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Abstract 

 

Abstract of dissertation entitled: Virtual Garment Sewing , Submitted by Liang MA 

for the degree of Doctor of Philosophy in Institute of Textiles & Clothing at The 

Hong Kong Polytechnic University in February 2006. 

 

Recent years have seen an increased interest in Virtual Try-On, which aims to 

establish innovative techniques for realistic, three-dimensional, real-time simulations 

and visualization of customized clothing. Therefore, it would be beneficial to 

develop a system to integrate these techniques into practice. This research has led to 

the development of a virtual sewing system that could assemble two-dimensional 

panels into a three-dimensional garment around a virtual human body. The main 

purpose of virtual sewing is to develop a sewing system for applying a physical 

based cloth model for garment building in 3D, specifically for geometrically 

complex garments. 

In this research, we take an efficient approach for creating 3D forms of garments. 

Based on the mass-spring model of cloth, our research is aiming to develop methods 

for sewing simple 2D panels to complex-shaped configurations of garments, 

presenting several levels of design complexities (e.g. collar sewing.) for CAD design, 

simulation and virtual reality purposes. This thesis presents three primary 

contributions. First, a seam model suitable for modelling tension puckering of 301 

lock stitches is proposed. Second, a systematic solution for assembling different 

styles of collars that belong to the main classification of garment collars is presented, 

most notably multi-layer collars, including both convertible collars and tailored suit 

collars. Third, an approach for applying the seam model to 3D garments for 
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generating a wrinkled appearance is proposed.  

Several models and algorithms are developed for sewing and fitting purposes. 

Based on the theoretical analysis of tension model of thread, the computational 

analysis in terms of the integration of both the tension model and the mass-spring 

model of fabric is performed. The seam model has been extended to the complete 

geometry of garment: the structured and unstructured garment mesh. Emphasis is 

placed on the unstructured garment mesh. An algorithm of searching for triangular 

strips along the seam lines is presented. As an application of the seam model, 

techniques for generating seam mesh are proposed to produce a wrinkled appearance 

on the surface of seamed garment.  

An important application of the sewing method is to the high-level complexity of 

collar design. An approach of collar deformation especially for convertible collar and 

tailored suit collar is presented to solve problems such as the prepositioning of 

collars with multi-layers. Other interesting algorithms include picking up the 

desirable path by application of Dijkstra’s algorithm, improvement of mesh quality 

by means of the Laplacian smoothing algorithm, and applying the mesh subdivision 

algorithm to garments. 
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Chapter 1:  
Introduction  

 

The concept of sewing in computer graphics is quite different from that in textile 

industry. In textile industry, the sewing is operated by stitching pieces of fabric or 

edges of fabric. Two or more fabric ends are laid one over the other, and a seam is 

sewn straight along the ends, with a certain seam allowance. In this sense, sewing is 

the operation of stitching flat fabrics to form a 3D garment. As a comparison, the 

virtual sewing in computer graphics is performed by assembling 2D panels together 

to produce a 3D garment mesh for a given mannequin.  

Therefore, the motivation of this thesis is intended to develop a technique that 

could sew garment panels robustly and efficiently. The whole research area has been 

aimed at providing a reliable sewing approach even for complex geometry of 

garments. A notable feature of our research is that we perform the sewing via seams. 

This is due to both that the construction of a garment is related to seam types and 

stitch types as well as that the good formability and garment appearance are 

connected closely with seam pucker to retain this consistency with the real sewing 

operation and the real dressing. 

In the following section, we describe the overall approach in our research (section 

1.1) and some of the potential applications in computer graphics and in textile 

industry (section 1.2). Next, in section 1.3 we analyze some important characteristics 

of our specific problems. In section 1.4 we list the principal contributions of this 

thesis. Finally, we end this chapter with an outline of the rest of this thesis (section 

1.5). 
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1.1 The Overall Approach 

There are two approaches to constructing garment in computer graphics. One 

approach is a geometrical method by designing garment directly around a static 

human body in 3D space. Geometrical work of Chiricota [2, 3] intended to provide a 

3D garment design tool that a geometrical approximation of the garment is achieved 

by reshaping the surfaces using some curves as starting points. Wang et al. [4, 5] 

proposed another modeling technique for geometrical construction of garment that 

would quickly produce complex geometry models of apparel products. Apparel 

products are designed with reference to human body features, and thus share a 

common set of features as the human model. Therefore, the parametric feature-based 

modeling enables the automatic generation of fitted garments on differing body 

shapes. However, garments are considered surfaces of complex shapes and designing 

garment directly in 3D space is really a boring task especially for some complex 

garments. The generated garment looks rigid presenting an unrealistic appearance. 

Moreover, this approach is contrary to the traditional habit of the garment design.  

An alternative approach to the problem of constructing garments is designing 

garment in 2D space and sewing them together in 3D space. In this approach, simple 

2D panels are sewn together along sewing lines to be complex 3D garment, with a 

well-established methodology on 2D pattern design through parametric pattern 

drawing, editing, sizing, and grading. One of such work is recently presented in [6-9], 

where the authors enhance the implementation by applying techniques such as 

interaction-free method for a geometric pre-positioning of virtual cloth patterns with 

human 3D scans. This method is done by designing virtual clothing patterns in a 

more traditional way and stitching together various virtual panels to form a full 

garment. Considering the high adaptability of the sewing approach, we adopt the 
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sewing method that realistic results are enabled.  

A sewing method is often a physical based approach that the underlying structure 

is a physical based model that obeys the Newton’s law. In this thesis, we present 

algorithms to pull 2D panels together to fit on a virtual human body. Our sewing 

methods and collar deformation algorithms are efficient and have been used to create 

garment surfaces at a higher complexity and quality than previous approaches. 

Furthermore, the ripped surface representation along seam lines is a frequent one 

in real dressing and as such that we propose a seam model to simulate the seam 

pucker. We have also implemented a wrinkle surface generating software system 

based on the algorithms developed in this thesis. 

To sew garment with seams, we perform the following main steps in our approach: 

 Pre-processing step.  

 Sewing the panels together and fitting the garment on the virtual human body.  

 Post-processing step. 

Figure 1.1 illustrates the overall approach for garment sewing in thesis. The main 

function of the pre-processing step is to prepare panel meshes for the next simulation 

implementation phases. This process is a preliminary step for virtual sewing. 

Construction of panels is performed through pattern design, mesh discretization, 

seam definition, and mesh pre-positioning. Attaching cloth pieces and fitting the 

garment on a three-dimensional body is the second and main step for virtual sewing, 

which is often a difficult, time-consuming, and costly iterative process. The finished 

garments are three-dimensionally fitted to a virtual human. Post-processing step such 

as implementation of seam pucker and mesh subdivisions could be performed. 
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Figure 1.1 :  The Overall Approach for the Garment Sewing. 

1.2 Applications 

Since the production process is based on cutting and stitching together parts of 

cloth, traditional textile CAD systems are aimed at drawing these 2D parts and 

driving automatic cutting procedures (e.g., Gerber Technology [10]). The 3D virtual 
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marketing efforts in the business-to-business environment, and for mass 

customization efforts geared toward the ultimate consumer. Most of the commercial 

CAD systems[10] for garment design are based on 2D pattern maker and cutting, 

some[11] are simply for 3D visualization.  
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The trend of garment CAD in current situation is toward conceptual ready-to-

wear design support: 1) the concept of automated garment design, 2) the concept of 

creating a 3D visualization of a garment on the body from 2D flat patterns generated 

in their pattern design systems. 

 In addition to garment CAD, potential applications include virtual reality, games 

and even garment shopping over the Internet[12-14]. 

1.3 Problem Statement 

 This thesis is an interdisciplinary work between Computer Graphics and Textile 

Technology. It is focused on attaching 2D panels to a 3D wrinkled garment using 

seams. The aim of this work is the development of new techniques and methods for 

virtual sewing, specifically in sewing with seams.  

In the past few decades, powerful cloth models have been developed for cloth 

animation. Impressive applications have been developed and results presented, but a 

major problem still exists in the animation of cloth such as more efficient and 

accurate cloth model, collision detection and reaction, and numerical calculation for 

cloth animation. Major attention and efforts today are directly towards these topics 

and problems. This thesis does not to provide a better understanding or solutions to 

the listed problems. Emphasis is placed on special problems such as the development 

of the sewing method for garment, strategy of sewing collars, and generating 

wrinkles with seams on the garment surfaces. 

In the recent review paper, Choi et al. [15] addressed the technical challenges in 

the area of cloth simulation and animation: creating more realistic results, achieving 

faster runtimes, and developing methods capable of constructing and simulating 
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more complex garments. Our research focuses on finding a feasible sewing method 

with seams for complex garments. To achieve this goal, three fundamental problems 

need to be solved.  

First, a feasible sewing method, which is capable of accurately assembling 

different pieces of garment panels and well fitting on the virtual human body, needs 

to be proposed. In such a sewing method, mechanical properties of fabric such as 

stretching and bending stiffness should be incorporated with additional sewing 

elastics and the sewing method should give a good control to the garment pieces for 

the sewing and fitting purpose under complex conditions. This problem is closely 

related to the material modeling of fabrics and the works in textile engineering 

should be incorporated.  

Due to the frequent occurrence in real dressing and the fact that garments are 

sewn with seams in practice, special care for seam pucker is necessary. Unlike 

conventional sewing approaches, we try to incorporate seams with the effect of seam 

types and stitch types. For this reason, delicate seam model and special solution 

schemes for its application on garment are pursued.  

 To simulate more complex garment sewing such as garment with collar, special 

methods are needed. Due to the complexity of collar in shape, it is difficult to apply 

the sewing method to collar sewing. Solutions for this problem will be proposed. 

1.4 Contributions 

The techniques presented in this thesis provide new ideas and practical solutions 

to virtual garment sewing and seaming. Our main contributions consist of practical 

solutions to the following critical problems: 1) The seam model for multi-layer seam 
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pucker, 2) Methods for the collar sewing, and 3) The application of seam model to 

garment to generate more wrinkles. 

First, we present a seam model for multi-layer seam pucker. Prior work on seam 

pucker has assumed the fabric is flat seam. Our formulation of seam pucker for 301 

lock stitches is computationally efficient and offers an realistic wrinkle on the 

surface of fabrics.We demonstrate several seam pucker using this formulation. 

The second main contribution of this thesis is an approach for collar sewing. In 

contrast with tranditional approach, we used a two-step sewing strategy for collar 

sewing. For the multilayer collars, we proposed an algorithm for collar deformation. 

The algorithm underlying our two-step strategy is automatic, efficient, and robust, 

even for very complex surfaces. Prior algorithms have lacked one or more of these 

properties, making them the unstable problem and collar floating problem. Our collar 

sewing also gives the user a flexible method to design panels of collar- an ability that 

previous literature in geometric deformation for collars does not address. 

The third main contribution of this thesis is the application of the seam pucker 

model to a 3D garment surface. In particular, we proposed algorithms of building 

triangle strip for an arbitary path on the surface. Our results reproduce with wrinkle 

appearance on surface of garment. Furthermore, our wrinkle generation offers 

another approach to generate wrinkles for garments.  

1.5 Thesis Organization  

Chapter 1 gives a background to the work undertaken in the thesis. In the section 

of the overall approach, techniques for garment sewing in the thesis are introduced. 

It also address problem related to virtual sewing and describe the main contribution 
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of this thesis. The rest of the thesis is structured as follows. 

Chapter 2 presents an overview of related work in the field of cloth modeling in 

textile research, cloth modeling in computer graphics, and cloth animation and 

visualization.  

Chapter 3 deals with pre-processing steps for virtual sewing. We introduce the 

steps before sewing and discuss some important properties for 2D pattern design. 

Panel discretization methods are introduced and interactive design for panels is also 

discussed. More importantly, we explain how to indicate seam information. Several 

examples for garment design are implemented. 

Chapter 4 deals with the most fundamental concepts of cloth model and sewing 

methods. It gives a description of the simulation environment and a framework for 

the garment sewing. It also introduces mass spring model for garment. After that, we 

provide a sewing method for joining 2D panels to the virtual human and then we 

compare our sewing method with traditional sewing method; it also gives a 

comprehensive discussion about strategies for garment sewing, including increasing 

sewing stiffness, and sewing damping effect.  

In Chapter 5 we discuss issues that are more difficult issues on how to sew collars 

and implement methods, including picking up folding line, smoothing the folding 

line, folding the collar, and attaching collar to quadrilateral patches of neckline. 

Results of the simulation for sewing collars are presented, which include main 

classification of collars. 

In Chapter 6, we investigate the reason of seam pucker and provide a seam model 

of tension puckering to simulate seam pucker. Theoretical discussion about seam 
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pucker and a simplified seam model for numerical calculation are provided. Three 

seam types of seam are modeled.  

In Chapter 7 we continue build much extensive structures of seam pucker. An 

example of structured garment mesh is given. Most importantly, we apply the seam 

model of Chapter 6 to an unstructured mesh of garment. We first search triangle 

strips for seams, then generate seam structure according to seam type and dimension. 

Finally, we generate more wrinkles on the surface of garment such as trousers.  

Chapter 8 provides detailed discussion of what we have done in the thesis, and 

limitation of our approach. Moreover, possible improvements and future works are 

addressed. 
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Chapter 2:  
Literature Review 

 

This overview aims at pointing out some of the major issues, problems and recent 

changes that have emerged in the region of cloth animation and visualization. There 

is a large literature on cloth animation techniques in the CAD, computer vision and 

virtual try-on. We begin this chapter with a classification and overview of main 

topics related to cloth animation and visualization (section 2.1). In the following 

sections, we then discuss in depth a selection of these techniques that are related to 

the garment sewing. 

2.1 Overview 

Since the 1930s, there has been research reported in the textile engineering 

literature regarding the mechanical properties of fabric, its behavior and, after the 

mid of 1980s, on how to model its behavior in computer graphics applications.  

Many researchers are working in the cloth design, modeling and animation, with 

various approaches. Both physical and geometric methods have been used to model 

fabric drape. The first geometric model for cloth was proposed by Weil[16] in 1986 

and Feynman[17] developed the first, physical based model which was based on 

elastic shell theory around 1986. Moore et al. [18] first described a method to solve 

collision detection for flexible objects composed of polygons in 1988. Since then 

researchers have found many ways to describe cloth dynamics that differ mainly in 

their physical accuracy, numerical stability, computational cost, and collision 

handling. These efforts try to capture the mechanical responses of fabrics draped 
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over a variety of objects. 

In the physical approach, the mechanical properties of fabric such as stretching, 

bending, shearing, anisotropic behavior and hysteresis are fully studied. In 1992, 

Breen [19-21]was among the first to model deformable objects using particle model. 

In particular, KES experimental data are used first by Breen to fit the curve, 

acquiring successive piecewise linear functions to describe the inherent properties of 

fabric. Provot[22, 23] first proposed a mass-spring model to simulate the mechanical 

property of fabric in 1995.  

Since then, the main issues involved in cloth animation are numerical stability and 

collision detection. In 1998, Baraff [24] published a paper using an implicit 

formulation for cloth simulation. This technique allowed for the stable use of large 

time-steps in the simulation. For very flexible objects like clothes, it is necessary to 

solve collision and self-collision problems.  

One of the several challenges in Computer Graphics concerns the 3D 

representation and physical based simulation of garments. Recently, virtual try-on 

has attracted great interests[25-27] . This technique allows consumers to try on 

different types of clothes and see how a garment fits on their individual body. 

Another interesting work is flattening technique[28], which flattens the 3D surfaces 

of simulated result to 2D panels. 

Figure 2.1 summarizes the main category related to cloth animation and 

visualization.  
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Figure 2.1: Topics Related to Cloth Animation and Visualization 
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 In the early days, the research about fabric focused on the mechanical property of 

fabrics. In 1930, Peirce[29] first initiated research in the area of cloth bending 

behavior and measurement for material properties. He assumed that the yarns within 
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applied to a limited range of problems because it is based either on geometrical 

relations or on a simple mechanical description. Abbott[30] reported the 

measurement for flexural rigidity using five different experimental methods to 
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using the cantilever test. After 1960, the study of cloth mechanics concentrated on 
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commercial cloths to obtain load-deformation curves for shearing, and also plate and 

shell buckling.  

Grosberg et al. [34] presented cloth bending behavior in terms of a bending 

rigidity factor and an internal frictional couple. Konopasek et al. [35] formulated a 

three-dimensional cloth-bending model that was capable of treating large 

deformations. Moment-curvature equations, moment and force equilibrium equations, 

curvature orientation equations and orientation-coordinate equations were used to 

describe the cloth bending curve, while the fourth order Runge-Kutta method was 

used to numerically integrate a large set of nonlinear differential equations.  

Kawabata et al.[36, 37] proposed the Kawabata Evaluation System (KES), a 

fabric measuring device to test a piece of cloth for several properties of interest to 

the textile industry. Shanahan et al. [38] used small deformation linear plate and shell 

theory to characterize the mechanical behavior of cloth in complex deformations. 

Lloyd et al. [39] studied folding of heavy cloth sheets. Lloyd[40] successfully 

applied the finite element method to the analysis of complex cloth deformations. 

However, only in-plane deformations were treated. Bending, twisting deformations 

and transverse shear strain fields were neglected. 

Some also had interest in true three-dimensional modeling and analysis of cloth 

drape. Imaoka et al. [41] modeled cloths using rod elements and bending springs. 

They carried out simulations of the draping of skirt shapes. Izumi et al. [42] studied 

the dynamic drape of ladies dress cloths and correlated the results with mechanical 

properties such as bending rigidity and self weight. Amirbayat et al. [43]described 

the cloth buckling through minimization of the energy of deformation. Numerical 

solutions to isotropic Hookean materials were presented. 
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Brown et al. [44] investigated the large bending deformation of cloths in 

automated material handling especially for lay out of a cloth on a flat work surface. 

A computer program was developed based on Konopasek’s theoretical formulation. 

Clapp et al. [44-46] investigated the effect of self-weight on the buckling behavior of 

cloths under three different boundary conditions numerically using Timoshenko’s 

elastical beam theory. They demonstrated that cloth weight plays an important role in 

buckling behavior. Ween [47] developed algorithms for draping of biaxial woven 

cloths on a double-curved surface. Cloths were modeled as two families of 

perpendicular interlocked inextensible cloths.  

2.3 Cloth Modeling in Computer Graphics 

There are three dominant techniques in Computer Graphics for modeling cloth: 1) 

Geometrical models, 2) Continuous models, and 3) Discrete models. The 

geometrically based modeling techniques do not consider the physical properties of 

cloth. Rather, they focus on creating realistic appearances such as folds and creases. 

Both continuous models and discrete models are physical based models. Physical 

based technique usually represents cloth models as triangular or rectangular grids 

with points of finite mass at the intersections. The various forces and energies are 

calculated in relation to the other points.  

Continuous approaches offer a strong theoretical background but are usually time 

consuming and not easy to use for dynamic simulations of complex models. 

Computational discrete approaches are often faster than continuous methods and 

generally offer a way to build complex models. Their main drawback is their lack of 

parameter control and assessment. 
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2.3.1 Geometrical Models 

Some of the early research was focused on establishing geometrical model for 

fabric. The early models, developed in the later 1980’s, had to accommodate very 

limited computational power and display device, and therefore were only meant to 

reproduce the geometrical features of deforming cloth. In 1986, Weil [16] specified 

geometrical constraints in order to generate images of cloth objects, and produced 

three-dimensional drape images by modeling the cloth as a constrained system of 

grid points. His approach is not suitable for simulating cloth motion and tends to be 

limited to a specific application area, but it has the advantage of being able to 

generate a static shape quickly. In an earlier paper, Agui et al. [48] used a hollow 

cylinder consisting of a series of circular rings to model a sleeve on a bending arm. 

