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a b s t r a c t

In pattern design of a 3D plush toy model, the key task is to draw seam lines on the 3D surface to
divide it into surface patches to obtain 2D patterns. However, how to draw seam lines requires a lot of
professional knowledge and skills of pattern design. In this paper, we present a new method that can
guide and assist users to create 2D patterns of a 3D toy model efficiently. Based on a component-based
modeling method, we build a template library including the information of 3D components and seam
lines. To design patterns of a toy, firstly, the most similar template will be retrieved from the library,
then seam lines will be generated on the 3D surface automatically by mapping the template. Finally,
2D patterns will be obtained using a flattening method. The proposed method is easy-to-lean and easy-
to-use, and it does not require the user to have much experience of pattern design. It can improve the
efficiency of design and shorten the learning time for new designers and non-professionals.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

In the industry of plush toys, the production process of a toy
ncludes pattern design, fabric cutting and sewing, etc. Among
hem, pattern design is to obtain 2D patterns of a toy, which is
n essential step of toy design. For a long time, pattern design
as been completed by traditional manual work, which means
oy designers create 2D patterns manually based on their spatial
magination, practical experience and aesthetic ability. In prac-
ice, due to the lack of design experience and ability, sometimes
he patterns designed by a designer cannot meet the quality re-
uirements and need to be modified several times, which wastes
aterials, labor and time.
With the development of computer graphics and computer-

ided design techniques, pattern design of toys can be realized by
D design methods. The 3D technology improves the efficiency
nd accuracy of design, and alleviates the requirement of space
magination for designers. However, learning the skills of pattern
esign remains a difficult problem. As we know, pattern design is
traditional and professional craft, the design knowledge is non-
ormulaic and non-standard, and it is difficult to be expressed
learly and taught directly. Normally, learning design mainly
epends on long-term teaching by teachers. Whether learners
an master it largely depends on their comprehensive ability.
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This greatly raises the threshold of using the technique of 3D toy
design.

To design patterns of a 3D toy model, firstly the designer needs
to analyze the shape and structure of the model, then design and
draw appropriate seam lines, and finally achieve 2D patterns by
flattening 3D surface patches. In the process, the main knowledge
and skills difficult to be mastered are drawing seam lines, which
are curved lines drawn on the surface of a 3D model to divide
the surface into several closed regions. Designing seam lines is the
key step of pattern design for 3D toy models. It needs professional
knowledge, and the way of drawing seam lines is related to the
overall shape of the model, the anatomical structure of different
parts, the functional and aesthetic requirements of the toy.

In the practice of pattern design, toy parts with similar shapes
usually have similar designs of seam lines. Therefore, one design
of a toy can be applied to another toy. The reuse of design can
greatly improve the efficiency of design. Inspired by the idea of
design reuse, we propose a novel method of designing patterns
for 3D toy models using component-based templates. In the
approach, we use component-based 3D toy models, and utilize
templates to store the information of professionally designed
seam lines of classified toy components. To design patterns of a
toy, the most similar component will be retrieved, and the corre-
sponding seam lines will be mapped automatically to the surface
of the toy model, and finally the patterns are gotten by flattening
3D surface patches. The reuse of design knowledge is achieved by
the component-based template. Thus, the automation of pattern
design can be realized, the efficiency of design can be improved,
and the difficulty of learning can be reduced.

https://doi.org/10.1016/j.cad.2020.102911
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Fig. 1. The illustration of our method.
Fig. 1 shows a brief illustration of our method using a bear
model as an example. Firstly, the intersecting lines among dif-
ferent components are generated automatically (Fig. 1b). Then,
the most similar templates will be searched from the template
library for each component (Fig. 1c). The user can choose the most
suitable template to map the seam lines on the surface of the
component (Fig. 1d). Seam lines can be further refined interac-
tively until the user is satisfied with the generated 2D patterns of
the toy (Fig. 1e). Finally, a physical toy is manufactured based on
the designed patterns, as shown in Fig. 1f.

