresponding to the second redesign
by moving four control points inwards, (d)(e) Local editing result corresponding to the third redesign
after moving three control points inwards.

In Figure 17, we employ the efficient direct mechanical analysis of MT-splines to verify the
mechanical properties of three redesigned car-doors without the need to convert them into complex
finite element models in Figure 17(c). By comparing the analysis results in Figure 17(b), the second
redesign scheme is discarded for its acute stress concentration, and the other two schemes have
similar good mechanical performances. Next, we further compare the first scheme with the third
scheme and finally decide to choose the third one as the final candidate for the style design of the
new car door. It is because the third redesign scheme offers a more sleek and fashionable
appearance than the first scheme to enhance the aesthetic appeal for customers, as seen in Figure
17(d).
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Figure 17: Verification of redesign schemes based on the direct mechanical analysis of MT-splines:
(a) Impose same boundary conditions and forces on redesigned car-door models before the analysis,
(b) Isogeometric analysis results, (c) Conventional finite element models of car-doors required for
CAE analysis, (d) Different appearances of redesigned car-door used for comparison.

7  CONCLUSION AND DISCUSSION

In this paper, we propose a new approach to streamline the redesign workflow of thin-walled product,
based on the CAD surface reconstruction, flexible shape manipulation and direct mechanical analysis.
Firstly, RE modeling is used to obtain a suitable NURBS model from one physical thin-walled product,
whose original CAD data is either incomplete or unavailable. Then, we convert this NURBS model
into a MT-splines through isogeometric shell analysis, so that we can achieve the flexible shape
manipulation of thin-walled product via local geometric editing as well as global mechanical
deformation. Next, we employ the direct mechanical analysis of MT-splines to rapidly check the
mechanical properties of multiple redesigned thin-walled products, so as to choose the most desirable
one. In the end, redesign examples of mudguard and car-door are given to show the effectiveness
and usefulness of our proposed new redesign workflow for thin-walled product.

During the redesign process of thin-walled product described by MT-splines, we particularly adopt
the LU-Refinement to refine MT-splines to ensure the standard property of MT-splines all the time.
As a result, LU-Refined MT-splines can be always linearly-independent and suitable for IGA,
effectively tackling the tricky issue of analysis-suitability for MT-splines after local refinements. In
this way, we can enable the global mechanical deformation and direct mechanical analysis of MT-
splines to be reliably driven by isogeometric shell analysis, greatly improving the redesign workflow
of thin-walled product in both aspects of CAD and CAE. Moreover, MT-splines can produce a more
compact CAD geometry than the popular NURBS surface after refinements, making the shape
manipulation and mechanical analysis in thin-walled product redesign more efficient.

The MT-splines introduced in this paper is limited to the redesign of thin-walled product, which
is defined over a single rectangular domain. To make our proposed new redesign approach more
useful in practical application, we will extend MT-splines to the complex multi-rectangular domain
with more than four boundaries in our following study. The analysis-suitable unstructured T-splines
developed in [33] will be one of our research focuses to achieve this goal. Additionally, we will explore
to integrate the digital photogrammetry technology [20], which is widely used in the 3D digital
reconstruction of heritage artifacts, into the process of reverse modeling. By doing this, we hope to
develop a more cost-effective workflow for thin-walled product redesign by giving up the use of
expensive 3D scanners in CAD surface reconstruction.
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