Coquillart  [49] presented a new geometrical deformation technique for cloth-like 

surfaces. Starting with a planar surface embedded into a cylindrical lattice, the cloth-

like surfaces are created with the folding effect. Aono et al. [50-53] focused on 

special problems such as fitting a 2D broadcloth composite ply  onto a 3D curved 

surface, proposed dart insertion and mapping algorithms. 

The main deficiency of this kind of geometrical model is that it has a narrow 

range of applications. The model is capable of creating creases and folds very well in 

one situation but impossible in other situations. Although such may be improved by 

more delicately geometrical equations, it is highly specific solution substantively. 

In addition to this general deficiency of purely geometrical model for fabric, 

geometrical model for garment has several specific limitations. Geometrical 

techniques require a considerable degree of user intervention. Most of these 

techniques need to feature the body or structure the garment mesh. Moreover, 
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geometrical model for garment does not incorporate mechanical properties or 

empirical relations such as KES. As a result, the simulation result of physical based 

approach is more realistic than constructed garment generated by geometrical model. 

The main advantage of geometrical techniques is that it requires far less computing 

time comparing with physical based approach because all physical based techniques 

are iterative. 

A related problem occurs in geometrical modeling for garment where it is 

important to reduce mapping distortions. Hinds et al. [54] first used a technique to 

define 3D garment panels as surfaces with respect to an underlying body and apply 

this method to interactive garment design. They represented a static mannequin’s 

body as bicubic B-spline surfaces, designed the garment panels around the body, and 

then reduced the panels to 2D cutting patterns.  

Dai et al. [55] proposed a geometrical method to model cloth drape, using a few 

shape parameters predicted according to the pattern structure and mechanical 

properties of cloth. This method is first used to visualize the 3D drapeability of cloth, 

and is then extended to flared skirt modeling. The skirt drape model constructed is 

then used as a pre-draped initial shape for further mechanical calculation, and skirts 

made of different materials are visualized. This was followed by a further procedure 

that reduced length distortions in the mapping.  

Chiricota[2, 3] described a method for fast three-dimensional approximation of 

clothing from flat patterns. The pictures obtained are closely related to technical 

sketches used in the apparel industry. Their approach was implemented in a CAD 

program as currently used in the industry. Based on the parameterization of flat 

polygonal curves and measurements, geometrical approximation of the garment is 
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achieved by reshaping the surfaces, using some curves as starting points. The 

methods herein described were applied to model certain elements inherent to the 

field of clothing design, such as collars, lapels and waistbands.  

Igarashi et al. [56] presented interaction techniques  for putting clothes on a 3D 

character and manipulating them. Garments are designed and grew on the body 

surface around the marks while maintaining basic cloth constraints via simple 

relaxation steps. 

Recently, Turquin et al. [57, 58] presented a method for simply and interactively 

creating basic garments for dressing virtual characters. The user draws an outline of 

the front or back of the garment, and the system makes reasonable geometric 

inferences about the overall shape of the garment. The garment surface is generated 

from the silhouette and borderlines according to the information stored in the 

distance field for varying distance to the character’s body. This method can be used 

to create both standard clothes (skirts, shirts) and other garments in 3D.  

Wang et al. [4, 5] presented a promising technique for a three-dimensional 

automatic made-to-measure scheme for apparel products. Apparel products are 

essentially designed with reference to human body features, and thus share a 

common set of features as the human model. Therefore, the parametric feature-based 

modeling enables the automatic generation of fitted garments on differing body 

shapes. The major advantage of this technique is that the design process could be 

performed automatically in 3D and that freeform surface is adopted to represent the 

complex geometry models of apparel products. 
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2.3.2 Continuous Models 

In 1987, Terzopoulos D. et al. [59-61] were among the first to model deformable 

objects using physics. Cloth is considered as a deformable object with null thickness. 

The authors employ the theory of elasticity to animate their deformable objects. Each 

object has a potential energy of deformation and its surface is discretised using a 

uniform grid. Potential energy is zero when the object is not out of shape. The 

motion equation is numerically integrated using a semi-implicit method. Given 

results are very interesting and they have inspired several subsequent works. 

Carignan et al. [62]had extended the work made by Terzopoulos. The authors were 

interested in dressing virtual models. Mechanical model is a derivate from 

Terzopoulos. Nevertheless, a triangular mesh is employed for each garment piece 

that sews together. The authors have implemented the first algorithm for self-

collision detection. 

Continuous models treat deformable objects as a continuum: solid bodies with 

mass and energies distributed throughout. In making this distinction, it is important 

to separate the model from the method used to solve it. Even though continuous 

models are continuous but the computational methods used for solving the models in 

computer simulations are ultimately discrete. Commonly finite element method 

(FEM) is a good choice to solve these equations. Finite element models are generally 

more accurate, and computationally more expensive, than other cloth models. 

Various element types have been employed, including plates, shells and beams.  

In the study of fabric deformations, large displacements must be considered in 

FEM. Various shell theory and finite element formulations have been developed in 

the early 90’s. For the large deformation problem, the non-linearity due to a change 
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in the geometry of the body has to be considered in order to obtain a correct solution. 

Instead of the one-step solution found in linear problems, the non-linear problem is 

usually solved iteratively.  

To model fabrics using finite elements, one possible approach is to use continuous 

shell elements, which include all deformations, bending, in-plane shear and 

stretching, in one formulation. However, considering the microstructure of fabrics, 

shell treatment may not be a good choice because unlike metal sheets fabrics are 

more of discrete structures made by interwoven yarns with large portion of voids 

rather than continua. Treating fabrics as shells may over-constrain the model and 

make it more rigid than actual fabrics. In addition, expensive computation is 

associated with shell models due to the large amount of element integration involved. 

This approach had been used by some earlier researchers [63]. Collier et al. [64] 

presented a geometric nonlinear finite element method approach using plate elements 

Both linear and nonlinear moment curvature relationships were treated, with 

different response in the warp and weft directions. Membrane response was taken to 

be nonlinear. Eishen and Bigliani [65] used a geometrically exact resultant shell 

theory, including a nonlinear stress-strain relationship based on real fabric 

measurements. Chen et al. [66]introduced geometric constraints to a thin plate 

element model, assuming that the lengths of the threads in a fabric remain unchanged 

after deformation.  

Even when modeling fabrics as shell/plate with finite element methods, there are 

a number of options available. Beam elements, which capture bending and stretching 

of a slender structure in 2D space, are ideal to model threads and yarns. In this regard, 

a 2D beam model is constructed to simulate the flexible behaviors of yarns. Then a 
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beam-lattice model, which considers interweave of yarns and represent fabrics as a 

lattice the beam elements, were presented by Ascough et al. [67]. In his research, a 

beam element approach for large displacement to simulate cloth drape is illustrated. 

Compared with continuous shell model, beam model is more representative of the 

microstructure of fabrics and exhibits better robustness.  

Finite element methods (FEM) continue to receive attention during this period by 

researchers such as [68-79]. Finite volume methods (FVM) also became an area of 

active research for several researchers including the impressive demonstration of Hu 

et al. [76, 80-82], who provided a new efficient computational fabric mechanics 

model using finite volume method. 

More recently, in the field of mechanical simulation techniques, finite element 

systems were developed for garment simulation. One of the most complete finite 

element treatments of garment draping was that of Etzmuß et al. [83, 84] who 

presented an efficient cloth model based on finite elements for viscoelastic, highly 

flexible surfaces. In their work, implicit integration methods for linear equations are 

achieved by reducing the nonlinear elasticity problem to a planar, linear one in each 

step. This model could also be extended to a garment simulation in which garment 

patterns from CAD are seamed together and animated in an accurate but also fast 

way. 

2.3.3 Discrete Models 

Particle systems consider the cloth to be represented by particles that constitute 

the polygonal mesh of the surface. These particles are moved through the action of 

forces that represent the mechanical behavior of the cloth, which are computed from 

the geometric relationships between the particles that measure the deformation of the 
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virtual cloth.  

In some significant papers on applying particle model to cloth deformation, Breen 

et al. [19-21] described woven fabrics as a set of particles falling in a gravitational 

field according to physical laws. Cloth surface is discretised using a uniform grid 

where each node is a particle of the mechanical system. Experimental data (KES) are 

inserted in their model to obtain realistic surfaces. Numerical examples were 

compared with experimental results and their method gave good results. Ng et al. [85] 

suggested the use of a rectangular grid and energy minimization techniques to obtain 

the shape of the cloth. The material is modeled by a set of energy equations, which 

takes the bending constant, density, elasticity, diagonal-to-axial strength ratio, and 

rigidity into account. Eberhardt et al. [86] extended Breen’ model to model specific 

cloth properties such as anisotropic behavior and hysteresis. Volino et al. [87-

90]improved the work of Carignan et al. [62] and that of Laeur et al. [91]. In his 

recent review [92, 93], Volino et al. performed an extensive review of the evolution 

of cloth animation techniques made in the last decade to bring virtual garments to the 

reach of computer applications not only aimed at graphics, but also at CAD 

techniques for the garment industry.  

The book by House et al. [94] collects several important articles on cloth 

modeling and give a fairly comprehensive survey of animation methods. Magnenat 

et al. [93] addressed two important aspects on cloth animation: dynamic accuracy of 

the cloth simulation model and adequate techniques for the real-time visualization. 

Plath [95] described a new technique for modeling the dynamic behavior of elastic 

textiles. Similar work had been done by Jojic et al. [96], Dai et al.[97], Oshita et al. 

[98], HeeJung et al.[99] , Dohta et al.[100], and Boxerman [101].  
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Mass-spring systems are one physical based technique that has been used widely 

and effectively for modeling deformable objects. An object is modeled as a 

collection of point masses connected by springs in a lattice structure. The spring 

forces are often linear, but nonlinear springs can be used to model deformable object 

such as cloth that exhibit inelastic behavior. In a dynamic system, Newton's Second 

Law governs the motion of a single mass point in the lattice. A benefit of mass-

spring techniques is that they do not require as fine a mesh resolution as finite 

element techniques to exhibit folding and wrinkling behaviour of cloth. Compared 

with other cloth models, mass-spring model is easy to implement. For this reason, 

the mass spring model is most widely used. 

Provot [22, 23] used a mass-spring model to describe rigid cloth behavior, which 

proved to be faster than the techniques described above. To model the non-elastic 

behavior of cloth, he used the inverse dynamic. Explicit Euler's method is applied to 

integrate the mechanical system. He also presented a new solution for the super-

elasticity problem with a position modification algorithm to the ends of the over-

elongated springs. However, Repositioning can lead to over-elongation of other 

springs and may require several iterations of correction steps to resolve. Vassilev et 

al [102-105]first improved this by modifying the velocities of mass-points instead of 

their positions. In his approach, the algorithm checks the spring length after each 

iteration step and does not allow elongation more than a certain threshold by 

modifying velocities of the corresponding vertices. Similar approach had been 

further developed and optimized for the dynamic case of simulating cloth on moving 

objects by other authors, such as Bridson et al. [106-108]. In his work, Bridson gives 

comprehensive discription of mass-spring modeling and animation, collision 

detection and reaction, and mesh smooth scheme. 
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Cheng et al. [109] proposed a new semi-rigid model for real-time animation of 

draped cloth which not only speeds up the rendering greatly, but also maintains 

visually appealing results. The fabric is represented as a grid object composed of 

mass points connected by semi-rigid rods, whose behavior is governed by non-rigid 

dynamics. The longitudinal (vertical) and latitudinal (horizontal) directions of the 

model are decoupled and processed separately, and later combined to generate the 

final cloth.  

Kang et al. [110] proposed a bi-layered approach for efficient cloth animation 

with a large number of mass-points. The proposed method uses two mass-spring 

meshes. One of them is a rough mesh for representing global motion, and the other is 

a fine mesh for realistic wrinkles. The implicit integration method for bi-layered 

mass spring is also given. 

One of the interesting behaviors of cloth is its non-linear response to tension, 

compression, bending, and shearing. From such a viewpoint, some research has 

attempted to use nonlinear cloth model. Breen et al. [19-21]approximated the 

nonlinear properties of fabric by piecewise energy function from Kawabata’s 

experiments curve. However, only a part of the Kawabata’s curve is approximated 

and fitted, which results in a set of non-physical parameters. This had been improved 

by [71, 77].  

Similar work had been done by Eberhardt et al. [111] who used the KES 

experimental data and fitted the curve applying successive piecewise linear functions. 

KES curves accurately describe the real behavior of a fabric, however, some 

important properties such as hysteresis and friction were not considered in their 

research. Ngo-Ngoc et al. [112] followed the previous approach but they used a 
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different method. In order to reproduce the yarn interlacing structure and the 

nonlinear properties of a real cloth, they added new friction terms to the cloth model. 

This revised model has three different components: the traction, the bending and the 

shearing. The internal friction is based on applying an extended version of the Dahl’s 

model. They also extended the approximation technique to describe the nonlinear 

properties of a real cloth and identify the whole Kawabata’s curve using the 

parameters coming from direct measurements on real clothes. The simulation of a 

complete garment made of these fabrics could also be achieved in a virtual fashion 

show to visualize its characteristics. 

Choi et al. [113, 114] proposed an immediate buckling model and a semi-implicit 

cloth simulation technique for simulating realistic cloth animations without 

introducing buckling instability. Significant improvements in both the stability and 

realism have been made possible by overcoming the post-buckling instability as well 

as the numerical instability. 

Hysteretic behavior is another important property of fabric. An extension of the 

Ngo-Ngoc et al. [112] method to a nonlinear cloth model simulating hysteresis 

would be extremely useful. It includes an internal friction model to simulate the 

organization of yarns inside a fabric without using any complex geometric model. 

This friction term is integrated into the three components of the cloth model: the 

traction, the bending and the shearing. Lahey [115] presented a model of fabric 

bending hysteresis. The hysteresis model is designed to reproduce the fabric bending 

measurements taken by KES and the model parameters can be derived directly from 

these property measurements.  

An attempt to incorporate the bending model as part of a fabric drape simulation 
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is also made. Denise [116] first described a differential model to handle hysteretic 

effects that has some desirable properties. Despite the complexity of underlying 

phenomena, its particular formulation makes it easy to use in existing simulation 

systems, even those relying on an implicit integration scheme.  

For realistic cloth animation, it is desirable to improve the performance and 

efficiency of cloth animation systems. However, such improvement is often achieved 

at the cost of realism if a coarse mesh is used to speed up the simulation. Using 

adaptive meshes is an appreciative solution for the problems. The main idea of 

adaptive meshes is to generate a coarse mesh at the beginning of the simulation and 

to refine the mesh during the animation.  

Hutchinson et al. [117]  were the first to show a multi-grid method dedicated to 

cloth animation. Other interesting work include[78, 118-121]. In the literature of 

adaptive meshes mentioned above, only the formulas for estimating the discrete 

mean curvature at the inner mesh vertices can be found. Volkov et al. [122-124] 

presented a method to introduce adaptive meshes into the most elaborated cloth 

simulation approach based on irregular triangle meshes. The adaptive refinement 

scheme incorporated with Baraff-Witkin’s physics and integration[24], voxel-based 

cloth-cloth proximity detection[125, 126], hierarchical bounding boxes for cloth-

rigid proximity detection [125, 126], and the collision response by Volino et al.[127].  

2.4 Cloth Animation and Visualization 

Many researchers have proposed various methods for acquiring the accurate 

behavior of deformable objects, and it is possible to generate realistic reproduction 

of the appearance and the movement of the cloth on computer displays, with the 

notable contributions by various researchers. 
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2.4.1 Collision Detection and Reaction 

While physical based models are able to reproduce the appearance of garment 

quite realistically, they however require far too much computation time for complex 

garments in real-time. This not only results from the complexity of the equations 

governing the cloth model, but also from the complexity of collision detection when 

considering the general situation of complex garments in contact with the virtual 

human body, the garments surfaces being themselves in collision with each other. 

The problem of collision detection between geometric objects is fundamental in 

cloth animation. Many problems in cloth animation are finally reduced to getting a 

balance between accuracy and efficiency. Currently, collision detection continues to 

be a bottleneck for cloth animation even though there are many techniques with 

different advantages and disadvantages.  

The problem of collision detection and response for cloth is of obvious interest in 

computer graphics. Many collision detection methods are employed and adapted for 

the particular requirements of cloth modeling. Collision detection methods includes 

cloth-cloth collision[22, 91, 128-131] and cloth-rigid collision [125, 132]. Most of 

these methods are object-based representing the meshes hierarchically with bounding 

volumes[108, 133]. Some are voxel-based[134, 135]. Additionally, several 

techniques have been proposed to handle multiple collisions[136, 137]. 

Baciu et al. [136, 138-143] presented new techniques that enhance the 

computational performance for the interactions between cloth and cloth or cloth and 

rigid object. The main improvements include time-domain predictor-corrector model, 

hardware-assisted self-collision detection techniques, image-based collision 

detection techniques, and collision detection and reaction for multi-layered 
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deformable surfaces.  

There are two main approaches to respond to collisions: one is constraint-based 

method and the other is based on the adjustment of position, velocity, and 

acceleration for the colliding elements. Few[24, 144] are constraint based method. 

Most are the second method or a hybrid method [22, 108, 127, 145]. Past approaches 

to cloth-cloth collision have used history-based method to decide whether nearby 

cloth regions have interpenetrated. However, it is a particularly serious that if an 

error occurs, it will keep the error persistent no chance to correct. Baraff et al. [146] 

corrected it with a history-free cloth collision response algorithm based on global 

intersection analysis of cloth meshes at each simulation step. Cordier et al. [147] also 

presented an interesting approach for efficient collision handling that prunes out 

potentially colliding objects by using an off-line simulation sequence. In addition, 

the system runs with a data-driven fix-up process for the coarse mesh and geometric 

approximation for the fine mesh deformation. 

2.4.2 Numerical Calculation 

Many techniques have been proposed for the simulation of cloth, and most of 

them are based on numerical integration. Large advances have been made in the 

direction of improving the efficiency of the numerical techniques used for 

integrating the equations resulting from the mechanical model. The dynamics of the 

cloth’s motion is governed by Newton’s second law. In studies[22, 23], explicit 

integration methods were prevalent for finding the solution of velocity and position 

at any time, including the Euler method, the midpoint method, and the 4th order 

Runge-Kutta method. However, explicit time integration has some problems 

including instability at large time steps and slow propagation of the effects of forces 
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over the cloth material. 

 Efforts have been made in the direction of improving the efficiency of the 

numerical techniques used for integrating the equations resulting from the 

mechanical model. Baraff et al. [24, 148] presented a very interesting clothes 

animation technique for large time iteration. They used an implicit integration 

method to solve the continuum formulation of the internal energy of cloth. 

Integration method generates, at each time step, a sparse matrix that is solved using a 

modified conjugated gradient. Furthermore, the authors have developed a technique 

that used an adaptive time step. Results were very interesting and the computational 

time was reduced. Macri [149] discussed the Baraff model in details . 

Implicit integration methods have been widely used in cloth simulations for their 

high stability and speed. More accuracy and efficient numerical calculation 

algorithms have been developed. Kang et al. [150] presented a fast animation 

technique for animating soft objects based on mass-spring model with an 

approximated implicit method which does not involve linear system solving. 