The following sections of the paper are organized as follows:
Section 2 reviews related works on component-based model-
ing, pattern design of soft products and 3D model retrieval.
Section 3 introduces the component-based toy design method,
and Sections 4–6 elaborate on several steps of the proposed
method. Experimental results are given in Section 7. At last, we
summarize and discuss the contributions, limitations and future
work of the paper in Section 8.

2. Related work

Component-based 3D modeling: Easy-to-use 3D modeling
techniques in CAD systems are widely studied by researchers.
Igarashi et al. [1] came up with a sketching modeling system
Teddy which opened a new area of 3D modeling. The 3D mod-
eling system EasyToy proposed by Liu et al. [2] allowed the
user to create complicated cartoon models by sketching mod-
eling and assembling components. With rich data of existing
models, it is much easier to create a new model by reusing
components. Funkhouser et al. [3] put forward a method to
generate a complex 3D model by manually cutting and bonding
parts from existing shapes. Chaudhuri et al. [4] proposed an
assembly-based modeling system using a Bayesian network to
predicted relevant components and presenting them to the user.
Jain et al. [5] proposed a 3D modeling system to synthesize new
models by recombining parts with hierarchy and contact informa-
tion. Chaudhuri and Koltun [6] presented a data-driven approach
to give creativity supports of 3D modeling to users by calcula-
tion. Kim et al. [7] solved the problem of extracting parts from
unstructured and unlabeled model clusters by using an initial
template. Xue et al. [8] proposed an example-based 3D recon-
struction algorithm to generate 3D models from the 2D drawing
using MAP estimation. Kwok et al. [9] extended the example-
based modeling to the fashion design with a system that can
generate garment designs automatically. These component-based
methods make the design work simple and free the designers
from trivial work, but they are mainly used for 3D modeling. In
this paper, we extend the component-based modeling method to
develop a component-based template to design patterns for toys.

Pattern design of soft products: Many studies have been
conducted for designing patterns of soft products including plush
toys and clothes. Mori and Igarashi [10,11] presented an inter-
active pattern design method for plush toys. The interface is
user-friendly so that the system is suitable for non-professionals
to design relatively simple plush toys. Skouras et al. [12] pro-
vided an interactive tool for designing inflatable structures. In
their approach, physics-based pattern optimization, coarse-scale
simulation, and constraint-optimization are used, and the pro-
duced results are accurate. Wang et al. [13] presented a method
for precise pattern design using constrained contour curves and
style curves, which can be used not only for garments but also
for toys and shoes. In [14], they proposed a physical/geometric
method to compute planar patterns for compression garments.
Nobuyuki et al. [15] presented an intuitive garment design tool
enabling interactive bidirectional editing between 2D patterns
and 3D high-fidelity simulated draped forms. In these methods,
the patterns are mainly obtained by flattening 3D surfaces, and
the user needs to draw the seam lines on the 3D model manually,
which requires a lot of design experience and skills. In our work,
we propose a design template by utilizing existing professional
design data to create seam lines on 3D models automatically.

3D model retrieval: 3D model retrieval has wide applica-
tions in CG and CAD. The core task of content-based retrieval
is defining an appropriate descriptor to represent features and
calculating similarity. Paquet et al. [16] proposed a method to
describe both 2D and 3D shape information using a bounding box
descriptor. Ohbuchi et al. [17] presented a multiresolution shape
descriptor based on 3D alpha shapes to achieve 3D shape simi-
larity comparison. To describe 3D shape features simply, Vranic
et al. [18] proposed a ray-based method of shape characterization.
Liu et al. [19] presented a multi-modal clique graph (MCG) match-
ing method and an image set-based clique/edgewise similarity
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measure for multi-view matching. Wang et al. [20] proposed
a method of retrieving 3D models from 2D sketches. In their
method, two siamese convolutional neural networks are adopted.
Nie et al. [21] introduced a weakly supervised learning method
based on a sparse representation-based classification to retrieve
3D objects. Theologou [22] introduced a part-based descriptor
for the case of articulated objects. These methods are only used
for retrieving 3D models with similar shapes. In our method, we
not only retrieve 3D models with similar shapes, but also similar
structures.