Because the mass-spring model shows a superelastic effect, the excessively 

deformed springs (i.e., superelongated springs) should be adjusted for reality. The 

paper presented an efficient inverse dynamics process to adjust the super-elongated 

springs. 

The use of implicit integration schemes made possible the real-time simulation 

and optimization of computation speed, such as [150-152]. A mixed explicit/implicit 

approaches can be found in [106-108].  

In order to keep system stabilities, artificial internal damping forces are 

introduced from the linearization process of semi-implicit integration; however, 
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these internal damping forces significantly degrade the realism of the cloth 

simulation since they are generated with respect to rotational rigid motions as well as 

internal deformations. Oh et al. [153] solved it with a new implicit integration 

technique that reproduces a stable cloth without introducing excessive damping 

artifacts. The artificial internal damping forces are computed by considering the pure 

internal deformations alone, and are stably incorporated into the dynamical system. 

2.4.3 Virtual Try-on 

Virtual try-on is the creation of the technological basis for a synergetic connection 

of the innovative supply of pieces of clothing for the individual customer (tailor-

made suit) with e-commerce using VR methods and the conversion of these 

techniques into practice by means of a virtual, individual internet catalog.  

The group at MIRAlab focused on dynamic drape of cloth on virtual actors with 

particle models, as described in the articles by Volino et al. [87-90, 92, 93, 154]. 

Chittaro et al. [13] developed techniques and methods for cloth simulation such as a 

cross-application data exchange format among the different CAD systems and 

applications, which makes it possible for on-line revising or previews of the garment. 

Recently, an online made-to-measure system was presented by Magnenat-

Thalmann et al.[92, 93, 147, 155-160]. Their system allows a web application that 

provides more powerful access and manipulation for interactive adjustment of the 

3D mannequin according to the shopper’s body measurements, online resizing of the 

garment to facilitate garment design, and real-time simulation of the garment 

corresponding to the body motion. 

A more comprehensive research is presented by Spanlang [27, 161] for virtual 
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clothing system for retail and design, which is the world’s first installation of a fully 

automatic virtual try-on system. Sizing and body landmark information are extracted 

from 3D scanner data in a fully automatic process and customers can try-on 

garments from a database on their virtual selves within seconds. The information 

required in order to simulate particular garments is provided in a format tailored to 

the computational requirements for defining the garment pieces, seaming, 

partitioning on the body, cloth reflectance and patterning, and location of accessories 

such as buttons, etc.  

Fuhrmann et al. [6, 8, 26] presented a complete process chain of Virtual Try-On: 

starting with the touchless 3D scanning of the human body up to a photo-realistic 3-

dimensional presentation of the virtual customer dressed in the chosen pieces of 

clothing. The prospect of platform for interactive selection and configuration of 

virtual garments (virtual shop) were also discussed. 

2.4.4 Flattening Techniques 

Surface flattening is applied in many applications, such as in the aircraft, shoe, 

and garment industries. Contrary to the problem of constructing garments, flattening 

the designed 3D surfaces to 2D plane is a 3D to 2D problem. Fan et al. [28]first 

introduced techniques of 3D-to-2D transformation.  

In [162], a surface flattening algorithm based on the energy-minimization on the 

3D surface was presented, which calculated the optimal 2D pattern that folds to the 

3D surface with minimum deformation. Both isotropic and woven-like anisotropic 

materials are supported by the algorithm. Darts insertion is also incorporated in the 

algorithm to enhance the flattening result. In [163]，an orthotropic strain model was 

adopted to convert the strain values to energy values. Energy minimization analysis 
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is performed during the flattening process to minimize distortion. 

Wang et al. [5, 164] presented a garment design system to design 3D garment 

around a 3D human model through 2D sketch strokes. The resulting garment meshes 

are defined as seam lines to split the garment mesh into pieces. A flattening 

procedure is performed to generate flat garment pieces that would be used for 

manufacturing the garment. 

2.4.5 Cloth Visualization Techniques 

Many researchers have proposed various methods for generating realistic images 

of cloth. In 1992, Yasuda et al. [165] provided an anisotropic light reflection model 

based on the detail structure of cloths. Xu et al. [166] analyzed the cross-section of 

yarn and presented a method for efficient synthesis of photorealistic freeform 

knitwear based on the structure of lumislice. Adabala et al. [167] addressed a 

technique of light interaction with complex weave pattern for visualizing clothes, 

providing a visualization solution for both back and front surfaces of cloth, even the 

inhomogeneous nature and transparency of woven materials were also captured. 

An alternative approach for realistic images is by exploiting light measurements 

from high dynamic range images and a global illumination system. In the research of 

Spanlang et al. [168], realistic images of clothes in the context of a real scene are 

produced by the accumulation of existing garment modeling and computer graphics 

techniques in combination with global illumination. Wacker et al. [25] demonstrated 

their complete measurement system with a moveable high-end digital camera and a 

light source to capture all effects of the material, high-dynamic range images. Photo-

realistic visualisation was made, including the virtual human, the garment and the 

scene. 
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2.5 Summary 

This chapter performs an extensive review of the literature related to cloth 

animation techniques developed in the last two decades, including great efforts made 

in the fields of Textile Research and Computer Graphics. A variety of cloth modeling 

techniques, animation techniques, and visualization techniques have been summed 

up. Major directions of the research in Computer Graphics have been highlighted as 

collision detection and reaction, numerical calculation, virtual try-on, flattening 

techniques, and cloth visualization techniques. 

Virtual garment simulation is the result of the combination of these techniques 

that have dramatically evolved during the last decade. However, there still exits lots 

of new challenges. It should be emphasized that these challenges arise from the 

unique nature of cloth- anisotropic behavior, hysteresis, friction, thermoplastic, and 

non-linear elasticity. Consequently, the cloth model in development should be able to 

model various textile materials. 

The fundamental work should aim to develop a new cloth model to simulate real 

mechanical behavior of fabric/garment materials. The priority for 3D virtual garment 

development is still oriented a fast, realistic, accurate, and stable simulation with fast 

visualization. One major issue is the accuracy of the simulation for representing 

accurately wrinkles, folds, and refined design details. Another major issue is virtual 

try-on. It is possible in the near future for virtual retailing to become reality. People 

will be able to purchase garments by conducting virtual wearer trials using their own 

body size and shape. 
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Chapter 3:  
Two-dimensional Pattern Design 

 

Flat pattern cutting is widely used in the garment industry and in garment CAD 

because of its sizing accuracy and the speed with which complicated designs can be 

constructed. For this reason, the approach from 2D pattern to 3D garment is the most 

popular in garment CAD or in virtual reality. 

A garment consists of pieces of fabric (panels) that represent its surfaces. For 

physical based modelling and simulation, these panels should be discretised into a 

polygonal mesh such as a quadrilateral or triangular mesh first. Current garment 

CAD provides a powerful tool for creating and editing a parametric 2D garment, 

however, it must be noted that the virtual sewing requires extending existing CAD 

systems to handle the additional information (e.g. sewing information, attaching 

information). Thus, we develop a simple but efficient 2D panel design tool for our 

special purpose. 

Our 2D pattern design starts with a user interactively designing a closed region by 

Bezier curves. In our system, this design is accomplished by the placement of 

boundary curves at user specified locations. The ability to precisely position these 

curves relative to the virtual human body is crucial to our application. As such, basic 

pattern that are loaded to the system first provide a better intuition for the shape and 

position of a boundary curve. A well-fitting garment requires accurate measurement 

of the body and good control of the pattern shape. Therefore, the measurement of 

virtual human body could acquire the control sizes for the 2D pattern design. The 

control sizes involve the specification of exactly how the panels are consistent with 
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the dimensions of the human body. 

To improve the accuracy of numerical calculation, the panel should be discretised 

into a triangular mesh and excessively irregular triangles must be prevented. For this 

purpose, the mesh quality must be ensured throughout the panel design. We 

introduce Laplacian smoothing techniques to improve the mesh quality of the panels. 

When the mesh has been discretised and refined, it is necessary to define the 

seams. The term “seam” refers to the edge pairs to be merged. Seams are line 

segments composed of any number of vertices, which are consecutively defined in 

pairs. However, the definition of seams is a time-consuming and tiring task if we 

look for them manually because there are at least hundreds of edge pairs for a mesh 

with thousands of triangles. For these reasons, we introduce the shortest path 

algorithm as an interactive design tool to define the seam lines and apply Laplacian 

smoothing algorithm to improve the mesh quality. 

3.1 Preliminaries 

We introduce the shortest path algorithm and Laplacian smoothing techniques as 

an interactive tool for pattern design. 

3.1.1 The Shortest Path Algorithm 

A variety of methods and algorithms are available for the solution of shortest path 

problems. Dijkstra's Algorithm is one of the most popular algorithms in computer 

science. The Dijkstra’s algorithm[169]  is a systematic method finding the shortest 

path to get from point A to point B in a weighted graph. In a triangular mesh, the 

path is a sequence of edges from A to B. In our application, the weight of an edge 

equals its length. We introduce it to our system as an interactive tool, which help us 
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to determine the desired path.  

Figure 3.1 shows an example of the shortest path by Dijkstra’s algorithm[169]. 

When we pick up two points A and B on the surface of the mesh, Dijkstra’s 

algorithm gives the shortest path between A and B. One example of its application is 

to determine the sewing pairs based on the patterns of the garment. 

 

Figure 3.1: The Shortest Path on the Surface between Point A and Point B. 

3.1.2 Laplacian Smoothing for Mesh 

In our application, Laplacian smoothing[170] is done by simply averaging 

neighboring vertices iteratively as shown in Figure 3.2. One step of the iterative 

process to smooth a mesh is described by the following formula: 

i old
new old

P XX X
n

λ −
= + ∑ , 0 1λ< <                                                                          3.1 

where newX , oldX are the new position and old position respectively, iP  is one of the 

old positions neighboring to vertex X  and n is the number of neighboring vertices. 

B

A



Chapter 3:             Two- dimensional Pattern Design 

-      - 36

               

 

 

Figure 3.2: Laplacian Smoothing. Left: Laplacian Smoothing for Mesh. Right: 

Laplacian Smoothing for Curve. 

3.1.3 Laplacian Smoothing for Curves 

The equation of smoothing a curve can be expressed as: 

[0.5( ) ]new old pre next oldX X X X Xλ= + + −   , 0 1λ< <                                              3.2 

where newX , oldX are the new position and old position of a vertex iP  respectively, 

preX is the position of previous vertex to vertex iP , nextX  is the position of vertex next 

to vertex iP . 

3.2 Body Measurement for Virtual Human  

With virtual humans, we consider mainly two issues. The first issue is that virtual 

bodies should have an appropriate 3D representation for the purpose of cloth 

simulation. The second issue is how to measure the control sizes corresponding to 

real body shapes to facilitate the garment design. 

In the first issue, one feasible approach is to acquire body data from the 3D body 

scanner such as 2[ ]TC [171]. The advantage of using a 3D body scanner is that it can 

offer automatic body measurement extraction and a comprehensive data analysis 

service, which can be user-customized for garment design applications. The 

drawback is that some holes still exist on the surface of the scanned body, which will 
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cause penetration when sewing. [172] avoid the problems with commercial graphics 

packages by filling the holes, reducing the number of triangles, and connecting all 

triangles to form a single mesh. The virtual human in our simulation came from the 

library of the software package Poser 5.0 [173] as shown in Figure 3.3. While it is 

feasible for acquiring the virtual body, the crucial problem is how to acquire 

necessary control sizes for the panel design.   

In the second issue, body measurements may include girth measurements, 

horizontal measurements, and vertical measurements[172]. In this study, eight 

measurements were chosen that were considered critical in the initial design of well-

fitting garments. These measures included Bust girth (BG), Waist girth (WG), Hip 

girth (HG), Back waist length (BWL), Inside leg length (ILL), Arm length (AL), 

Neck-base girth (NG) and approx. height (AH).  

In order to produce fitting results in a garment animation, the dimensions of the 

garments often have to be designed in accordance with those of the virtual human. In 

our application, body measurements of these necessary control sizes for pattern 

design are performed using the transverse plane and sagittal plane in the most 

desirable position of standing. A virtual body is represented by vertices and triangles. 

The cross-section between a plane and the body lies on the algorithm of intersection 

between a triangle and a plane. For example, the “waist” is the smallest 

circumference between the bust and hips determined by locating the small 

circumference of the cross-section with transverse plane and then going up and down 

a predetermined amount from a starting transverse plane to find the waist. The bust 

girth is vitally important for the best fit in women’s clothing. The “chest 

circumference” measurement is the sum of the distances separating successive points 
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from the body segment that lies on the transverse plane which passes through the 

right and left bust points. The measurement of other control sizes such as the BWL 

could be taken in reference to feature points with the total distance around the body 

segment between these feature points.  

 

Figure 3.3: Virtual Human and Body Measurements. 

3.3 Polygonal Panels Design 

3.3.1 Basic Patterns of Garment 

Precise geometrical dimensions of panels will provide beneficial fitting to the 
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human body. In order to provide good control of the dimensions of panels, basic 

patterns are required. Basic garment patterns[174], derived from statistical 

measurements, are adapted in our pattern design using measurements from the 

standard measurement charts[174]. Actual body measurements have been provided 

for each article so that we know the approximate dimensions of each garment to 

determine the best size and fit for our pattern design. Kang et al. [175] introduced a 

garment pattern drafting method for apparel CAD such as auxiliary pattern 

generation, seam line creation, and dart manipulation to generate engineering 

patterns. A basic pattern of garment provides users with all the relevant information 

necessary to create design patterns with accuracy, regardless of their complexity.  

 

Figure 3.4: Basic Bodice Patterns. 

These basic patterns can be divided into three classifications: dress, skirt, and 

B
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trousers. The basic pattern of a dress includes front bodice, back bodice, and sleeve; 

Basic pattern of a skirt includes front skirt and back skirt; and trousers pattern 

includes front trousers and back trousers. According to the style and fashion desired, 

different basic patterns are used for our polygonal panel design. 

Figure 3.4 shows the example of a basic pattern for a woman’s dress. The basic 

bodice pattern requires two control sizes: Bust girth and back waist length. Basic 

patterns help us to position some significant points on the body such as neck, 

shoulder, or bust point and dart point. In fact, 2D patterns come from the designer's 

drawings. These patterns, once are cut out and sewn together according to the tailor's 

specifications, allow the garment to make the final step toward realization of the 

designer's dream. 

3.3.2 Interactive Design for Polygonal Panels 

3.3.2.1 Bezier Curves 

To make a panel, we first draw a closed region consisting of two or more Bezier 

curves (Equation3.3) according to the guide of basic patterns. The curves of the 

patterns are given by a sequence of 2D vertices.  

 ,
0 0

!( ) (1 ) ( )
( )! !

n n
n i
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= − =
−∑ ∑                                                           3.3 

where n is degree, iV  is the position of ith  control point, 0 1u≤ ≤ , and ( )P u is the 

vertex on the curve. In our application, n equals 5. 

One important property of Bezier curves is that the curve passes through the start 

and finish points of the control polygon defining the curve. These curves define the 

outline for the panels. 
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These curves must satisfy the following requirements: 

 The curves must form a closed region. In other words, the last control vertex 

of one curve must be in the same position as the first control vertex of the 

next curve. Bezier curves can satisfy this requirement.  

 They also must be coplanar, which means the curves are all drawn in a plane.  

 A line is also considered as a Bezier curve. 

 If two Bezier curves are sewn together, the number of points on both curves 

must be equal. 

3.3.2.2 The Drawing of Polygonal Panels 

According to the category of a garment, a different basic pattern is loaded as a 

guide for interactive design. Figure 3.5 shows an example for a polygonal panel 

drawing. According to designer's drawings and the necessary control sizes of a 

virtual body, a basic bodice pattern is loaded first for the panel drawing. A basic 

pattern and grids help us to position key points such as shoulder points, neck points, 

etc. 

In the left figure of Figure 3.5, click on the screen at a suitable position to draw a 

polygonal segment in an anti-clockwise direction. Each of the straight-line segments 

is defined as a Bezier curve. The right figure of Figure 3.5 shows how to adjust a 

pattern to improve the fitness at the bust, armhole, neck edge, back and shoulders. If 

we pick up the control points of a Bezier curve and drag them to suitable positions, 

the curve will fit at the place such as armhole and neck edge, etc. 
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Figure 3.5: Interactive Design for Polygonal Panels. Left: Position of Polygonal 

Panel according to Feature Points on Basic Patterns. Right: Dragging Control 

Points to Improve the Fit at the Armhole, Neck Edge, etc. 

3.3.3 Panels Discretisation 

Panels are discretised into triangular mesh according to the Delauney 

triangulation algorithm. Triangulation involves creating a set of non-overlapping 

triangularly bounded facets from the sample points, the vertices of the triangles are 

the input sample points. These sample points are generated randomly, located in the 

polygonal zone. 

Figure 3.6 shows the process of triangulation. In the left of Figure 3.6, the polygonal 

panel forms a closed region. In the mid of Figure 3.6, vertices are scattered in the 

region and triangulated by the Delauney triangulation algorithm. Figure 3.7 and 

Figure 3.8 demonstrate some triangulation results. 

Control Points 
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Figure 3.6: Panels Discretisation. Left: Polygonal Panel. Mid: Triangulation of 

Polygonal Panel. Right: Smoothness of the Surface. 

                   

Figure 3.7: Example 1 of Triangulation: Left: Back Garment. Mid: Front 

Garment. Right: Sleeve. 

        

Figure 3.8: Example 2 of Triangulation: Left: Skirt. Mid: Circular Table Cloth. 

Right: Square Table Cloth. 
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3.3.4 Splitting the Mesh 

The panel design implementation usually consists of splitting the mesh into a 

number of submeshes. Each submesh is produced by adding vertices along the 

selected path so as to keep an equal number of vertices along the selected path. This 

ensures that the number of edges between two split submeshes will be equal because 

these edge pairs will be sewn together and merged finally. For instance, Figure 3.9 

and Figure 3.10 show how the panel mesh is split.  

       

Figure 3.9: Splitting the Mesh. Left: A Sleeve Mesh. Mid: Picking the Path. 

Right: Straight-cutting along the Path with Laplacian Smoothing. 

      

 

                  

Figure 3.10: Splitting the Mesh. Left: The Design for Pattern. Mid: Picking the 

Path. Right: Straight-cutting along the Path with Laplacian Smoothing. 

3.4 Indication of Seams 

When panels are discretised and placed around the virtual human, we must 

indicate the seam information. Seam information indicates where sewing action 

takes place. This is done by a set of seam edges that indicate which part of one panel 
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has to be sewn together with corresponding parts of other panels or which part of 

edges should be sewn together with corresponding parts of edges in the same panel. 

A major consideration in the development of seam information is that sewing 

information could be used to add sewing springs automatically by means of 

geometrical information of the mesh. The second major consideration in the 

development of the sewing system for the garment building is the improved data 

structure that allows complex panel shapes. To seam more than one panel to a single 

panel, common points are found and marked, owing to the special case as shown in 

Figure 3.11. When the sewing is finished, garment meshes are merged into a single 

mesh (vertices on seam line are not the boundary vertices). In most cases, two points 

are merged. However, in some cases, more than two vertices are merged such as 

vertices c ,b , g  in Figure 3.11. 

Seam edges have some properties. They are of course on the boundary of panel 

mesh. In addition to the boundary curves, they must be given in pairs. Thus, seam 

edges are a sequence of edge pairs. The definition of seam information is quite 

simple, for example if edge 1 2v v  is to be sewn with edge 3 4v v , and the sewing 

information could be defined as: 

s  1v  2v  3v  4v  

where “ s ” denotes the key word sewing, 1v , 2v , 3v , 4v  are four points, where 1v will 

be merged with 3v , and 2v will be merged with 4v . These sewing edges are defined in 

pairs, described by the vertex indexes from a defined origin along the panel-

bounding contour. 
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3.4.1 Definition of Sewing Edge Pairs 

However, the definition of seam’s edge pairs is a time-consuming task. The 

essential problem of seam information is how to indicate these sewing edge pairs. 

The interactive technique of picking-up and the shortest-path algorithm enable us to 

acquire the sewing point easily. In general, these boundary curves can be classified 

into three types: line, concave curve, and convex curve. We have no proof that the 

line or concave curve is the shortest path when the start point and the end point are 

selected. For the convex curve case, we can pick up more points to acquire the 

desired path.  

 

Figure 3.11: The Definition of Sewing Information. 

For example, sleeve e f g h i− − − −  is planned to assemble to the armhole 

a b c d− − − , as shown in Figure 3.11. Curves a b− and c d− are concave curves. 

When we select two points such as a andb , or c and d , the shortest path between 

a and b , or c and d  is what we wanted. However, if we pick the beginning point 

g

a

b
c

d

e

f

h

i

Darts 
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e and ending point i on a convex curve e f g h i− − − − , we will find that the 

calculated shortest path is not the route e f g h i− − − − . This can be improved by 

picking up more points such as f , g and h . So the desired sewing edges of sleeve 

are compounds of the shortest path of four curves such as e f− , f g− , g h− , 

and h i− .Note that the edge number of curve a b c d− − − equals that of 

curve e f g h i− − − − . 

3.4.2 Sewing Edges and Attaching Edges 

Most sewing edges are on different panels such as the front garment panel or the 

sleeve panel. For fitting the garment, darts are always used by designers, mainly to 

make the garment to fit the body shape more closely. In this case, sewing edge pairs 

are on the same panel of garment. The definition of sewing edges of darts is similar 

to the definition of sewing edges on different panels; however, there is a difference 

in that some sewing edges of darts share common mass-points. In this case, we must 

take care of it when the merging procedure is performed. 

Similar to the sewing edges but slightly different in function are the attaching 

edges. Currently used only at a special region such as front overlap or the accessories 

such as pockets, attach lines fix certain parts of panels to another part of panels. For 

example, pockets can be designed as a small separate piece of cloth and made to 

directly attach to a target region on the panels using attaching springs. Even as the 

target cloth is deforming and moving, the pocket holds its position relative to the 

target region of panels. This capability is quite useful in the simulation of special 

cases as shown in Figure 5.22 and Figure 5.23. The major difference between sewing 

edges and attaching edges is that attaching edge pairs will not be merged while the 

sewing edge pair will be merged. 
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3.5 Prepositioning of Panels 

Positioning 2D panels into 3D application is very simple as shown in Figure 3.12. 

However, certain changes occur to the panels as they are converted. Panels are no 

longer considered only as vertices and triangles defined in 2D. They are discretised 

and become a network of mass-points to be integrated into a single mesh in a 3D 

space. By default, each panel performs its own sum and these sum results are 

combined to give the total mesh at the end. After that, sewing information is also 

updated. 

 

Figure 3.12: Prepositioning of Panels. 



Chapter 3:             Two- dimensional Pattern Design 

-      - 49

The combination of panels has at least one advantage in that potential happenings 

of collision among these panels would be regarded as self-collision, it is unnecessary 

to indicate which one collides with another. Note that the integration does not change 

topological relations among them.  

During the prepositioning process, panels should also be interactively placed in an 

initial position suitable for sewing. When dressing a human body, the initial position 

is around the human body. This task can be facilitated by 3D tools such as 3DMAX 

to transform the panels in a suitable position around the human body, or by doing it 

manually in a 3D application to rotate and translate the panels in their local 

coordinate to a suitable position. Note that panels should not penetrate the human 

body or penetrate each other.  

In this prepositioning step, panels are positioned around the body. Different 

panels are placed at a suitable area, for example, the sleeve is fixed at the shoulder 

area. The total garment mesh is fixed around the human body. The current panel 

position and its geometrical relation could be used as initial boundary conditions of 

the system. 

3.6 Mesh Subdivision and Mesh Smoothness 

The mesh quality can have a considerable impact on the computational analysis in 

terms of the quality of the solution and the time. This aspect becomes especially 

important if poorly conditioned problems in collision detection. From this point of 

view, evaluation of the quality of the mesh is very useful because it provides some 

indication of how suitable a particular discretisation is for the analysis type under 

consideration. Mesh subdivision and mesh smoothness techniques are solutions to 

the problem of mesh quality. 
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Figure 3.13: Mesh Subdivision and Mesh Smoothness. a) Discretised Panel 

Mesh. b) Laplacian Smoothing for Mesh in (a) Figure. c) Mesh Subdivision for 

Mesh in (b) Figure. d) Laplacian Smoothing for Mesh in (c) Figure. 

The two most-used techniques of subdivision for triangular mesh are edge 

splitting and vertex insertion. Edge splitting is to split each edge into two sub-edges, 

and vertex insertion is to insert new vertices inside a triangle as shown in Figure 3.14, 

where from left to right, each triangle is split into 4, 3, and 6 triangles respectively. 

  

Figure 3.14: Mesh Subdivision. Left: Edge Splitting (1 to 4). Mid: Vertices 

Insertion (1 to 3). Right: Edge-vertex Subdivision (Hybrid, 1 to 6).  

The overall quality of a mesh can be evaluated by computing the quality of 

individual elements. For a triangular element, the quality is expressed as:  

a b c d 
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2 2 2
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                                                                                                           3.4 

where A represents the area of the triangle, a , b , and c are the lengths of its edges 

and 4 3f =  is a normalizing coefficient which justifies the quality of an equilateral 

triangle to 1. The overall quality of a mesh can be calculated by 
1

( ) /
n

i
Q q n

=

= ∑ ( n is 

the number of triangles). The best quality of mesh is when Q  equals 1. The values of 

Q  from (a) to (d) in Figure 3.13 are 0.840533, 0.947321, 0.947321, and 0.972376 

respectively, which indicates that subdivision would not improve the quality of mesh, 

however, the smoothing would. 

The advantage of subdivision is that we can design panels using coarse mesh and 

define sewing information first, and then subdivide the mesh into a fine mesh. 

During the subdivision processes, the sewing information would be updated 

automatically. 

3.7 Summary 

The profiles of patterns are given by a sequence of two-dimensional vertices. The 

three most crucial aspects in 2D pattern design are basic pattern, polygonal panel, 

and panel discretisation. In creating a panel, we introduce basic patterns for size 

control purposes. The basic patterns taken from a standard model form will be the 

foundation patterns for our panel design. An optional grid and the outline of basic 

patterns guide the placement of polygon vertices, and the closed polygon’s edges 

symbolize the cutting of panels. 

Building garment mesh in 2D is simple but it presents significant challenges when 

working with all kinds of garments in different fashion styles that are accessible 

through polygonal surfaces. Although current CAD tools provide access to complex 
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structures, they are often limited in the connectivities and dimensionalities of the 

structures they can generate, especially in the additional information such as sewing 

information and attaching information.  

This chapter describes general concepts for the design of 2D panels, some with 

complex topologies, that overcome certain of these limitations and illustrates them 

with simple examples. We provide a measurement technique for human bodies to 

acquire the necessary control sizes. These control sizes could be used for basic 

pattern design. Most of the designer in textile industry draw the patterns is based on 

the basic pattern design. Similarly, it is feasible for us to draw the 2D panels 

according to the designer’s drawing. The basic pattern are loaded in our system to 

help us control the size of panels and position the key points such as shoulder points, 

neck points, etc. 

 Polygonal panel design begins with an interactive design for the panels. By 

picking up and adjusting the control points of the Bezier curve, a significant 

improvement of the fit at the position of bust, armhole, neck edge, back and 

shoulders is observed. The panel consists of a sequence of vertices in certain origin. 

These panels are discretised into triangular mesh presenting the garment pieces and 

then after several steps are transformed and integrated into a total triangular mesh in 

3D around the virtual human body. 

The most critical problem is to indicate the sewing information. There exist large 

amount of sewing edge pairs for the sewing, so it is troublesome for us to edit them 

in a certain sequence. We improve this problem by introducing the shortest path 

algorithm to facilitate the definition of sewing edge pairs. We could also improve it 

by designing a coarse panel mesh, and then subdivide the mesh to a fine mesh. 
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Sewing information could also be updated for the new fine mesh. 

In sewing physically and in cloth animation, high quality pattern mesh is 

necessary. Many simulation problems call for enhanced mesh generation and 

adaptive mesh refinement technologies. The mesh quality is also our main 

consideration for the numerical calculation. We introduce the Laplacian smooth 

algorithm to improve the mesh quality. Several samples are given to show the 

significant improvement in the mesh quality.  
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Chapter 4:  
A Sewing Method for Garments 

 

Our sewing method for garments is an approach based on a mass spring model to 

providing a method to assemble the 2D panels. It is closely related to the mass spring 

model to add assembly constraints on the corresponding mass points. The goal of the 

sewing process is to merge panels such that the resulting surface is a single mesh 

resting against a human body. 

For a comprehensive understanding our sewing method, we introduced mass-

spring model for garments briefly. This chapter involved an analysis of mass spring 

model for garments, together with the exploration of an effective sewing method for 

joining or attaching 2D panels into a 3D garment mesh. Special attention must be 

given to the strategies of sewing method, where possible sewing approaches are 

analyzed and compared. In the first part of the chapter, a short description of the 

mass spring model for garments is presented. In the second part of the chapter, a 

simple example for different sewing methods is given analytically, thus a sewing 

method is presented. Several sewing examples are demonstrated, and finally we 

discussed the problems encountered in the sewing process. 

4.1 Background 

4.1.1 Related Work 

There are variations in the literature on cloth model, but the fundamentals remain 

the same. Physical based models should take into account such physical properties as 

mass, stiffness, damping factors, inhomogeneity, anisotropy and viscoelasticity. The 
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model should be deformable under external forces and its own internal elastic energy, 

should detect collisions of the cloth with itself and with external objects, and should 

be able to create constraint forces when collisions occur. In most cloth models, the 

inner force action such as stretch, bending and shearing must be considered. With 

this model, diverse kinds of clothing can be created and animated by defining and 

adjusting the geometrical sizes, the physical properties of cloth and the external 

forces applied to it.  

Recently an improved cloth model appeared in [112] adding additional constraints 

such as friction. Cloth usually undergoes large bending deformations because of its 

high flexibility. In some research [114] , stretch and shear are usually modeled using 

linear springs while bending springs are often modeled as nonlinear.  

Mass spring model is a well-established simulation technique for deformable 

objects that has been extensively used to simulate the drape of cloth; it has been 

recognized as a very useful tool for the interpretation of mechanical prosperities as 

discussed by a number of authors[22, 23]. In the last ten years, greatly enhanced 

collision detection algorithms and numerical integration methods have been 

introduced through the pioneering works[8, 134, 140, 141, 176].  

In 1992, Yang et al. [62, 177] presented a new design tool for the interactive 

design of garments in three dimensions. Hardaker et al.[178] compared several 

garment CAD techniques, discussed limitations and potential future developments. 

Roediger et al. [179] dealt with the problems of constructing realistic computer 

models of the customer, of scaling anthropometrical figurines, of algorithms for 

modeling 2D patterns onto 3D-figurines. 

In [137, 152], garments were represented as layers of isosurfaces that vertices on 
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the surface are in turn moved towards their destination isosurface using the gradient 

of the scalar field. The appearance of garment improved by adding noise to simulate 

wrinkles and light wind. In the PhD thesis[180], Wu presented a finite element 

technique for cloth draping and its application on garment fitting, including six styles 

for  children, ladies and gentleman. Zhang et al. [181] reported a multilevel mesh for 

3D garment sewing simulation. Durupnar et al. [182] proposed a 3D graphics 

environment for knitwear design and simulation, performed through cutting and 

sewing panels. Other interesting works include [93, 183-188].  

Recently, an outstanding approach was proposed in [6, 8, 9, 26, 176, 189], where 

the virtual cloth patterns are positioned automatically on bounding surface that 

enclose the body segments, e.g. torso, arms, and legs. These bounding surfaces could 

be cylinders or cones. The team MIRAGES [112, 190] demonstrated their research 

activity, including virtual cloth pre-positioning with 2D model mapping method. In 

this approach, a 2D silhouette are built and feature points (ex. neck, shoulder, waist...) 

from the real 3D human model are extracted, and then the figure is sub-divided into 

regions corresponding to the standard silhouette. A region-region mapping is then 

determined to move the garment from the standard to the specific silhouette. 

Keckeisen et al. [25, 83, 84, 151, 191, 192] proposed an interactive cloth 

simulation technique in virtual environments, where garment could be edited, revised, 

dragged, even pulled together. This technique allows pulling the simulated garments 

into shape, just as a real person does after putting on real clothes.  

In previous research [62, 177], two kinds of dynamic constraints are used during 

two different stages. When the deformable panels are separated, forces are applied to 

the elements in the panels to join them according to the seaming information. When 
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panels are seamed or attached, a second kind of constraint is applied which keeps a 

panel's sides together. The constraint forces depend on the relative position of 

merged element. In [28], the sewing force is defined as a linear function of distance 

between each matching pair of nodes. 

4.1.2 The Simulation Loop for Sewing 

 

 

Figure 4.1: The Simulation Loop for Sewing. 

Figure 4.1 shows the main loop for garment simulation. At the beginning, the 

constraints such as sewing springs are added to the mass-spring system. These 

sewing springs are elongated springs, trying to return to their balanced position. At 

every simulation step, the following operations are performed: 

 Gravity and external forces are applied to each mass-points of the network 

Update Forces 
 

Internal forces, external forces 

Simulate Physical 
Integrate to get position and 

velocity 

Loop Time-step 
If there was a collision, simulation 

has to be repeated. 

Update All Objects 
Position, velocity, acceleration 

 

 
Collision Detection 

 

Adding sewing springs 
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and the inner spring forces due to stretching, bending and shearing are 

computed considering the deformations of the fabric.  

 Precalculate the position and velocity at the end of time step for used to 

check collision detection. 

 Possible interactions with external surfaces are checked and repulsion forces 

are applied to the point-masses if any collision is detected. 

 Update the position, velocity, and acceleration of the mass-points. 

4.2 Mass Spring Model for Garments 

4.2.1 Springs 

Spring obeys the Hook’s law. The spring model mathematical equations are: 

*( ) a b
a a b

a b

p pF k p p l
p p
−

= − − −
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r rr r r
r r                                                                                  4.1 
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where aF
r

is the spring force applied to the mass-point ap to the left of the spring , 

bF
r

is the spring force applied to the mass-point bp to the right of the spring,  k  is the 

spring elasticity coefficient, apr  is current position of mass-point ap , bpr  is current 

position of mass-point bp and l  is the rest length.  

The relative velocity of spring is a bv v v= −
r r r , the damping force daF =

r
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r r r r  is applied to the mass to the left of the spring, and  
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r r r r  is applied to the mass to the right of the spring. 

The spring has two extremities. Let’s denote them apr  and bpr . The three different 

states for a spring are shown in Figure 4.2. 

 

 

1.                                             apr    bpr  

                                

2.                                 apr   bpr  

                                      | / 2xΔ  |----------------    l   -----------------------| / 2xΔ | 

3.                    apr   bpr  

Figure 4.2: Three States of a Spring. One: The Compressed State. Two: The 

State of Equilibrium. Three: The Stretched State. 

When a spring is stretched or compressed, so that its length has changed by an 

amount xΔ  from its equilibrium length, then it exerts a force F k x= − Δ  in a 

direction towards its equilibrium position. In the second case, the state of 

equilibrium, both the distance from the inertial position xΔ  and the force F  is zero. 

In the first case, when the spring is compressed, this force acts to stretch it. In the 

third case, when the spring is stretched, this force acts to contract it. The direction of 

the force is always opposite to the direction of the displacement. The force a spring 

exerts is a restoring force, it acts to restore the spring to its equilibrium length. 

In the mass-spring model, mass-points are connected with all kinds of springs. 

When springs are in the stretched or compressed state, mass-points trend to return to 

new equilibrium. Sewing springs are stretched at the beginning. When simulation 

avr
bvr

x

y  
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going on, sewing springs return to their normal shapes after removal of stress. 

4.2.2 Connecting Springs 

Two connected springs, as seen in Figure 4.3, can generate four forces. For 

example, if we move and hold 0p  to the left, the force 0 1p p→  will be created to 

pull 0p  back closer to 1p . At the same time, the force 1 0p p→  will be created to 

move 1p  closer to 0p . As 1p  is also connected to 2p , the forces 1 2p p→  and 

2 1p p→  will be created. For a connection with many points, the forces will keep 

propagating through the springs. For a mass-point such as 1p , the resultant force is 

all the forces acting on it. Based on these analyses, we could propose the mass-spring 

model for garment. 

              

Figure 4.3: Forces between Two Springs, and Four Springs. 

 

4.2.3 Mass Spring Model for Garment 

As shown in Figure 4.4, in general cloth resists motion in 4 directions: 1) In-plane 

stretching, 2) In-plane compression, 3) In-plane shearing, and 4) Out-of-plane 

bending. 
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Figure 4.4: Stretching, Shearing and Bending. (a) In-plane Stretching. (b) In-

plane Compression. (c) In-plane Shearing. (d) Out-of-plane Bending. 

A standard approach for mass spring model is to use a quadrilateral grid of mass- 

points (the left figure in Figure 4.5). Stretching springs connect adjacent mass-points 

along the grid lines. Bending springs connect adjacent mass-points and shearing 

springs connect diagonal mass-points. The stretching spring and shearing springs 

describe the in-plane deformation of fabric and the bending springs describe out-of-

plane deformation. 

 

               

 

Figure 4.5: Mass-spring Network. Left: Quadrilateral Grid. Mid: Mass-spring 

Model for Garment. Right: Triangular Grid. 

In our approach, we use triangular mesh for the mass-spring model. The surface 

of panels is formed by a set of triangles and point-masses are arranged at the corner 

Stretching springs 

Bending springs Shearing springs

Structural springs

Bending springs 

a b c d 
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of triangles with two types of springs connecting the immediate neighbors. The use 

of triangular mesh has certain advantages, such as easier formulation of surface 

element and easier calculations for collision detection than quadrilaterals mesh grid.  

The rights figures in Figure 4.5 and the Figure 4.6 show the two types of spring 

(structural and bending) acting as inner forces. For every triangle, we connect the 

three vertices with three structural springs to resist the in-plane deformation such as 

stretching and shearing. For every two neighboring triangles, we add a bending 

spring to resist the out-of-plane bending deformation. Bending springs exist between 

two neighboring triangles that share one edge but are not in the same plane. 

Structural springs exist on three edges of triangles. The internal forces of one mass-

point are due to the tensions of the springs. The overall internal force applied at a 

mass-point P  is a resultant force of all springs linking this mass-point P  to its 

neighbors. 

 

Figure 4.6: Two Types of Springs (Structural and Bending) in Triangular mesh. 

Left: In-plane Stretching and Compression. Mid: In-plane Shearing. Right: 

Out-of-plane Bending. 