3. Component-based 3D toy design

3.1. Component-based toy modeling

In this paper, the 3D toy model for pattern design is built by
assembling several 3D components, which means that all parts
of a 3D model are independent. Each component is represented
by a 3D genus-zero mesh that has a triangular surface. The
user can create a toy model freely by sketching 3D components
or combining components from a library, which includes some
frequently used components of plush toys, such as different kinds
of head, body, arm and foot, etc. (Fig. 2a). The component can
be transformed, including translation, rotation, scaling, symmetry
and deformation, to an appropriate shape and position, then
assembled to build a toy model, as shown in Fig. 2b.

Component-based toy modeling is a useful modeling method.
It has two main advantages:

(1) Fast modeling. On the basis of component modeling, com-
ponents can be reused so that 3D models can be built quickly.
With the help of the component library, the modeling process is
simplified and accelerated. If a part of the model to be created can
be found in the component library, there is no need to re-build it.
As shown in Fig. 3, four bear models with different postures are
created using the same components.

(2) Easy modification. 3D toy modeling is an iterative pro-
cedure that needs many modifications. Assembling several toy
components into a whole model will reduce the difficulty of
modifications. For example, the position of the horn of a unicorn’s
head can be easily modified by rotation and translation, as shown
in Fig. 4a. If the horn and head are merged into a whole, adjusting
the position of the horn needs the operations of cutting, surface
recovering and surface extruding, as shown in Fig. 4b. The process
of modification is very complex and time-consuming.

Modeling by components is easy-understanding and conforms
to the general process of 3D toy modeling. Fig. 5 shows some
component-based models which are rebuilt from off-the-shelf
toys. The models were created by designers using a sketch-based
3D modeling system EasyToy [2]. In the practice of toy design,
even if the final toy model is represented by only one mesh, the
process of modeling is usually component-based, which means
that the final model is created by merging several parts, which
are modeled one by one in the design stage.

From the above, we know that the component-based modeling
method is feasible and suitable for 3D toy design. Based on the
components, we can not only reuse them for 3D modeling, but
also reuse them for pattern design. Our proposed method of
pattern design is based on component modeling, in which each
component has a closed surface.

If a 3D toy model is formed as a whole model, which does not
consist of components, in this case, it is necessary to segment the
whole model into several components before using the proposed
method. Some researchers [23,24] have conducted research on
the automatic segmentation of 3D models using neural networks.
It is possible to convert a segmented part into a component with a
closed surface. We will conduct such research as one of our future
work.
3.2. Component-based pattern design

Based on the component-based toy model, we use component-
based templates to design patterns. A template contains the in-
formation of the 3D shape and seam lines of a 3D toy component
so that it can be reused to apply the design to a new component
with a similar shape. To deal with various toy models, a template
library will be constructed based on a series of typical toy models.
To build a template library, firstly, seam lines are drawn on 3D
toy models by professional designers. Then, each component will
be parameterized, and the component descriptor including the
information of 3D shape and seam lines will be generated and
stored into the library. Fig. 6a shows the process of construct-
ing the template library. The details of surface parameterization
and computing component descriptor will be described in the
following sections.

To design patterns of a component-based model, firstly the
intersecting lines among intersecting components will be gen-
erated automatically. To design seam lines for a specified 3D
component, the component will be parameterized and its compo-
nent descriptor will be generated, then the most similar template
will be retrieved from the template library by computing the
similarity of shape and structure between component descriptors.
The user can choose one suitable template from several most
matched templates, then map its seam lines to the component to
be designed. Seam lines can be further modified interactively by
the user. At last, the surface patches divided by seam lines will
be unwrapped into 2D patterns using surface flattening. These
steps can be repeated until the user is satisfied with the designed
result. Fig. 6b shows the flowchart of designing patterns using
component-based templates.

4. Seam line generation and mapping

Seam lines are very important to design patterns for 3D toy
models. They are used to divide the surface of a model into
several surface patches, which can be flattened into 2D patterns.
Before saving a template, seam lines should be drawn on the
surface of a 3D component. To apply a template to a new com-
ponent, seam lines will be mapped on the target component.
The correspondence between two components can be established
using surface parameterization.

4.1. Editable seam lines

To draw accurate and smooth seam lines on the surface of a 3D
toy model, we employ the cubic spline curve [25], which is gener-
ated by a cubic equation through a set of control points. Based on
the control points drawn by the user, a cubic spline curve is fitted.
Then the spline is projected to the adjacent 3D mesh faces to form
a trajectory line on the surface, which is a seam line of the model.
Fig. 7a shows seam lines drawn by the user on the surface of a
component, and Fig. 7b shows the triangular mesh of the 3D com-
ponent. When a control point of a seam line is adjusted to a new
position, a modified seam line will be generated automatically.

Seam lines are the basis of the division of surface patches. It
is necessary to record some information of seam lines, including
connections and intersections between them and intersections
with the edges of the 3D mesh. This information is essential for
the selection of 3D surface patches in the flattening process and
boundary generation of 2D patterns after flattening.

4.2. Intersecting lines

As mentioned in Section 3, a toy model consists of several
components, so there are some components intersecting with
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Fig. 2. Component-based 3D toy modeling.
Fig. 3. Different models assembled by same components.
Fig. 4. Component-based modeling simplifies the process of modification.
ach other. For two intersecting components, some parts of them
re overlapped and invisible, as shown in Fig. 8a. The invisible
urfaces should be ignored, otherwise, the surface of a 3D model
annot be divided correctly into several patches and the final 2D
atterns cannot meet the requirements of the design. Therefore,
t is necessary to create the intersecting line on two overlapping
omponents to separate the visible and invisible surfaces. An
ntersecting line can be regarded as a special seam line. It can be
reated automatically by finding intersecting line segments be-
ween the triangular meshes of two components and connecting
hem into a closed-loop. Fig. 8b shows the intersection lines of
wo overlapped components.

.3. Surface parameterization

To map seam lines from a template component to a new
omponent, the correspondence between the two components
should be established. To do so, we use a surface parameteriza-
tion method to map the component onto a unit sphere.

The goal of parameterization is to form a mapping relation
f :M1 → M2, which maps every seam line of the template model
M1 onto the target model M2. Since the component is a genus-
zero mesh, which has a topologically equivalent embedding on a
sphere, the component can be parameterized into a unit sphere.
In our approach, we adopt the Alexa algorithm [26] for param-
eterization. For a triangular 3D model with faces F, edges E, and
vertices V = {v0, v1 . . .}, in each relaxation process, vertex vi is
moved by the following equation:

pi = c
Σ{i,j}∈E

(
vi − vj

) vi − νj


#{(i, j)|{i, j} ∈ E}
(1)

where c is a constant to control the overall move length. We
use the inverse of the longest edge incident upon one vertex to
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Fig. 5. Component-based models rebuilt from physical toy products.
Fig. 6. Flowchart of component-based pattern design.
Fig. 7. Draw seam lines on a 3D component.
accelerate the convergence, letting

c =
1

(2)

max (lE) |{i, j} ∈ E
And then make the moved vertex vi on the unit sphere:

vr+1
i =

vr
i + pr

i r r
 (3)
vi + pi



6 Y. Jin, W. Feng, L. Zeng et al. / Computer-Aided Design 128 (2020) 102911
Fig. 8. Generate intersecting lines of two overlapped components.
Fig. 9. Parameterization of a 3D component.
Fig. 10. Seam line mapping between two components.
where r is the number of iterations during the relaxation
process.

The number of iterations is determined by checking sgn((v0×

v1) ·v2) in each face. The iteration is considered terminated when
three vertices of each face make a clockwise turn. Fig. 9 shows the
parameterization result of a 3D component.

4.4. Seam line mapping

After parameterizing two components M1 and M2 into unit
spheres S1 and S2 respectively, the mapping relation of the two
components is established. The next step is to build the mapping
relation of seam lines on two parameterized spheres and map
them from M1 to M2. Since a seam line is formed by a set of
control points, we only need to calculate the positions of mapped
control points on M2, and a new seam line can be generated by
these points.