Most fabrics have a high resistance to stretch as compared to bending. As a result, 

the stiffness of the stretching springs must be much larger than the stiffness of the 

bending springs. The stiffness of the shearing springs lies somewhere in between the 

two but generally closer to the stretching springs than the bending springs. A fabric’s 
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resistance to shearing and bending are the primary deciding factors in its drape 

characteristics. In some approaches[112, 113], stretching and shearing are usually 

modeled using linear springs; however, due to the large bending deformation that 

occurs, bending springs are often modeled as nonlinear. In our approach, both 

structural springs and shearing springs are linear springs (constant stiffness) but the 

sewing springs (increasing stiffness). 

4.3 Possible Sewing Approaches  

One way for approaching this sewing problem is to add constraint forces between 

each matching pair of nodes. In [193], the sewing force is defined as a linear 

function of distance between each matching pair of nodes. For the nodal pair 1p and 

2p  the sewing force is defined as 

2 1s s p pf c dis N
−

= ∗ •                                                                                        4.3 

where sc is the sewing force constant, dis  is the distance between the pair of sewing 

nodes and 
2 1p pN
−

 is the unit vector from 1p  to 2p (left of Figure 4.7) . Similar works 

had been done by [62, 157, 182].One drawback of this method is that when dis  is 

small enough, the constraint force is too small to pull the nodal pair 1p and 

2p together. A second drawback of the constraint forces method is outlined in section 

4.5: if the sewing is performed in 3D case, the sewn surface is prone to sharp angle 

along the sewing lines. This approach tends to be inefficient and compromises the 

quality of the resulting smooth surfaces. 

Another interesting sewing method for garments is that of merging the panels on 

just a small collection of user specified surface curves (i.e. the sewing lines) at the 
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beginning by changing the boundary of the panels at the appropriate positions 

automatically [6, 8, 9, 25, 194]. The right of Figure 4.7 shows the edge merged 

technique, where the corresponding vertices such as 1p and '
1p are merged in the 

position of the midpoint. Such a merging technique could be useful for those 

applications where the boundary curves of the surfaces are not so complicated. 

Otherwise, it may cause the penetration problems.  

                  

Figure 4.7：Two Sewing Approaches. Left: Constraint Force Method. Right: 

Edge Merged Method. 

 

4.4 The Sewing Method Used 

4.4.1 Sewing Spring Forces 

According to seam information, we add five pairs of sewing forces for each 

sewing pair. For two triangles, supposes that triangle A  and B are in panel A and 

panel B  respectively and that edges 11 12p p− and 21 22p p− will be seamed together, as 

shown in the left figure of Figure 4.8: 
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where 1 , 2 1 2P i P j P i P jP P P= −
v v v

( , 0,1, 2i j = ), p , L  are the position of a mass-point and the 

initial length of spring respectively; v , d are the relative velocity of two mass-points 

and the damping factor of a spring. 

         

Figure 4.8: Sewing Springs. Left: Five Sewing Springs for One Sewing Edge 

Pair. Mid: To Cut the Fabric along the Seam Line. Right: To Pull the Two 

Parts Away. 

The approach of adding five sewing springs for a sewing edge pair could be 

explained as shown in the mid figure and right figure of Figure 4.8. To cut the 

garment mesh along the seam line, the mass-points 11p  and 12p are split in two: 11p  , 

21p  and 12p , 22p . The connecting springs should be five: 10 22p p− , 10 21p p− , 

12 20p p− , 11 20p p− ,and 10 20p p−  in the mid figure of Figure 4.8. When the two parts 
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are pulled apart to a new position, the five springs are stretched to a certain length. 

Current positions of these vertices are the initial positions of springs when panels are 

placed around the human body. 

 

Figure 4.9: The Setting of Initial Sewing Springs. 

Note that the setting of initial spring length of the springs 10 22p p− , 10 21p p− , 

20 11p p− , and 20 12p p−   is not different form general setting of the initial spring 

length. For example, the initial spring length of spring 10 22p p−   is not the length of 

two mass-points 10p and 22p   but the length of two mass-points 10p and 12p  . Note 

also that the initial spring length of the spring 10 20p p− is not the distance between 

two ends of springs 10p  and 20p  . As shown in Figure 4.9, for a pair of triangles A   

and B , the corresponding edges of each triangle are to be merged. We must find out 

the triangle 'B , which has the same shape as triangle B   on the same plane as 

triangle A . The initial length of the spring 10 20p p−  is set as the distance of two 

corresponding points on triangle A  and triangle 'B  . 

Triangle A  

Triangle B 

Triangle 'B  
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From Figure 4.9, we will see that the initial distance between two spring ends is 

far larger than the initial length of the spring, see Equation 4.1. The sewing force at 

the beginning of simulation is very large, which may cause instability of system. We 

will discuss it in detail in the following sections. 

4.4.2 Deformation Process 

The deforming garment object can be constructed by assembling several 2D 

panels putting in 3D space. As shown in Figure 4.10 and Figure 4.11, the red lines 

denote the corresponding mass-points that will be stick together. Two types of 

sewing stitch are defined as panel stitch and dart stitch. Panel stitch means that 

sewing spring forces act on the pairs of mass-points on different panels. Dart stitch 

means sewing spring forces act on the pairs of mass-points on the same panel such as 

dart.  

While garment characteristics are determined in part by the fabric properties, they 

are also determined by the cut of the fabric, the manner in which different garment 

pieces are sewn or stitched together, the fit of the garment to the body of the human 

being modelled. The mechanical properties of a garment are characterized by 

structural springs and bending springs. In Equation 4.1 and Equation 4.2, the 

relationship provides a formula that associates the spring force with the displacement. 

At the beginning, structural springs and bending springs are topologically added to 

the garment mesh representing the mechanical properties of fabric. In addition to the 

structural springs and bending springs, sewing springs are also added to garment 

pieces according to the sewing information. The internal reactions of the network are 

then calculated and the displacements of the mass-points are imposed. The system 

could add the sewing springs automatically because the geometrical relation between 
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the element such as vertices and triangles could be calculated and associated. 

The sewing process or the deformation process begins by applying the sewing 

springs to the mass-spring system. Sewing springs are supposed to be stretched 

springs at the beginning and try to return to its balanced position when the 

simulation starts. Collisions among the different parts of the garment are detected 

and repulsive forces are applied between any two parts of the garment in contact. In 

addition, collisions with self-collision are checked. When the panels are close 

enough to the human body, a collision between the garment and the body will occur. 

The body creates the repulsive forces to beep the garment outside the body. With this 

approach, the borders of the seams can be pulled together by continuing to apply 

sewing forces during the simulation. When two seamed mass-points are close 

enough, their positions are forced to be the same. 

 

Figure 4.10: Deformation Process for a Skirt. 

Figure 4.10 shows the dynamic sewing process that two-piece of skirt panel are 

pulled together. The marked vertices denote the boundary points some of which 

should be merged after sewing process. Once the two sewing mass-points are close 

enough, their positions are forced to be the same. When the seam lines are all sewn 
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up, the redundant mass-points will be topologically merged and the 3D garment has 

been created becoming one unique object. 

During the sewing process, no gravity is added to the system. When the panels are 

merged, gravity could apply to the mass-spring system. Some special features of 

garment, such as wrinkles, folds, and drapes, are represented by the mass-spring 

model. Texture mapping can also be applied to the garment, so that it will look more 

realistic. 

 

 

 

Figure 4.11: Deformation Process for a Garment. Top Left: Initial Position. Top 

Right: Side View. Bottom: Top View. 

4.5 Comparison of Sewing Methods 

We first consider a simple example in 2D case, where four pieces of fabrics are 

placed on the same plane. An example in 3D case is also given. This example is 

chosen for illustrative purposes because of the simplifying property that fabric pieces 

are triangulated very coarse mesh. Constraint sewing method is adopted here to 

demonstrate our improvement in sewing method. As comparison, we also present an 
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example using our sewing method, which will be discussed in detail in the next 

section. 

 

 

 

Figure 4.12: Simple Example in 2D Case Using Constraint Sewing Method with 

Coarse Mesh. Left: Before Sewing. Right: After Sewing. 

        

Figure 4.13: Simple Example in 3D Case Using Constraint Sewing Method with 

Coarse Mesh. Left: Before Sewing. Right: After Sewing. 

                                    

Figure 4.14: Simple Example in 3D Case Using Our Sewing Method with 

Coarse Mesh. Left: Before Sewing. Right: After Sewing. 

Sharp Angle Surface along 
the Sewing Line 

Round Surface along 
the Sewing Line 
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Figure 4.15: Simple Example in 3D Case Using Our Sewing Method with Fine 

Mesh. Left: Mesh Subdivision before Sewing. Right: After Sewing. 

                           

Figure 4.16: Simple Example in 3D Case Using Our Sewing Method with Fine 

Mesh. Left: Laplacian Smoothing Before Sewing. Right: After Sewing. 

              

Figure 4.17: Comparison of Two Methods. Left:  Sharp Surface with Fine Mesh 

by Constraint Sewing Method. Right: Round Surface with Fine Mesh by Our 

Sewing Method. 
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Figure 4.18: Sewing and Fitting Pieces of Fabric on the Surface of a Cylinder 

Using Our Sewing Method. 

As shown in Figure 4.12, constraints between BA− and C D−  are given so that 

corresponding elements on one piece of fabric move to the matching pair of elements 

on the other piece of fabric. The constraint force is defined as a linear function of 

distance between A  and B , or between C  and E . The result shows that applying 

such constraint forces can gain a good result in 2D case. However, such application 

of constraint forces will cause problems in 3D case. 

Figure 4.13 shows the effect of applying such a constraint force to elements in 3D 

case. It is necessary to point out that this method is sensitive to changes in the 

position of the sewn elements but causes sharp surface along the sewing line. 

Figures 4.14-4.16 show examples of our sewing method. Figure 4.14 

demonstrates the sewing result by applying our sewing method in the same condition 

with Figure 4.12 in 3D space. Figure 4.15 shows the initial mesh subdivision. In 

Figure 4.16, Laplacian smoothing algorithm is implemented following the 

subdivision mesh in Figure 4.15. The shape is automatically determined by giving a 

few sewing springs. Compared Figure 4.15 with Figure 4.16, we will find that the 
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shapes of two sewn mesh are roughly appearing the similar shapes.  

Figure 4.17 compares the configuration of two sewing methods for fine mesh. We 

can see that our sewing result presents a relative smooth surface.  

Figure 4.18 demonstrates the use of our sewing method to fit fabric pieces to an 

object. During the sewing process, the collision between fabrics and the object is 

checked. The self-collisions among different pieces of fabric are also checked. 

4.6 Discussion 

4.6.1 Increasing Sewing Stiffness 

When the panels are placed around the virtual body, and when the simulation 

starts, the stretched sewing springs will return to their initial length we set in the 

processing step. However, the initial length of a sewing spring is very small 

compared with the current distance between the two ends of the spring. The spring 

force is very high; as a result, it will cause a higher acclamation and velocity at the 

two end mass-points of the spring. When two mass-points collide with relatively 

higher velocity, the impulse is violent. This will cause the instability of simulation 

system and undesired collision reaction. Several methods may be helpful for solving 

this problem. One way to avoid the instability problem is to decrease the time step. 

However, iterations will be greater and the algorithm will be more time consuming. 

Another way is to decrease the stiffness of the sewing springs. This approach, 

however, has an obvious drawback. If too small, the stiffness of the sewing spring 

could pull the panels together. In addition, the current length of the virtual elastic 

springs should be as small as possible to reduce the sewing force, which requires 

placing the panels as near as possible to the human body. However, the minimal 

length is the dimension of human body, which is relatively big, compared the 
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dimension of sewing triangles. 

We improve it by using method of increasing sewing stiffness. Using developable 

sewing spring stiffness ensures minimal stretching of the cloth patterns in the initial 

positions. This is important, because high initial stretching might lead to divergency 

in the physical based clothing simulations. After computing these initial positions, 

the garment panels have to be sewn together by virtual elastics along their seams. At 

the beginning, the sewing stiffness is very low. As the simulation goes by, the sewing 

spring stiffness increases gradually until it reaches its normal stiffness when it is near 

the end frame. 

4.6.2 Energy Distribution 

Figure 4.19 and Figure 4.20 illustrate how inner-energy of the garment varies with 

computational time steps when sewing forces act on seams. The examples come 

from Figure 4.10 and Figure 4.11, where no collision is checked. This is because 

collision reaction may cause energy loss during the simulation. When sewing forces 

act on the seams, cloth will deform and the inner spring force will resist the 

deformation to do some work. As one can see, the energy increases rapidly to the top 

in about tenths iterations and then decreases sharply until it get balance. The 

structural energy is the work to resist the in-plane deformation and the bending 

energy is the work to resist the out-of-plane deformation. When a spring is 

compressed or elongated, the spring energy can be calculated as 20.5i i iE K L= ∗ Δ . 

The total energy can be calculated as
1

n

i
i

E E
=

=∑ ∑ , where n  is the total number of 

structural springs or bending springs. 
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Figure 4.19: Energy Distribution of a Garment in Figure 4.11. 
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Figure 4.20: Energy Distribution of a Skirt in Figure 4.10. 

4.6.3 Average Sewing Forces 

Figure 4.21 and Figure 4.22 depict the variation of average sewing forces when 

time goes by. At the beginning, the sewing force is the maximal but it will go down 

sharply in tenths iterations. After that, it will fluctuate until it is near zero. The 

average sewing force is the average of all sewing forces acted on the seams.  

x 

y 
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Figure 4.21: Variation of Average Garment Sewing Forces in Figure 4.11. 
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Figure 4.22: Variation of Average Skirt Sewing Forces in Figure 4.10. 

4.6.4 Sewing Efficiency 

In order to evaluate the sewing process, we calculate the sewing efficiency, which 

is plotted in Figure 4.23 and Figure 4.24. Sewing process is to pull the sewing edges 

of panels together bit by bit until it is merged. We calculate the average distance 

between two corresponding mass-points compared with the initial distance of sewing 

springs. If the current distance between two mass-points is less than 4% original 

distances, the time iteration will be recorded as sewing efficiency. The less time 
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y 
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iteration we need the higher efficiency the sewing process will reach. As shown in 

Figure 4.23 and Figure 4.24, we need 573 and 243 time steps to stick the edges 

together 96% of original distance, which means the skirt sewing efficiency is higher 

than that of the garment or that garment is more difficult to sew it than the skirt. 
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Figure 4.23: Sewing Efficiency of Garment in Figure 4.11. 
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Figure 4.24: Sewing Efficiency of Skirt in Figure 4.10. 

4.6.5 Damping for Sewing Springs 

Springs are not completely elastic so they absorb some of the energy and tend to 
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decrease the velocity of the mass-points attached to them. Damping resists fast 

motion. Without damping the spring would continue to oscillate back and forth 

forever. The faster the spring attempts to move, the stronger the damping is needed 

to resist that motion.  

Damping has a two-fold effect: in one way it helps stability, in another way it 

slows responsiveness. In general, when increasing the stiffness of a spring it is 

usually necessary to also increase the damping. However, at the beginning of sewing, 

the spring force and velocity changes are still large. In addition, we use increasing 

sewing stiffness. The damping of sewing springs is set relatively high. 

4.7 Simulation Results 

We simulated different drape situation for fabric pieces to test our mass-spring 

models as shown in Figure 4.25, including the case that a hanging fabric is draped 

over a torus, a case of hanging fabric, and a case of circular tablecloth. These 

samples require only a few minutes of computational time because of their coarse 

mesh. 

 

Figure 4.25: The Draping Effect of Fabric. Left: Hanging Fabric Drapes on a 

Torus. Mid: Hanging Fabric. Right: A Circular Fabric Drapes on a Circular 

Table. 
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Garment mesh consists of certain number of vertices, triangles, and sewing edge 

pairs. Let’s denote them vN , tN  and sN respectively in the following. 

At the beginning of our experiments, we simulated different styles of clothing, 

which cover the main classification of clothing (garment, trousers, and skirt). Figure 

4.26 through Figure 4.33 show the simulation output. In Figure 4.26, two pieces of a 

skirt are sewn together. The mesh contains about 583 nodes, 1002 triangular 

elements, and 58 sewing edge pairs. 

 

 

Figure 4.26: Simulation Result of Skirt (Skirt: Nv=583, Nt=1002, Ns=58. 

Human Body: Nv=711, Nt=1396). From Left to Right: 1) Initial Position of Skirt 

Panels, 2) Side View of Skirt Fitting, 3) Front View of Skirt Fitting, and 4) Side 

View of Skirt Fitting. 

The sewing and fitting result of another style of skirt is shown in Figure 4.27. The 

skirt is composed of 10 panels with a total of 5984 triangles, 3748 vertices, and 736 

sewing edge pairs. The final configuration of different view shows a well-fitting 

result to human body. When the configuration results in a high degree of wrinkling 

and a well-fitting on the human, as in the case of the skirt in Figure 4.27, the 

simulation time increases substantially because of large amount of collision happens.  
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Figure 4.27: Skirt Sewing & Fitting (Nv=3748, Nt=5984, Ns=736). Top Left: 

Fitting Result of Side View. Top Right: Fitting Result of Front View. Bottom 

Left: Bottom View. Bottom Right: Initial Panel Mesh (Ten Pieces of Fabrics). 

The complete simulation takes 5-30 minutes on a DELL machine running 

Windows XP with a 2.33 GHz Pentium IV processor and 1 GB memory to reach 

1000 frames. The simulation time depends on the number of vertices and the number 

of triangles. Most of the time was consumed by the force and stiffness matrix 

computations, collision detection, and linear system solution. 
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Figure 4.28: Fitting Result of a Skirt (Skirt: Nv=1824, Nt=3040, Ns=632. 

Human Body: Nv=1598, Nt=3136). 

Figure 4.28 presents different views of well-fitting configuration of one-piece 

dress with coarse mesh (Nv=1824, Nt=3040, Ns=632), where the human body is 

composed of 1598 vertices and 3136 triangles.  

Figure 4.29 shows the fitting result of fine mesh for skirt and the human body, 

where the skirt consists of 6599 vertices, 12160 triangle, 224 pairs of dart edges, 640 

pairs of sewing edges between different panels and human body is 16392 vertices 

and 30432 triangles. The dress is mapped with texture bitmap. In the panel design 

process, the UV texture coordinate of vertex is calculated. The computation time ran 

20 minutes to reach 1000 frame. 
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Figure 4.29: Skirt Sewing & Fitting with Texture Mapping (Skirt: Nv=6599, 

Nt=12160, Ns=884. Human Body: Nv=16392, Nt=30432). 

Figure 4.30 and Figure 4.31 show examples of trousers fitting on a human body. 

The trousers in both figures have the same number of vertices and triangles; however, 

they are different in the dimension of control sizes. Figure 4.30 shows the loose 

trousers and Figure 4.31 shows the result of closely fitting to the human body.  
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Figure 4.30: Trousers Sewing & Fitting with Loose Dimension (Trousers: 

Nv=3094, Nt=5636, Ns=232. Human Body: Nv=1598, Nt=3136).  

 

Figure 4.31: Trousers Sewing & Fitting with Fitting Dimension (Trousers: 

Nv=3094, Nt=5636, Ns=232. Human Body: Nv=1598, Nt=3136). 

In Figure 4.32, the mesh of trousers is triangulated and the normal vector is 
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calculated for the rendering of the surfaces. The result shows a realistic draping 

effect and wrinkled appearance of trousers. 

 

Figure 4.32: Trousers Sewing & Fitting on Human Body with Smoothness and 

Rendering (Trousers: Nv=11271, Nt=22462, Ns=768. Human Body: Nv=1598, 

Nt=3136). 