Suppose that a control point of component M1 is P1, its cor-
responding point on S1 is P ′

1, the mapped control point on com-
ponent M2 is P2, its corresponding point on S2 is P ′

2. For a control
point on a triangle of M1, the barycentric coordinate is used to
describe its relative position in the triangle. Thus, the position

of the corresponding point on S1 will be calculated based on its
barycentric coordinate. The position of a point on the unit sphere
is represented by the polar coordinate. According to the mapping
relation, the polar coordinate of a mapped control point on S1 is
the same as that on S2, which means that P ′

1 and P ′

2 have the same
polar coordinate. Then, we can find the triangle on S2 where P ′

2
is located by searching its nearest triangle. After computing the
barycentric coordinate of P ′

2 related to the triangle, the mapped
control point P2 on M2 will be calculated. After all control points
of a seam line are mapped, a new seam line will be generated
on M2. Fig. 10 shows the result of mapping seam lines from one
component to another component.

4.5. Topology maintenance

As a special seam line, the intersecting line is generated au-
tomatically based on the target component. It is different from
a normal seam line of the target component, which is mapped
from the template. Therefore, after applying a template to the
target component, the topology of connections among seam lines
may be changed. Fig. 11 shows an example of mapping a seam
line and an intersecting line. In the figure, La is a normal seam
line, Ia is an intersecting seam line, and one endpoint of La is

on Ia. After mapping to the target component, the mapped seam
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Fig. 11. Topology maintenance of seam lines.
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Fig. 12. Adjust seam lines to maintain topology.

ine Lb and intersecting line Ib are not connected, as shown in
ig. 11b. In this case, the seam lines cannot divide the surface
f the 3D component correctly, which will lead to inappropriate
atterns. For a good mapping result, the connection topology of
eam lines should be kept and their relative position should be
aintained. Fig. 11c shows the expected mapping result of the

arget component.
In our method, if a seam line is connected to an intersection

ine of the template component, we will adjust the seam line
apped to the target component to maintain the topology and

elative position. Take the case in Fig. 12 for example. In the
igure, La is a normal seam line, Ia is an intersecting line, the
endpoint Pa of La is on Ia, Ib is an intersecting line of the target
component, and Lb is the expected seam line to be mapped. All
lines are shown on a unit sphere. When mapping La to the target
component, the closest intersecting line Ib will be founded, which
will be regarded as the corresponding intersecting line of Ia. The
position of Lb will be computed by keeping the topology and
relative position between Lb and Ib. To do so, we calculate the
rotating angle θ = ⟨

−−⇀
CaPo,

−−⇀
CbPo⟩, where Ca and Cb are the centers of

the intersecting lines of Ia and Ib respectively, and Po is the center
f the unit sphere, then control points of Lb is gotten by rotating
he corresponding points in La in the same way as rotating Ca
o Cb using Po as the rotating center. The position of Pb will be
urther adjusted to make it on Ib by getting the intersecting point
etween Lb with Ib.
Fig. 13 shows an example of mapping seam lines using main-

aining topology. In the figure, the template component and the
arget component have the same topology, but the shape and
osition of components are different, so the intersecting lines on
he target component are different from those on the template
omponent. Using topology maintenance, reasonable seam lines
an be generated.
5. Template retrieval

Template retrieval is to find the most similar template in the
library for mapping seam lines to a target component. It includes
the following three steps: (1) Model preprocessing, which is to
normalize the 3D component. (2) Component descriptor genera-
tion, which is to extract an appropriate shape feature vector of
each 3D component and save it with seam lines in the template.
(3) 3D model retrieval, which is to search the library to find
the most matched template for the target component based on
component descriptors.

5.1. Model preprocessing

Model preprocessing is used for 3D model retrieval. It normal-
izes a 3D model to ensure the uniqueness when generating the
feature descriptor of a 3D model even if the model is rotated,
scaled, or translated. A general approach to realize the model
normalization is standardizing the model coordinates using the
principal component analysis (PCA). However, sometimes the
normalized coordinates of the same model may be different due
to the different sizes of models. In our approach, the improved
PCA [18] is used to solve this problem. For the vertices of a
triangular mesh: V = {v0, v1 . . .}, we define mean vertexmwhich
determined by:

m =
1
N

N∑
k=1

wkvk (4)

where wk =
N·Sk
3S , k = 1, 2 . . .N . S is the sum area of the triangles

f the mesh, and Sk is the sum area of the triangles which have
k as a vertex.
Then the covariance matrix C is defined by:

=
1∑
wk

N∑
k=1

wk(vk − m) · (vk − m)T (5)

Eigenvectors of the matrix C are normalized and sorted in a
descending order according to their eigenvalues. After transpos-
ing, the transformation matrix A is gotten and then it is used to
rotate the vertices:

v′

k = A
(
vk − m

)
, k = 1, 2 . . .N (6)

where A =
[
E(0) E(1) E(2)

]T
with

E(n)
 = 1, n = 0, 1, 2.

Fig. 14 shows different orientations of several components
before and after transforming the improved PCA. After prepro-
cessing, the mass center of a component moves to the original of
the coordinate system, and the largest variance of the component
is distributed along the x-axis, with its second-largest variance
occurring along the y-axis.
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Fig. 13. Mapping seam lines by maintaining topology.
Fig. 14. 3D model normalization.
5.2. Component descriptor generation

The general method of 3D model retrieval is to compute
shape descriptors of models and compare the distances between
descriptors. In our method, the goal of model retrieval is for map-
ping seam lines from a suitable template to the target component,
the component descriptor not only contains shape features of a
component but also the information of seam lines.

In the study, we use the ray-based method [18] to extract
shape features of a component. We make use of its advantages
of low storage cost, fast speed and reasonably high accuracy
for 3D model retrieval. Fig. 15 shows the process of generating
a component descriptor. After model preprocessing, the shape
features of the component are extracted. For each direction of
rays that start from the coordinate origin to twenty vertices of the
dodecahedron, we calculate the farthest point intersecting with
the normalized component as a feature fn of the component, and
obtain shape features descriptor f : {f 1, f 2, . . . f 20}. As mentioned
in Section 4.4, to easily represent the information of seam lines
of the component and realize the mapping of two components,
the seam lines will be mapped onto the unit sphere. Thus, the
component will be parameterized to build the mapping relation
between it and the unit sphere. After parameterization, the posi-
tions of seam lines on the unit sphere can be calculated according
to the relation of mapping. In our method, the polar coordinate is
used to represent the positions of seam lines, and the information
of seam lines on the unit sphere is represented as s : {s1: Point1,
Point2 . . . Point i, . . . sm: Point1, Point2 . . . Point j}. After extracting
shape features and calculating the mapped positions of seam
lines, a component descriptor consisting of f and s is generated.

5.3. 3D model retrieval

In our method, when we apply a template to the target com-
ponent, we not only take account of the shape similarity, but also
the structure similarity of the component.

Shape similarity. The shape similarity of two components
is measured by the distance of their shape features. For a tar-
get component, its shape features g will be extracted and the
distance between g and each f in the template library will be
calculated. The distance between two descriptors is calculated as
follows [18]:

dist (f , g) = 100(1 −

∑20
i=1 |fi − gi|

2
√
10

) (7)

where ∥f ∥ = ∥g∥ = 1, and maxf ,g∈R20

(∑20
i=1 |fi − gi|

)
= 2

√
10.

Structure similarity. If two components have the same num-
ber of intersecting lines and the lines are located at similar
positions, we consider that they have similar structures. For a
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Fig. 15. Process of generating a component descriptor.
Fig. 16. Structure similarity of different models.
Fig. 17. An example of surface flattening.
target component Q, we check each template T with the same
number of intersecting lines. The similarity of intersecting lines
is calculated as follows:

stru (Q , T ) = 100(1−
1

2NQ

NQ∑
n=1

min(|Cn
QC

m
T |)), n,m = 1, 2, . . . ,NQ

(8)

where Cn
Q is the center of the intersecting line in Q, and Cm

T is the
center of the intersecting line which is the closest to Cn

Q in T.
Structure similarity is used to judge whether two parts are

structurally similar. Fig. 16 shows four head models of simi-
lar structures, the structural similarities between Fig. 16a and
Fig. 16b, Fig. 16c, Fig. 16d are 85.87%, 68.16% and 96.94% respec-
tively.