Figure 4.33 shows the assembled result of both skirt and vest. Different garment 

panels can be handled independently and rely neither on the former panel definition 

nor on the body that supporting it when the panels was built. The merged process is 

implemented on the post-process as shown in Figure 4.33. In order to acquire a 

smooth mesh, we also implement a subdivision process to refine the skirt and vest 

mesh for special usage. 
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Figure 4.33: Configuration of Different Layers and Mesh Subdivision for the 

Final Mesh (Initial Mesh for Skirt: Nv=583, Nt=1002, Ns=58. Initial Mesh for 

Vest: Nv=1014, Nt=1856, Ns=80. Subdivided Mesh for Skirt: Nv=8338, 

Nt=16024. Subdivided Mesh for Vest: Nv=6424, Nt=12664. Human Body: 

Nv=1598, Nt=3136). 

 

4.8 Summary 

In this chapter, we have discussed the mass-spring model for garment and 
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proposed a garment sewing method for different shape of panels, from which a 3D 

garment mesh is constructed. Special attention is given to the sewing methods. 

Beginning from a simple example, we proposed an effective sewing method by 

adding sewing springs for all kinds of panels. Several sewing examples were 

presented, and we discussed the problems encountered in the sewing process. The 

most difficult problem in the sewing process is the very large sewing forces among 

the mass-points linked by sewing springs. We gave solutions to this problem such as 

increasing stiffness of sewing springs and adjusting damping for sewing springs. 

It is interesting to observe the configuration by changing sewing forces when 

frame goes by. The seamed shape of garment depends on the sewing forces and the 

energy distribution of structural springs and bending springs. When the sewing 

forces act on the seams, the forces will be transferred to other mass-points. The 

energy of structural spring reflects its ability of absorbing the in-plane deformation 

such as stretching, compressing and shearing. The energy of bending spring denotes 

its ability to resist the out-of-plane deformation. When the structural energy is weak, 

the panel is very limited in their ability in stretching, compressing and shearing in 

the triangle plane, and was consequently forced to bend substantially.  

The difficult task is to seam panels together as they could be. The fact is when 

iterations going up to a degree, the changes of shape are not remarkable. We 

evaluated the condition with sewing efficiency to stop the iterations in time.  
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Chapter 5:  
Virtual Collar Sewing 

 

5.1 Introduction 

Using the techniques described in Chapter 4, it is possible to attach the collar 

panels to the garment. However, collar sewing is relatively difficult to implement 

because of the variety in styles and the complexity in geometry. This issue has not 

been adequately addressed in the literature on garment sewing[6, 9, 92, 113].In these 

works, garments are always simulated as an assembly of different cloth pieces 

without collars or only with simple collars.  

To overcome these limitations thus requires a general method for sewing collars. 

As an extension of virtual garment sewing, we try to investigate the features of collar 

and provide reliable techniques for sewing kinds of collar smoothly. These 

techniques include application of the shortest path and Laplacian smoothing 

algorithm, geometrical prepositioning of collar, as well as the solution to the problem 

of front overlap. 

Our goal is to attach the collar panels to the garment accurately and efficiently. 

Our solution is two-step strategy for collars sewing. We proposed a different route 

for collar sewing depending on its classification. For the multilayer collars, we 

proposed algorithm to deform the 2D patches of collar onto a multilayer of 3D 

quadrilateral patches. Once our basic solution to patch deformation is explained we 

may extend it in a straightforward manner by applying it on the multilayer collars. 

In this chapter, we proposed algorithms and interaction methods for virtual 
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sewing of collar. We also gave the solution to the problem of front overlap. Our main 

contribution is that we provide a feasible and systematic method for sewing the 

major classification of collars. 

In the following sections, the classification collar has been investigated first. Then 

calculation algorithm is described in detail and good results are given. Finally, the 

possible problems related to collar sewing are discussed. 

5.1.1 Classification of Collars 

A variety in styles is apparent for collars. They may have square or pointed 

corners or rounded edges; they may be cut in two pieces, in one piece, or as a part of 

the garment. Furthermore, the geometry of collars usually present complex shapes. 

Some collars lie flat, some fold close to the neckline and others stand up. They may 

be sewn into the neck opening along its entire length or only part of its length. 

In spite of a variety in style and in geometry, collars can roughly be classified in 

three major classifications: attached collars, convertible collars and tailored suit 

collars. It tends to be the principle of cut rather than the functional uses of a collar 

itself to determine whether the collar is called an attached collar, convertible collar 

or tailored suit collar. Some collars may be cut by one method, others by a 

combination of two methods. 
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Figure 5.1: Attached Collar. Left: Sketches. Right: Cutting Design. 

                                  

Figure 5.2: Convertible Collar. Left: Sketches. Right: Cutting Design. 

                      

Figure 5.3: Tailored Suit Collar. Left: Sketches. Right: Cutting Design. 

No matter how complex a collar is, it always consists of a folding line, neckline 

and style line (Figure 5.1, Figure 5.2, and Figure 5.3). Different collars match 

different garment neck openings. The neckline is the portion of the collar attached to 
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the neck opening of a garment. The style line is the outer edge of the collar, which is 

decorative rather than functional. In garment design, the folding line of a convertible 

collar is determined by experience but the folding line of a tailored suit collar is 

always ironed with a fixed shape. In contrast to both of these, the folding line of 

attached collars is formed naturally. Certain collars, having a certain degree of stand, 

are better suited to special neck openings. 

There are noticeable features found among these three classifications. Attached 

collars are designed to fit any shaped neckline and always cut by placing front and 

back garment patterns together as an overlay on both sides of the shoulders. 

Convertible Collars are designed by experiences. The most important size in 

convertible collars design is the enhancement at center back as shown in Figure 5.2. 

More enhancements at center back mean fewer stands when it is dressed. 

5.1.2 Traditional Approach 

In recent years, much progress has been made in cloth animation [22, 23, 106-

108]. One further step in cloth simulation is the simulation of garments, which can 

be considered an assembly of different cloth pieces [25-27]. Yang et al. [62, 177] 

proposed a hierarchical structure to define the relationship of garment components 

and first mentioned the methods of joining and attaching different panels. Two kinds 

of constraint are applied to keep a panel's sides together or fix on objects. However, 

the constraint is very unstable when collision happens. Arnulph et al. [6, 8, 9, 25] 

improved it with an interaction-free sewing method for a geometrical pre-positioning 

of virtual cloth pattern. In his research, the patterns are sewn together automatically 

according to the feature points of 3D scans. Obviously there is limitation when the 

body data is un-structuralized. In addition, the pattern with initial fold (such as 
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collars) still cannot be prepositioned. 

Another interesting area relates to collar modeling is the geometric methods. 

Based on structuralized neck girth from mannequin features, 3D collar surface are 

generated with corresponding mathematical formula by Fan et al.[195]. The 

preliminary work of the research exhibits two fundamental styles of designed 

collars- convertible and skirt collars. Yves Chiricota[2, 3] proposed a 3D geometrical 

modeling algorithm based on the mapping of 2D objects on a 3D model. In the 

research, assemblies and reference points are first defined by user in the flat pattern, 

and then the pattern meshes are mapped to the standardized pieces of garment. A 

standardized piece of garment implies a limited application of this method.  

The main limitation of the geometric method is that the mathematical formula is 

only suitable for special collars, which results in a narrow application. Two problems 

exist in physical based methods: one is the unstable problem and another is the collar 

floating problem. The main reason of unstable problem is too large sewing forces 

exert on the collar and the garment at the beginning of sewing. Collar floating 

problem is caused by a high acceleration as shown in Figure 5.4, where the 

constraints between the outer layer and the inner layer of collar are the forces of 

sewing springs. When the inner layer is pulled with a high acceleration by the 

springs connected to the garment, the sewing forces between two layers is poor to 

control the motion of outer layer.  
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Figure 5.4：Collar Floating Problem by Arnulph Fuhrmann [6]. Left: Two 

Layers of Collar Are Mapped on Two Cylinders. Mid: The Collar Floating 

Problem. Right: Collar Floating Caused by a High Acceleration. 

It is desirable to provide a useful control over different layers of the collar. 

However, it is difficult to provide such control in a mass spring system. Since we 

would like the collar attaches to the garment smoothly, a reasonable strategy for the 

collar sewing might be to place collar near the neck as we could. Unfortunately, this 

straightforward approach produces obstacle. We offer here one possible strategy for 

the problem by performing collar deformation.  

5.2 Sewing Method for Collars 

According to the classification of collar, we give different geometrical pre-

positioning solutions to collar and its sewing method. Attached collars are simply put 

around the neck while collars with an initial fold such as convertible collars and 

tailored suit collars are more complicated and troublesome. We present the technique 

of picking up the folding line of a collar, folding the collar along the folding line, and 

mapping the collar to a desired position. 

5.2.1 Two-step Solution Strategy for Collars Sewing 

Clearly, we could perform the sewing process in the way that all the panels 

including the collar panels are stitched together simultaneously if the panels of collar 

are deformed in advance. Since our collar panel design is in the form of a two-
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dimensional mesh, this method is not immediately applicable. However, if we were 

to convert our 2D panel of collar into a 3D mesh of collar placed around the neck we 

could stitch the collar onto the garment smoothly. How can we acquire the position 

of neck as a reference to place the collar mesh? This motivates a two-step solution 

strategy for our collar sewing problem: We implement the sewing process in two 

steps: garment sewing and collar sewing.  

1. First, implement the garment sewing and combine all the panels except the 

collar into a single mesh object. 

2. Second, use interactive techniques to perform picking-up operations directly 

on the surface of the single garment mesh to obtain the neckline.  

In the garment sewing stage, when panels of garment have been pulled together, 

the corresponding vertices are merged. In the collar sewing stage, we take a general 

approach that involves prepositioning the collar according to its collar 

classfication.Our two-step sewing strategy allows us to avoid the complexity, cost 

and non- interactivity of the collar deformation process traditionally used for 

prepostioning of panels.  

The two-step method has the following advantages: 

 It is possible to acquire positions of neckline when we have finished the first 

step of sewing. The neckline helps us to position the collar. As a substitute, 

the position of the neck may also be used to position the collar. However, 

collars have a great variety of shapes and neck openings; thus, it is more 

accurate to position the collar with the neckline rather than with neck.  

 The sewing process is more stable. In some cases when collar is a part of the 



Chapter 5:             Virtual Collar Sewing 

-      - 94

garment or when collar has initial fold such as tailored suit collars, it is 

difficult to sew them together in one-step. This improves the conditions that 

inadequate sewing forces may cause undesired collision response. 

5.2.2 Different Route for Collars 

One way for approaching this intricate problem is to roughly divide the collar 

sewing in different classification. First we consider the general collars with flat 

shape. Second we proposed an approach for the multilayer of collars.  

For the attached collar, the actual procedure is quite simple and will be 

straightforward for all attached collars no matter how complex they are. The steps 

are: 

 To design the collar pieces just like what the designer does.  

 To arrange the collar pieces around the neck without penetration among them 

and the body model. Because the neckline length of a collar equals that of the 

neck opening on a garment and because a generally cylindrical neck has a 

sufficient diameter at the bottom, we could always place the pieces of collar 

around the neck up to the neck avoiding any penetration among them. 

For convertible collars and tailored suit collars, the situation is quite different. The 

folding line of an attached collar is formed naturally while the other two (convertible 

collars and tailored suit collars) are controllable. Most of these two collars have an 

initial fold. In the following section, we will discuss it in detail. 

5.3 Geometric Deformation for Collars 

In the research of [196, 197], robotic techniques of complex manipulation of 
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partially assembled panels to be carried out during the manufacturing process are 

presented.  

5.3.1 Collars Folding 

5.3.1.1 An Approach for Collars Folding 

To better understand a folding operation, let us consider three folding examples. 

Figure 5.5 provides an intuition for these folding operations. The left figure gives an 

example that one side of surface is rotated a certain degrees around a line. However, 

we can not rotate a surface around a curve unless this surface is cut into small pieces 

along the curve.  

                           

Figure 5.5: The Surface Folding. Left: A Surface Folding Around a Line.Mid: A 

Surface Folding Around a Convex Curve. Right: A Surface Folding Around a 

Concave Curve. 

When dealing with discretized curves it is important to ensure that the surfaces 

are adequately cut along their length. A convex curve that bulges outward over its 

length is liable to overlap in the regions of adjacent patches (The mid of Figure 5.5). 
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More importantly since our collar folding is performed only at the discrete set of 

face-points, an overlap leads to an inaccurate connection of triangles. The right of 

Figure 5.5 illustrates this cut with an example. Therefore the surface folding around 

a concave curve is suitable for the folding of collars.  

5.3.1.2 Picking the Folding Line 

According to Dijkstra’s algorithm[169], the shortest path between two points can 

be acquired. This path gives the shortest route to any destination points. However, 

sometimes this path is not desired. The problem can be solved by selecting two more 

points roughly such as A , B ,C , D , E and F in Figure 5.6.The paths A B− , B C− , 

C D− , D E− and E F−  are the shortest routes for each two end points. The 

resulting route A B C D E F− − − − − for the folding line is pictured in Figure 5.7. 

Note that the shortest path between points A and B is the route of neckline. 

 

 

Figure 5.6: Picking Up the Folding Line. 

5.3.1.3 Smoothing the Folding Line 

The raw folding edge is likely to be quite rough in terms of the lengths of adjacent 

edges and the directions with sharp turns like a zigzag. Therefore the smoothing 

curve route is required. According to Equation 3.2, the smoothing algorithm 

iteratively updates the positions of curve nodes. The application of a curve Laplacian 
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smoothing will result (after a sufficient number of cycles of the smoothing) in an 

overlap among the neighboring faces over the curve, which is not acceptable. 

Therefore, a Laplacian smoothing (Equation 3.1) for the mesh is used (Figure 5.7). 

The smoothing is accomplished by moving the nodes iteratively except the boundary 

vertices and the vertices on the folding line.  

 

Figure 5.7: Smoothing the Folding Line. 

 

5.3.1.4 Sub-zone of the Collar 

                 

Figure 5.8: Cutting the Collar to Fit Neck in Pattern Design. 

Convertible collars and tailored suit collars are always folded along the folding 

line. However, it is difficult to fold one side of the collar along the folding line 

directly while keeping the mesh shape unchanged. Our sub-zone strategy is 

motivated in part by the solutions closely related to ours in practice that designers 

cut the collar pattern in average and enlarge them along the outer edges to fit the 

shape of neck (Figure 5.8). Similarly, another feasible approach is to subdivide the 

collar into several sub-zones. 
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As shown in Figure 5.9, let paths 1 nO O→ and 1 nN N→ be the shortest path of the 

outer edges and neckline respectively, a series of shortest path i iO N→  between 

points iO  and iN  will be acquired. This process could be accomplished 

automatically if we keep the number of vertices on outer edges equal to the number 

of vertices on neckline. These shortest paths subdivide the collar mesh into several 

sub-zones. According to their geometric relation, triangles located in the sub-zone 

polygon will be grouped.  

In Figure 5.10, different group are characterized by their RGB color levels. This 

subdivision enables us to group corresponding points into a zone. In the following 

process, we will deform the collar mesh according to its group information. 

 

 

Figure 5.9: Subdividing the Collar. 

5.3.1.5 Folding the Collars 

 

Figure 5.10: Folding Suit Tailored Collar along the Folding Line. 

We have grouped the surface into regions, so the next step is to fold the collar 
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along the folding line. Along the folding line, faces and vertices on the same region 

can be distinguished as on the left side or the right side. For instance, the right side 

vertices will be rotated around the axis with certain angle (Figure 5.10, Figure 5.11). 

The angle equals 0170  is desired. 

 

Figure 5.11: Folding Convertible Collar along the Folding Line. 

5.3.2 Algorithms of Surface Deformation for Collars 

5.3.2.1 Problems Description 

Consider a simple question: for a given vertex ( , , )p x y z located in the 

intersection of two diagonal lines on a 2D patch where the new position 

' ' '( , , )p x y z on the deformed surface is (Figure 5.12 a)? Clearly, the new position 

' ' '( , , )p x y z  is not the intersection of two diagonal lines on the deformed patch 

(Figure 5.12b). The correct method is to subdivide the patch into lots of sub-patches 

(Figure 5.12c) and to determine the relative position on the deformed patch (Figure 

5.12d). 

 

 

 

 
' ' '( , , )p x y z

( , , )p x y z

( , , )p x y z
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Figure 5.12: The Surface Deformation. From Left to Right: (a) a 2D Patch. (b)a 

Wrong Postion of Vertex p on the Deformed Surface. (c) Subdivition of Small 

Patches. (d) The Correct Postion of Vertex p on the Deformed Surface. 

The second question is how can we handle the 3D case? We study the following 

problem: Given two quadrilateral patches 1 2 3 4( , , , )P p p p p  and ' ' ' ' '
1 2 3 4( , , , )P p p p p  

with two layers, we define vertices 1 1 1 1( , , )p x y z , 2 2 2 2( , , )p x y z , 3 3 3 3( , , )p x y z , 

4 4 4 4( , , )p x y z and vertices ' ' ' '
1 1 1 1( , , )p x y z ,  ' ' ' '

2 2 2 2( , , )p x y z ,  ' ' ' '
3 3 3 3( , , )p x y z ,  

' ' ' '
4 4 4 4( , , )p x y z  are four corners of patches 1 2 3 4( , , , )P p p p p and ' ' ' ' '

1 2 3 4( , , , )P p p p p in 

anti-clockwise order. Suppose ( , , )p x y z  is an arbitrary vertex on the 

patch 1 2 3 4( , , , )P p p p p , we want to determine the new position of 

vertex ' ' '( , , )p x y z on the patch ' ' ' ' '
1 2 3 4( , , , )P p p p p .Obviously we can project all the 

vertices onto the plane of patch for their new position. Now question is very clear: 

the two questions can be simplified as 2D quadrilateral patch deformation. 

 

Figure 5.13：Deformation of Two Quadrilateral Patches with Two Layers. 

5.3.2.2 Bi-linear Interpolation for 2D Quadrilateral Patches 

The shape functions for the bilinear isoparametric element are given bellow: 
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1( , ) (1 )(1 )H ξ η ξ η= − −                                                                                         5.1 

2 ( , ) (1 )H ξ η ξ η= −                                                                                                5.2 

3( , )H ξ η ξη=                                                                                                        5.3 

4 ( , ) (1 )H ξ η ξ η= −                                                                                                 5.4 

 Then, a vertex ,( , )x y zP p p p belongs to the patch using the shape function given 

in Equation 5.5 through Equation 5.7 as shown below: 

4

1
( , )i i

i
x H xξ η

=

=∑                                                                                                    5.5 

4

1

( , )i i
i

y H yξ η
=

=∑                                                                                                    5.6 

4

1
( , )i i

i
z H zξ η

=

=∑                                                                                                             5.7 

Note that here the points ( ix , iy , iz ), 1,...4i = , are the coordinates of the four 

corners of the quadrilateral patch in anti-clockwise order. Note also that the values of 

,ξ η here may range beyond (0,1). 

We select Equation 5.5 and Equation 5.6 to solve for ξ (as a function of η ). Here 

the points ( ix , iy , iz ) 1,...4i =  are the four corners of sub-zone patch. This is a 

quadratic equation, and the solution may have two roots 1ξ , 2ξ . Comparing 1ξ  

with 2ξ , we select the root iξ , which has smaller iξ . Then we equate them and 

solve for η . A discussion in detail about the solution for quadratic equation is given 

in Appendix. 