6. Pattern development and optimization

After retrieving the most similar template, seam lines will be
automatically mapped on each component of a toy model. The
generated seam lines divide the surface of the model into several
surface patches, which can be flattened to 2D patterns of the toy

model.
6.1. Surface flattening

As we know, a physical plush toy is sewn by several fabric
pieces along the seam lines. To get 2D patterns from 3D surface
patches, we adopt a flattening method [27], which is based on a
mass–spring model to generate 2D patterns by unfolding 3D sur-
faces. A multilevel-mesh acceleration and boundary optimization
are employed to make the flattening process fast and effective.
After a 2D mesh is obtained, a polygon is generated based on the
boundary of the 2D mesh, and a 2D pattern is obtained. Fig. 17a
shows a toy model whose surface is divided into several surface
patches by seam lines and Fig. 17b shows the flattened patterns.
According to the sewing relations (connected by red dotted lines),
a plush toy can be easily sewn by assembling fabric pieces.

6.2. Optimization of design schemes

The flattening results of 2D patterns are determined by the
design of seam lines. If any seam lines mapped from the selected
template are not reasonable, further modification is necessary to
achieve a satisfactory design. One simple refinement method is
to manually modify the seam lines. The user can easily adjust a
control point of a seam line to the appropriate position to refine
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Fig. 18. Interactive modification of seam lines.
Fig. 19. Three design schemes of a head component.
Fig. 20. Use Gaussian curvatures to select a reasonable design scheme. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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the line. In Fig. 18, the mapped seam line on the bottom of a foot
component is inappropriate, since it is not along the sharp region.
A reasonable seam line can be obtained by interactively moving
its control points.

Usually, there exist several different design schemes that are
vailable for one component. Fig. 19 shows a head component
ith different schemes. In practice, the designer chooses an ap-
ropriate scheme based on her/his own experience and the prop-
rties of the toy. In our method of 3D model retrieval, several
ost similar templates with different designs of seam lines can
e found. It is not easy to choose the most suitable scheme.
To help the user to choose the best of several design schemes,

e employ two methods. The first method is to calculate the
tretch degree of flattened patterns. A mass–spring model [28] is
sed to calculate the deformation energy of a 2D mesh flattened
rom a 3D mesh. Normally a scheme with small deformation
eans that the design tends to be reasonable. For this method,

he reasonability of a scheme can be judged only after all patterns
re flattened.
An alternative method is to judge the reasonability of a scheme

ithout flattening the patterns. Inspired by the paper [29] that
ries to find the shortest path along points with high Gaussian
 d
curvatures to generate cutting lines, we use the mean absolute
value of Gaussian curvature of seam lines to represent the stretch
degree of each design scheme. Discrete Gaussian curvatures [30]
are computed for the faces where the seam lines go through. A
scheme with a relatively high absolute mean value K of Gaussian
urvatures stands for a smaller stretch after flattening. Fig. 20
hows two different design schemes on the same component. The
bsolute mean value of Gaussian curvatures of the left scheme in
ig. 20a is 0.0068, and the right is 0.0029. Fig. 20b shows the
olormap of absolute Gaussian curvatures of this component. It is
bvious that the flattening stretch of the left scheme in Fig. 20a
s smaller than the right scheme.