The new position ' ' '( , , )P x y z can be calculated as the following equations:  
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4
' '

1

( , )i i
i

x H xξ η
=

=∑                                                                                                            5.8 

4
' '

1

( , )i i
i

y H yξ η
=

=∑                                                                                                  5.9 

4
' '

1

( , ) * *i i
i

nz H z w t
n

ξ η
=

= +∑
r

                                                                                     5.10 

where the points ( '
ix , '

iy , '
iz )( 1,...4i = ) are the four corners of generated patch, w is 

the uvw coordinate as mentioned in Equation 5.13, t  is the thickness of folded collar 

and nv  is the normal vector of the generated patch. Because the four corners of the 

generated patch may not be coplanar, the normal vector nv can be the average of the 

normal of two triangles. 

 

5.3.2.3 Mapping Collars to a Cylinder 

Following gives another approach for collar deformation：mapping collars to a 

cylinder. This requires calculating the UVW coordinate of all points on collar first. 

To facilitate collar deformation, the calculation of uvw  is necessary. The 

coordinates of all points on collar can be calculated in terms of UVW  system. In 

Figure 5.14, the u, v and w components of a vertex ( , , )x y zP P P P are:  

( min ) /(max min )xu P x x x= − −                                                                          5.11 

( min ) /(max min )yv P y y y= − −                                                                          5.12 

( min ) /(max min )zw P z z z= − −                                                                          5.13 

where minx , maxx , miny , maxy , minz , and maxz are minimal and maximal values 

of collar in the , ,x y z  directions. The coordinate zyx ,,  in the global system are 

corresponding to the coordinate uvw  in local system. w  is in the thickness direction 
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of collar. By means ofuvw , we can distinguish different layers of collar. The uvw  

coordinate will be used for the deformation of collar. 

 

 

Figure 5.14: UVW Coordinate. 

 

 

Figure 5.15: Mapping Collar to a Cylinder. 

According to Equations 5.11 -5.13, the new position of a vertex ( x , y , z ) 

mapping to a cylinder surface is given in Equation 5.14 through Equation 5.16 as 

shown in Figure 5.15:  

( (maxx-minx)/2 (max min )* )*cos(2 * )xx O z z w uπ π= + − − −                          5.14 

( (maxx-minx)/2 (max min )* )*sin(2 * )zz O z z w uπ π= + − − −                           5.15 
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y w
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(maxy-miny)*vyy O= +                                                                                      5.16 

where ( , , )x y zO O O is the center of the cylinder bottom, , ,u v w are uvw  coordinate of 

a vertex, and, maxx , miny , maxy , minz , maxz are the minimal and maximal value in 

the , ,x y z direction. 
 

5.3.3 Deform Collar to Quadrilateral Patches of Neckline 

5.3.3.1 Acquiring the Neckline  

   The neckline can be acquired by picking up the shortest path on the neck opening 

of garment as shown in Figure 5.16. 

 

Figure 5.16: Acquiring the Neckline. 

 

5.3.3.2 Generation of Quadrilateral Patches 

Referring to Figure 5.16 and Figure 5.17, we must generate quadrilateral patches 

to match the collars corresponds to the neckline on garment. The patch is positioned 

and oriented in space by appropriate choices of patch to match the collars. The four 

corners of generated patches correspond to the four corners of patches on collar.  
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Figure 5.17: Generating Quadrilateral Patches for Neckline. 

5.3.3.3 Rotation of Patches 

Because collar is exhibiting symmetry in 3D space, it is quite easy to rotate the 

patches around the axis of its upper edges to fit the shape of tailored suit collars 

(Figure 5.18). For instance, supposed n patches, the rotation angle of ith  patch can 

be calculated as: 

(2 ) /i i n nθ θ= ∗ −    , 2i n≤ ,                                                                                 5.17 

*(2 ) /i i n nθ θ= − −  , 2i n> ,                                                                               5.18 

where θ  is the initial rotation angle.  

 

Figure 5.18: Rotation of Patches. 
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as shown in Figure 5.20.  

 

5.4 Strategy of Sewing Collars 

5.4.1 Sewing Springs 

Our approach is to add five sewing springs for each sewing pair. Sewing spring 

can be considered as extended spring rapidly returning to its normal shape. As shown 

in Figure 5.21, five sewing springs A D− , A E− , B F−  , C F−  and A F− are 

added for a sewing pair. Among them, the initial lengths of spring A D− , 

A E− , B F−  , C F−  and A F−  are the lengths of A B− , A C− , D F− , C F−  

and 'C F− . These extended sewing springs are free suddenly at the beginning and 

they tend to return to their initial length. As a result, the corresponding points will 

get closer and closer.  

 

Figure 5.21: Sewing Springs. 

 

Figure 5.22: Attaching Springs. 

An example of the type of attaching springs used for collar sewing is shown in the 
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left figure of Figure 5.23. In some cases such as tailored suit collars, the garment 

opens in the front. Thus it requires attaching springs to constrain the front overlap of 

garment otherwise the two pieces of garment will be apart in the front (the right 

figure of Figure 5.23). Quite similar to the sewing spring, we also add five attaching 

springs for a pair of triangles. This attaching information is obtained by rearranging 

the buttonhole line on garment surfaces.  

                       

Figure 5.23: Attaching for Front Overlap. Left: Sewing With Attaching 

Springs. Right: Sewing Without Attaching Springs. 

Figure 5.24 shows the steps of acquiring attaching information.  

1) To pick up the “shortest path” as the buttonhole line;  

2) To straighten the buttonhole line;  

3) To copy one side of the front garment to its symmetrical position.  

Front Overlap



Chapter 5:             Virtual Collar Sewing 

-      - 109

Along the edges, each edge links two triangles (one on the left, another on the 

right). So the problem is getting quite simple-adding five attaching springs for the 

pairs of triangles (one on the left side of edge, one on the right side of edge) as 

shown in Figure 6.18 .The difference between the sewing spring and the attaching 

spring is that two ends of the sewing spring such as B-D, C-E will be merged into 

one while the attaching spring is reserved to maintain the constraint. 

                  

Figure 5.24: Left: Picking-up the Buttonhole Line. Right: Smoothing the 

Buttonhole Line to be a Straight Line. 

5.4.2 Initial Value of Collar Springs 

For triangular mesh, we generally add the in-plane structural springs and out-of-

plane bending springs. Structural springs resist the in-plane deformation such as 

stretching or shearing while bending springs resist the out-of plane deformation. 

When a collar is folded or mapped to a shaped position, the deformation of collar 

pieces is unavoidable. Out-of plane bending deformation should not cause in-plane 

deformation. The folding and mapping of a collar is an out-of plane bending 

deformation. In our approach, the initial lengths of the bending springs on the collar 
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surface remain consistent with that of the folded or deformed mesh while keeping 

the initial lengths of structural springs unchanged to match the flat collar mesh. 

5.4.3 Damping Factor and Increasing Sewing Stiffness  

Sewing springs can be considered as extended springs. Because of the body 

dimension (panels can not penetrate the body surface), sewing springs are extended 

to a large scale. When they are free suddenly, the sewing forces and acceleration are 

very large. The worst condition can cause collision reaction. This will make the 

system unstable. 

Our solution is to release the energy of sewing springs bit by bit. At the first frame, 

sewing stiffness is set very small and it will increase to a certain value. Note that 

adequate damping factor is very important to the mass spring system.  

5.5 Simulation Results 

We have implemented four samples in our mass-spring system. All samples were 

run in two steps: garment sewing and collar sewing. These samples cover the three 

main collar classifications- attached collars, convertible collars and tailored suit 

collars.  

Two attached collars samples are simulated. Figure 5.25 shows the sewing 

process of a wave collar. The garment panels have been sewn together in the first 

step. Two pieces of wave collar (attached collars) are placed around the neck. 

Gravity force and sewing forces will exert on corresponding vertices.  

Even though there are great differences in shape between a wave collar and a 

sailor collar, the sewing method is the same. Figure 5.26 shows another example of 

attached collars - the sailor collar. 
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Figure 5.27 demonstrates a cylinder mapping approach for convertible collars.  

Figure 5.28 shows the two steps for sewing tailored suit collars. In the first 

sewing step, the collar label is folded and the attaching springs are added to the 

system. In the second step, the collar is mapped to a desired position and connected 

by the sewing springs. 

.  

   
Figure 5.25: Sewing Example 1 of Attached Collars- Wave Collar. Top Left: 

Initially Place around the Neck. Top Right: Sewing Collar at Beginning. Bottom 

Left: Sewing Collar in the Middle. Bottom Right: The Final Mesh. 
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Figure 5.26: Sewing Example 2 of Attached Collars- Sailor Collar. Top Left: 

Initially Placed around The Neck. Top Right: Sewing Collar at Beginning. 

Bottom Left: Side View. Bottom Right: Back View. 

        
Figure 5.27: Sewing Example of Convertible Collars. Left: Mapping a Collar to 

a Cylinder. Right: The Final Mesh. 
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Figure 5.28: Sewing Examples of Tailored Suit Collars. Top Left: Folding the 

Lapel. Top Right: First Step of Sewing. Bottom Left: Mapping Collar. Bottom 

Right: Second Step of Sewing. 
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5.6 Summary 

In this chapter, we presented a new method for simply and interactively sewing 

several kinds of collars for dressing virtual characters. Collar structures have been 

investigated and classified. The shortest algorithms and Laplacian smoothing 

methods have been used for pre-positioning the shape of collar. The user draws an 

outline of a collar, and the system makes reasonable geometrical deformation 

according to the position of neckline located on the garment. Our results show that 

this method can be used to create 3D garment meshes with collars in a variety of 

ways. 

The success of collar sewing is heavily dependent on the initial arranged position 

of the collar simply because collars have a complex shape, such as multi-layer of the 

fold. Considering the fact that it is harder to control the movement of collar pieces 

when sewing them together compared with garment sewing, we do the collar sewing 

in two steps. According to the classification of the collar, we implement the second 

step of collar sewing with a different method. By means of Dijkstra’s algorithm and 

the Laplacian smoothing method, we can fold collar along an arbitrary curve and 

then map it to a desired position. We also mentioned the strategy of sewing collars. 

We think our sewing techniques can be applied to most collars belonging to these 

three classifications. 

A real collar is very flat with a smooth appearance, however, in some cases, an 

undesirable collision can happen resulting in a waved appearance of the collar. This 

may be solved by an additional scheme to smooth the outer surface of the collar. 

However, the smoothed collar surface may cause another penetration.  

Another problem is that a real collar is in fact a multi-layer fabric having different 
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mechanical property (such as rigidity) from other parts of garment. Our sewing 

method cannot solve these problems now. 
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Chapter 6:  
Modeling Multi-layer Seam Pucker 

 

6.1 Background 

Seam pucker is defined as a distortion of fabric along the seam line causing a 

rippled seam appearance, which can be widely observed in real garment. The 

problem of seam pucker frequently arises during sewing, even after dry relaxation, 

steaming and laundering. Seam pucker is one of the most recurring and troublesome 

problems in the garment industry.  

Therefore, it is important to investigate the reasons causing a seam pucker and to 

study the influence of fabric properties and the forces influencing the deformation of 

stitch and seam. The study of seam pucker is very critical in developing a strategy 

for controlling the occurrences of seam pucker and making a qualitative 

improvement in the performance predictability of seam pucker. 

This chapter has two purposes: first it provides a seam model to simulate the 

multi-layer seam pucker caused by the sewing thread shrinkage and, secondly, it 

provides typical applications of seam pucker modeling techniques to generate a 

deformable appearance of fabric in terms of the seam type. 

In this chapter, micro-level seam structure has been analyzed and a seam model 

has been developed. Based on the mass-spring cloth model, our micro-level seam 

structure analysis on different seam types has allowed us to identify certain 

parameters that can be used to model various types of seam deformations. These 

parameters include seam dimension (seam width, stitch length and seam thickness), 
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fabric mechanic property (stretching, bending and shearing) and friction among 

different layers of fabric. Moreover, the simplified seam model for pucker has been 

established and three types of seam have been simulated. Then, an experimental 

testing has been done to verify the seam model. 

6.1.1 The Reason of Puckering 

When two or more pieces of woven fabric are joined by a seam, and if the thread 

is a stretched one, the wrinkle will ultimately occur at or near the seam line. In 

addition to thread shrinkage, there are other factors devoted to seam pucker, 

including the presser’s foot pressure, sewing speed, needle size, stitch density, 

properties of the sewing thread, mechanical properties of the fabric, as well as seam 

and stitch type[198]. 

An earlier analysis [199] showed that seam pucker phenomena could be described 

as micro fabric buckles around seam lines. The buckles around the thread are the 

result of residual sewing thread tension; however, the buckles along the thread are 

composite effect of residual tension forced compressive deformation due to the 

insertion of needle and thread. In general, the reasons for seam pucker can be 

classified into three types: (1) Structural jamming, (2) Tension puckering, and (3) 

Machine puckering. 

The structural jamming that results from the needle with sewing thread piercing 

the fabric causes the displacement of yarn and seam distortion. This often happens 

when high-density fabrics are sewn with a thick needle and thread. Machine 

puckering is due to uneven ply feeding. If one or more of the above three conditions 

exists, seam pucker becomes noticeable. Among them, tension puckering, caused by 

excessive thread tension, is the main cause of seam pucker[200]. An earlier 
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analysis[201] showed that seam pucker due to sewing thread tension occurs mainly 

in sewing lightweight fabrics. However, pucker is rarely encountered, as fabric is 

extensible and elastic to absorb the considerable amount of redundant energy without 

pucker appearing. 

If a thread is sewn into the seam with heavy machine thread tension so that it has 

been elongated or stretched as the stitch is being set, the thread will try to recover or 

return to its original length. This can cause the seam to pucker immediately as the 

seam is coming out from under the presser’s foot; Excessive thread tension during 

sewing will not only cause puckered seams but also cause other sewing problems 

including thread breakage and skipped stitches. 

6.1.2 Related Work 

Historical studies of seam pucker have been focused on seam pucker 

evaluation[202-205]. The effect of the fabric structure and mechanical properties on 

seam pucker has been investigated. The relationship between the fabric properties 

and seam pucker characteristics was evaluated and discussed. It was observed, that 

the fabric structure, bending, extensibility, friction properties are related with 

inherent seam pucker.  

Tae Jin Kang et al. [198-200] presented a geometrical model with five shape 

parameters to quantitatively evaluate the seam pucker. Though this method can 

generate a randomly distributed wave mesh to represent the seam pucker, even it 

could be trained by neuron fuzzy algorithm, it is insufficient to characterize the seam 

property. Hu et al. [206] investigated the effect of real seams on drape coefficient, 

bending length and draped profile. 
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At present, a limited amount of published research has been conducted to model 

the seam pucker with physical method. One important approach is done by Inui[207, 

208].He simulated the seam pucker on two strips of fabric sewn together with elastic 

mechanical calculation. The bending force exerted on vertex is derived as gradient of 

potential energy. At that moment, only flat seam had been performed for fabrics. The 

techniques are directly attaching two strips of fabrics into one, without considering 

the seam type factor.  

6.1.3 Nomenclature 

0T ， 1T     Tension of thread at head and end 

T ， dT   Tension of thread and tension increase. 

dN dF     Normal force and friction force acting on the segment. 

dP          Weight of segment  

R            Radius of the thread segment. 

θ ， dθ    Angle and contact angle of a segment 

β            Contact angle in one stitch loop. 

μ            Coefficient of friction between the thread and the contact fabric. 

λ            Unit density of a thread. 

g            Gravity acceleration 

w            Distributed load acting per unit length of thread. 

6.2 Development of Seam Model 

To allow a real understanding of seam pucker behavior when layers of fabric are 

stitched, it is necessary to develop a seam model in order to match the conditions a 

seam encounters. 
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6.2.1 Assumptions 

For the simplification, it’s necessary to make some assumptions.  

First, the seam pucker is mainly cause by thread shrinkage, which means that we 

do not consider other factors causing the seam pucker such as structural jamming 

and machine puckering.  

Second, seam is sewn with 301-lockstitch and the seam is a balanced seam.  

Third, the threads are in tensioned state, which means that the thread contacts the 

fabric tightly. 

6.2.2 Investigation on Thread Tension Puckering 

Consider a seam consisting of several layers of fabric stitched by 301 lock stitches 

(Figure 6.1). As the needle pierces the layers of fabric, running a thread through the 

hole, and therefore thread is fed into the needle hole, interlacing in the exact middle 

of the seam. During this sewing process, the sewing threads are under some tension. 

When the tension is removed, it tends to contract, resulting in shrinkage in the stitch 

length direction and shrinkage in the thickness direction. If the fabric components of 

the seam cannot resist the tension action, then the tension puckers results. 

 

Figure 6.1: Stitch-fabric Zone and the Seam Model. 

Needle hole 

Needle hole 
Thread 

A 
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As shown in Figure 6.1, the intersection of threads and contacted fabric 

components of the seam can be narrowed in the field of stitch-fabric zone. In the 

position of needle hole, the upper thread and lower thread are interlaced with tension. 

The thread contacts the fabric tightly in each loop of stitch. As a result, the thread 

exerts pressure on the contacted fabrics.  

Friction presents a very complex problem in the pucker formation process, 

because it is difficult to determine exactly which component or type of friction 

actually occurs. When thread shrinks, there is tendency of slippage between thread 

and the contacted component of fabric. In the analysis of friction function, the 

friction force between threads and between the thread and contacted components of 

fabric will be considered. Therefore, the value of internal friction determines the 

relaxation process that takes place in the garment. 

Obviously, the seam model is an integrated micro system of mechanical 

properties of fabric and the tension action of thread on the contacted fabric 

components of the seam. Thus, the seam model would consist of two parts: (1) cloth 

model; (2) interaction between sewing thread and contacted fabric or among 

different layers of fabric in the fabric-stitch zone. Emphasis is placed on the 

establishment of interaction model for the contacted thread and fabrics.  

Mechanical and surface properties of fabric could be measured in the low-stress 

region according to the KES system. Frictional coefficient, thickness of fabric, and 

thickness of seam could also be measured. Based on these assumptions and analysis, 

we analyze and calculate the forces acting on threads and thereby propose a seam 

model to simulate the seam pucker. 
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6.2.3 Theory 

6.2.3.1 Forces Acting On Threads  

The main forces acting on threads are pressure, friction and gravity. The pressure 

and friction forces result from the thread tension when thread shrinks. The analysis 

and calculation of forces acting on threads helps us to calculate the forces acting on 

the contacted fabric of seam because their relation is action and reaction. 

Figure 6.2 and Figure 6.3 show a small segment of thread and its force analysis, 

respectively. 

 

Figure 6.2: Distributed Load on a Segment of Thread in a Stitch Loop 
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Figure 6.3: Different Elements of Thread 

As a thread bends over a small segment on the fabric, the tension in a thread will 

increase from T  to dT T+  in an angle dθ . Based on the illustration in Figure 6.2 

and Figure 6.3 about the force analysis on an arbitrary thread segment, if a 

differential element of the thread is pulled with applied tensions T  and dT T+  at 

steady-state conditions over constant curvature R  and through a contact angle dθ , 

the equation of equilibrium can be written as: 

0X =∑ , 

( )sin sin sin 0
2 2

d ddN T dT T gRdθ θ λ θ θ− + − − =                                                6.1 

0Y =∑ , 

( ) cos cos cos 0
2 2

d dT dT T dF gRdθ θ λ θ θ+ − − − =                                               6.2 

where the weight of segment dP  is given by dP gRdλ θ= , λ  and g are the unit 

density of thread and gravity acceleration, dN is normal force acting on the segment, 

dF is the friction force acting on the segment given by dF dNμ= , μ  is the 

coefficient of friction between thread and contact fabric. 