. Experimental results

We have implemented our method using C++ and OpenGL
nd some experiments have been conducted. The platform of
he computer we tested is on Windows 10 (64-bit) with GPU
.60 GHz, 8 G memory.
In the experiments, we collected 13 kinds of animals and

otally 90 models for testing, including 32 bears, 11 rabbits, 8
ogs, 3 tigers, 3 lions, 6 chickens, 5 horses, 6 cats, 1 cow, 2
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Fig. 21. Some components in the template library.
Fig. 22. Retrieved result of a component (Left: target component, right: retrieval result, all highlighted in blue). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
mice, 5 elephants, 7 pigs and 1 sheep. There are 656 component
templates generated in the library, including 84 ears, 88 heads, 90
bodies, 90 hands, 90 legs, 64 palms, 72 tails and 78 noses. Fig. 21
shows some components in the library.

The operations of designing patterns for a 3D toy model are
as follows. Firstly, input a 3D toy model into the program, the
intersecting lines of all components are generated automatically.
Next, choose one component of the model, and search the tem-
plate library to find four most matched templates with similar
shapes and structures (Fig. 22 shows the retrieval result of a
target component, in which the shape similarities and structure
similarities are displayed). Then select one template which is
regarded as the most matched template and map its seam lines
to the target component. The user can interactively modify the
automatically generated seam lines if necessary. Repeat the above
operations until all components are processed. At last, flattening
all 3D surface patches to obtain patterns of the toy model.
Experiments show the runtime of template retrieval for the
component is less than 0.5s, and the runtime of seam lines map-
ping is less than 0.02s. To test the validity and feasibility of our
method, we chose several toy models with different animal types
and different postures, some of which have different anatomical
structures. Fig. 23 shows the experimental results conducted by
non-expert users after learning the operations of the program and
basic knowledge of pattern design. In the table of each figure, the
mapping template (highlighted in blue) corresponding to each
selected component of the target model is displayed, and the
degrees of shape similarity and structure similarity are shown.
Our method can deal with symmetric and asymmetric toy models
and Fig. 23f shows an asymmetric model.

We selected two models in Fig. 23a and b to manufacture
physical toys. The final real toys were produced directly based on
the resulted patterns without any modification. Fig. 24 shows the
produced toys, and we can see that the real toys are very similar
to the 3D models.
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Fig. 23. Designed patterns of toys using component-based templates. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 23. (continued).
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Fig. 24. Manufactured physical toys based on patterns designed by our method.
8. Conclusions

An efficient pattern design method for plush toys has been
presented in this paper. The component-based template is in-
troduced to reuse the knowledge of toy design and speed up
the design process. With a template library, seam lines can be
generated automatically on a 3D model according to the retrieved
templates. The seam lines divide the surface of the 3D model
into several surface patches, and the final 2D patterns are got-
ten by flattening the surface patches. The experimental results
demonstrated that the proposed method is feasible and usable,
and the produced results are satisfactory. The method makes the
work of toy design simple, and the efficiency of design can be
improved greatly. It is applicable to both professional designers
and non-professionals.

The main contributions of the study are as follows:

(1) A component-based template is proposed to represent the
knowledge of toy design, which makes it possible to reuse
the knowledge and skills of professional designers and
improve the efficiency of design.

(2) A component mapping method and 3D model retrieval
are presented to build the correspondence of two compo-
nents and map the seam lines of a template to the target
component, so that the design knowledge is reused.

Some limitations exist in the current method. One limitation
is that the method cannot deal with the toy model with all
components merged into one mesh. Another limitation is that it
is difficult to handle 3D models with very complex components
at the current stage. If the data in the template library is not big
enough, the automatically generated seam lines on a complicated
component may not be satisfactory.

Future work remains to be done. The first is the automatic
segmentation for a non-component-based 3D model. Our method
can be applied to a non-component-based model if it is seg-
mented and converted into a component-based model. The sec-
ond is automatically identifying and classifying components. To
obtain better results of pattern design for a toy, we should not
only recognize the classification of the 3D toy models, but also the
classification and characteristics of each component. The last is
using artificial intelligence (AI) techniques to learn the knowledge
of pattern design to deal with complex models. Nowadays, the
artificial neural network has performed well in the processing of
unstructured data such as natural language and computer vision.
For the knowledge of pattern design, it is also possible to use AI
to learn, analyze, and make decisions to assist users to realize the
intelligent design.
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