If the value of dθ  is very small,
0

lim sin
dθ

θ θ
→

= , 
0

lim cos 1
dθ

θ
→

= , we neglect the 

infinite small terms of the higher order terms and get the simpler result. 

y

x
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wRdθ
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sindN Td gR dθ λ θ θ= + ,                                                                                      6.3 

cosdT dF gR dλ θ θ= + ,                                                                                        6.4 

dF dNμ= ,                                                                                                             6.5 

The normal force dN can be eliminated from Equation 6.3 and Equation 6.5 to 

give a differential equation for T  in terms of the contact angleθ . 

( sin cos )dT T gR
d

μ λ μ θ θ
θ
− = + ,                                                                           6.6 

The solution of Equation 6.6 is 2
2 [(1 )sin 2 cos ]

1
gRT Ceμθλ μ θ μ θ
μ

= − − +
+

, where 

C  is the constant of integration, which can be estimated by initial 

condition 0 ( 0)T T θ= = . 

2
0 02 2

2[(1 )sin 2 cos ] ( )
1 1

gR gRT T e T eμθ μθλ μλμ θ μ θ
μ μ

= − − + + ≈
+ +

                            6.7 

Because of the unit density of thread λ  is very small, T approximates to 0T eμθ  in 

Equation 6.7.  

According to Equation 6.3 and Equation6.7, we can get the normal force N  

( sin )N T gR dλ θ θ= +∫                                                                                         6.8 

Solving Equation 6.8 and applying the initial condition ( 0N = , 0)θ =  will 

acquire the expression of normal force N  and the friction force F . 

0 0
2

2 ( cos 2 sin ) ( 1) ( 1)
1

T TgRN e e eμθ μθ μθλ θ μ θ
μ μ μ

= − − + − ≈ −
+

                               6.9 

0 02

2 ( cos 2 sin ) ( 1) ( 1)
1

gRF N e T e T eμθ μθ μθμλμ θ μ θ
μ

= = − − + − ≈ −
+

, 

0 θ β π≤ ≤ ≤                                                                                                        6.10 
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Based on the illustration in Figure 6.2, we can easily calculate the radius R  and 

the contact angle β  in one stitch loop. 

2 2 2( ) ( )
2
LR R τ= + −                                                                                              6.11 

2 24
8

LR τ
τ
+

=  ,                                                                                                      6.12 

2 2

42arcsin( ) 2arcsin( )
2 4
L L
R L

τβ
τ

= =
+

  (0 )β π≤ ≤                                             6.13 

where τ  is the thickness of stitch, and L is the stitch length in one loop. 

The distributed load w  acting per unit length over the segment of thread can be 

derived from Equation 6.3 as 

0 0
2 2

2 (sin cos ) 2( )
1 1

T T edN g gw e
Rd R R

μθ
μθλ θ μ θ μλ

θ μ μ
−

= = + + ≈
+ +

                                   6.14 

6.2.3.2 The Effect of Fabric Thickness and Stitch Length on Thread 
Tension and Normal Forces 

To verify and examine the function of thread tension and normal forces and the 

effect of fabric thickness and stitch length on seam pucker, a numerical calculation 

has been carried out. Using the data in Table 1, the thread tension and normal forces 

at the end of one stitch loop can be calculated according to Equation 6.7 and 

Equation6.9. 

Table 1: Data Used for Calculation. 

Property Symbol Value Unit 
Initial tension 0T  0.8 N 

Fabric thickness τ  1.5 mm 
Stitch length L  4.0 mm 

Liner density of thread λ  0.033 g/m 
Friction coefficient μ  0.1  
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The tension of the thread and the normal force acting on the thread increase 

gradually to their highest values and then decrease gradually when increasing the 

thickness from 1.5 mm to 2.0 mm in Figure 6.4. In addition to the initial tension, the 

contact angle affects the thread tension and normal force. As shown in Figure 6.4, 

when 0.5Lτ = , the contact angle is π  where it reaches the maximum tension and 

normal force.  

Figure 6.5 shows the uniformly distributed tension-length relationship of a thread 

in a one-stitch loop. As the stitch length of the seam varies between 4.0 and 8.0 mm, 

the tension trends to decrease while the normal force acting on the thread drops 

sharply. 
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Figure 6.4: Tension and Normal Force versus Thickness of Fabric 
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Figure 6.5: Tension and Normal Force versus Stitch Length 

 

6.2.4 Simplified Seam Model 

As mentioned above, a seam model consists of two components: fabric model and 

the interaction between thread and contacted fabrics of the seam. Many researchers 

have studied the deformable cloth model and lots of results have been published[22-

24, 80]. Among them, the mass spring model [106-108], which is characterized by 

the discrete surface connected by springs, is most commonly used. In the application 

of mass spring model for multi-layer seam, the main concerns are how to simplify 

the seam model and how to calculate the forces acting on all those mass-points lie in 

the stitch-fabric zone  (such as vertices A , B , C , D , E in Figure 6.1). 

In the development of this simplified seam model, the critical problem is how to 

integrate both mass-spring model and the stitch tension model. One difficulty is that 

the applied tension load and normal force are assumed to act at the whole stitch 

segment in one stitch loop. The simplified stitch tension model should disperse these 

force action on certain mass-points on the surface of fabric because mass-spring 

x

y 
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model is a discrete model.   

6.2.4.1 Forces Acting on Mass-points  

According to the scheme presented in Figure 6.7, the contact angle β  in one 

stitch loop mainly depends on the positions of mass-points A  and E . When knot 

spring shrinks to its rest position, the position of mass-points 1 1, , ,A A E E will change 

instantaneously. The contact angle β  can be easily calculated and updated. 

To facilitate the numerical calculation, the surface in the stitch-fabric zone is 

discretised with structured mesh as shown in Figure 6.7. The whole thread section in 

one loop can be divided into 2n  parts. The unit contact angle θ  is by 

definition / 2nθ β= . Thus, the contact angle of ith mass-point iθ  

equals ( 1)i θ− ( 1,2,... ,...2 1)i n n= + . According to Equation 6.9 and Equation 6.10, 

the normal force iN and friction force iF  acting on ith  mass-point can be calculated. 

6.2.4.2 Knot Springs 

When the needle with a sewing thread pierces the seam, the upper thread and 

lower thread will form a knot in the joined layers in the needle hole. Suppose that the 

intersection of threads at adjacent stitch loop would be on the surface of fabric at the 

position of needle hole, the knot linking the upper thread and lower thread can be 

regarded as a spring, whose two ends are fixed to two vertices on the surface of 

upper layer and lower layer fabric, so the stitch can be described as soft segments 

linked by springs in the vertical direction. 
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Figure 6.6: the Knot Spring and its Balance Position. 

We assume that the rest length of spring equals to 0.2t  and that when the spring 

shrinks to the positionτ , the stitch will be balanced. The range of τ  is between 

0.1t and 0.9t , and t  is single layer fabric thickness. Larger τ  means more thread is 

plunged into the needle hole. We can estimate the spring elastic coefficient with 

equation of equilibrium in the vertical direction. Note that there are differences 

among 0 1, ,k k k , because 0 1,k k  is boundary condition of seam at the head and the end 

in a stitch loop. 
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2 2

22arcsin( )tL
t L

β =
+

                                                                                                    6.21 

6.2.4.3 Compression Springs 

 

 

Figure 6.7: Compression Springs. 

When the thread shrinks, forces exerted by the thread will cause the deformation 

of fabric in the stitch-fabric zone in thickness direction. As a result, fabric will resist 

the deformation in the thickness direction. This phenomenon can be simplified by 

viewing it as compressed springs. The main function of compression spring is to 

maintain the shape of seam in the thickness direction. As shown in Figure 6.7, mass-

points 1B B− , 1C C− , 1D D−  connect compression springs. When the needle pierces 

the seam, needle holes will be formed and fabric structure will be destroyed by the 

needle. As a result, mass-point pairs 1A A− , 1E E−  have no compression spring to be 

linked. 

The spring forces can be calculated as 

( 2 )C cF k y t= − ,                                                                                                            6.22 

where 2t  is the rest length of spring, y is the current distance of two ends of 

compression spring, ck  is the elastic coefficient of spring, which is related to the 

compression property of fabric. In Equation 6.22, 2t  means fabric thickness of two 

layers. For the n  layers case, the thickness should be nt .  
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6.2.4.4 Thread Springs 

If we decompose the normal force and the friction force in the vertical and 

horizontal directions, we will find that vertical component of forces acting on the 

pairs of mass-points such as 1B B−  are equal and opposite, which can be replaced by 

a spring. Although the horizontal component of forces acting on pairs of mass-points 

such as B D−  is opposite but not equal, we can still replace them with springs. In 

fact, we omit the non-linear parts of forces but replace the linear part with spring. 

The advantage of equivalent replacement of springs is in favor of numerical 

calculation and the stability of mass-springs’ iteration. 

6.2.4.5 Simplified Seam Model 

An exact analysis of the seam and its dynamical properties is very complex and is 

not easy to implement in a mass-spring system. It is better to use the model 

mentioned above in a mass-spring system, but this is still limited since it is uncertain 

whether the shape of thread is an arch or not when the position of mass-points 

changes. The analysis of forces acting on thread and seam helps us to understand the 

principle and to estimate the forces.  

 
 

 

Figure 6.8: A Simplified Seam Model. 

The surface of seam has been discretised into a triangular mesh. In addition to the 

structure springs and the bending springs (cloth model), the mass-points in the stitch-
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fabric zone are connected with several thread springs in the vertical and horizontal 

directions. The effect of thread springs is equivalent to the action exerted by threads. 

As shown in Figure 6.8, the thread forces on mass-points can be replaced by a series 

of thread springs such as 1B B− , 1C C− and 1D D−  in the vertical direction 

and A E− , 1 1A E− , B D− and 1 1B D− in the horizontal direction. The elastic 

coefficients of them are different but can be estimated according to the components 

of forces acting on the pairs of mass-points. 

In addition to the thread springs, there are knot springs such as 1A A− , 1E E− and 

compression springs 1B B− , 1C C− and 1D D−  in the mass-spring seam model. This 

principle can be extended to the multi-layer seams. 

 

6.3 Simulation Results and Discussion 

6.3.1 Seam Samples 

The international standards ISO 4916 and ISO4915 define seam class and 

stitching class respectively. Among the stitching class, the 301-lockstitch is the most 

commonly used. The seam type varies in layers of fabric, connection method, and 

number of rows of stitching as well as the stitching types. According to the principle 

of simplification method, multi-layer seams could be simplified as 3D mesh 

connected with springs. Three types of seam were chosen for implementation of the 

seam pucker model. The selections of seam samples are carried out according to 

different numbers of layers and application purpose as shown in Table 2. All seams 

are simulated with 301-lockstitch. 

 



Chapter 6:             Modeling Multi-layer Seam Pucker 

-      - 133

Table 2: Selections of Seam Samples. 

Seam Seam Drawing ISO 4916 Number Numbers 
of Layers Application 

A 
 

3.05.01 
 5 Waistbands 

 

B 
 

2.02.03 
 3 Side-seam on jeans 

C 
 

2.04.06 
 4 Seaming jeans, shirts, 

jackets, etc. 

 

Table 3: Properties of Seams. 

Seam Number of 
Triangles 

Number of 
Vertices Stitch Density Fabric 

Thickness 

A 27300 14137 4 stitch/cm 0.3 mm 

B 26040 13504 4 stitch/cm 0.3 mm 

C 17280 8954 4 stitch/cm 0.3  mm 

 

 

Figure 6.9: Building Seam Mesh. Left: Seam A. Mid: Seam B. Right: Seam C. 

At first, the seam mesh is generated according to the seam type and dimension as 

shown in Table 3 and Figure 6.9. Because of sharp folds and needle holes, seams 

should be discretised into fine meshes to ensure accurate operation.  
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6.3.2 Implementation  

Our cloth simulator has been implemented using both C++ and OpenGL. At the 

beginning, the seam is with smooth surface and the elastic spring forces are applied 

to each mass-point. When the knot springs and thread springs shrink, the fabric will 

deform gradually. Because the seam is composed of multi-layer fabric, it is necessary 

to implement the collision detection and collision reaction procedure. Collision 

happens when vertices, edges and triangles in contacted layers of fabric intersect 

during the animation.  

The collision detector is developed by G. Baciu and S. K. Wong[138-141]. All 

experiments were performed on a DELL machine running Windows XP with a 2.33 

GHz Pentium IV processor and 1 GB memory.  

Figure 6.10 shows the simulation result of seams A, B and C. Each sample runs 

40-60 minutes to reach 4000 frames. Simulation of seam pucker is time- 

consumption due to larger number of triangles, smaller cloth thickness and distances 

among layers of the fabric, and tremendous occurrence of collision. The smaller 

cloth thickness and distances among layers of fabric make the iterative procedure 

running slower and more collision happens when layers of fabric are puckered in a 

confined space. 
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Figure 6.10: Left: Seam A.  Mid: Seam B. Right: Seam C. 
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Figure 6.11: Microstructure of Seams. Top Left: Seam A. Top Right: Seam B. 

Bottom: Seam C. 

A smoother surface is desired to seam pucker especially in the region of stitch-

fabric zone, so a refinement procedure has been carried out to subdivide the seam 

mesh and to merge vertices at the needle hole among different layers of fabric. 

Figure 6.11 illustrates microstructures of seams A , B  and C . The purpose of 

mergence is to integrate different layers of fabric and to generate stitch at the needle 

holes for future application.  

Figure 6.12, Figure 6.13 and Figure 6.14  show the different seam appearances of 

seam A when parameters of the model have been changed. In Figure 6.12, from left 

to right, less shrinkages happens in the vertical direction while keeping a constant 

shrinkage in the horizontal direction. Samples from left to right in Figure 6.13 are 

sewn with more shrinkage in the horizontal direction while keeping certain shrinkage 

in the vertical direction. It seems that the seam display little ripple on the surface 

along the jointing line when the seam suffers a small shrinkage, but it forms 

insurgent waves when suffering a relatively large shrinkage. It can be seen from 

Figure 6.14 that there are more changed values for fabric compressing rigidity, fabric 

bending rigidity and shear rigidity but the property that seemed most likely to cause 

the problem was the value of thread shrinkage. Puckering is the composite result of 

fabric being stitched. The shrinkage is evidently exceeding the ability of the fabric to 



Chapter 6:             Modeling Multi-layer Seam Pucker 

-      - 137

contain the additional in-plane loads and therefore the seams puckered. 

 

Figure 6.12: Adjusting Parameters for Seam A. From Left to Right: Increasing 

Shrinkage in the Direction of the Seam Length while Keeping the Shrinkage in 

the Direction of Seam Thickness and Constant Coefficients of Structural 

Springs and Bending springs.  

 

 

Figure 6.13: Adjusting Parameters for Seam A. From Left to Right: Increasing 

Shrinkage in the Direction of the Seam Thickness while Keeping the Shrinkage 

in the Direction of Seam Length and Constant Coefficients of Structural 

Springs and Bending Springs. 
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Figure 6.14: Adjusting Parameters for Seam A. From Left to Right: Increasing 

Shrinkage in the Direction of Seam Length and Decreasing Shrinkage in the 

Direction of Seam Thickness while Varying Coefficient of Structural Springs 

and Bending Springs. 

6.3.3 A Simple Pucker Experiment 

 

Figure 6.15: Seam Samples. a) Seam A with 400x60 mm and 400x90mm. b) 

Seam A with 400x90mm and 400x90mm. c) Seam B with 400x90mm and 

a b c d e 



Chapter 6:             Modeling Multi-layer Seam Pucker 

-      - 139

400x90mm. d) Seam B with 400x60mm and 400x60mm. e) Seam C with 

400x60mm and 400x60mm. 

This thesis does not intend to evaluate seam pucker, but to investigate the seam 

pucker in real circumstances; a simple experiment has been carried out as shown in 

Figure 6.15. In the test, two pieces of fabric samples (400x60 mm or 400x90mm) are 

sewn according to the seam types. Fabric samples are cotton/polyester blends (35/65), 

with the thickness 0.25 mm. The settings of sewing conditions were chosen to form 

well-balanced stitches and to eliminate other factors causing puckering (wrong 

feeding, variation of stitch density etc.).  

Some photographs of the seam pucker are shown in the above figures. It can be 

seen that the shape of the puckered surface of the specimen is different in amplitude 

and length, propagated in particular ways. The experimental results are similar to our 

simulation results to some degree, however, the appearance of real seams, which 

vary in waves with amplitude, length, and frequency, is quite irregular.  

6.4 Summary 

This chapter presents a method for modelling the seam pucker of multi-layer 

fabrics by considering the thread shrinkage as well as seam structure and fabric 

compression properties. The theoretical investigation and numerical calculation of 

forces acting on the sewing thread has been carried out. Based on this, we analyzed 

the forces causing the thread tension puckering and presented a seam model to 

calculate the deformation of a multi-layer seam when threads shrink.  

This chapter has also given a discussion about the modelling of seam pucker. A 

seam model suitable for modelling the multi-layer seam pucker has been developed. 

In order to rationalize the seam model, a preliminary mathematical model for thread 
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was developed to estimate the action between the contacting fabric surface and the 

thread. The thread tension model, introduced in the seam model for estimation of the 

spring elastic coefficient, has been thoroughly described and expanded by use of 

friction factors and contact angle. 

Variations of the parameters in the seam model result in deformation of the seam 

surface. The adjustable parameters include seam geometrical dimensions (seam 

width, seam length, fabric thickness, stitch density), fabric mechanical properties 

(stretching, bending) as well as thread action factor (knot spring, thread spring, 

compression spring).  

To facilitate the analysis, we carried out experiments with seam patterns to 

validate our seam model for 301 lock stitches. The result of our modelling shows 

that seam pucker is rather complex. The shape of the folds is quite different from 

where it stretches out near the seam to where it touches the edges of fabric samples. 

It is difficult to predict where the folds will occur and how the folds will be formed, 

but knowledge about the seam pucker is useful. The limitation of our seam model is 

that it is only suitable for 301 lock stitches, and further research should be carried out 

to extend the model for 301 lock stitches to other stitch types. 
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Chapter 7:  
Generating Seams and Wrinkles for Virtual Clothing 

 

7.1 Introduction and Motivation 

Phenomena such as folding and wrinkling could be observed on garment surfaces 

in real dressing. This kind of wrinkle surface is frequently encountered in some areas 

such as armhole, elbow, and shoulder that these parts of garment touch the human 

body closely while others are free. A wrinkled seam appearance is unacceptable and 

a smooth or a flat appearance garment maybe more desired in real dressing； 

However, in virtual garment dressing and sewing, we prefer more wrinkles to be 

appeared on the surface of garment. Regarding to the seam pucker, the wrinkled 

appearance of cloth has been of very much concern in computer graphic. 

It has been shown that the wrinkling of fabric is a multi-factor phenomenon, 

which despite abundant research studies, remains to be fully understood. Wrinkles 

are formed by the combination of heat, moisture and pressure. The thermoplastic and 

elastic properties of a fabric determine its wrinkling and recovery properties. 

Therefore, a reasonable approach is the physical based method.  

 The physical based method involves providing more accurate cloth model[112] 

and well controlling the collision reaction[106, 110, 113, 114]. The resulting shape is 

a possibly wrinkled 3D surface. While physical based methods are useful for a 

variety of overall wrinkles, the representation of some small wrinkles such as rippled 

appearance along the seam line is insufficient. Conventional cloth animation 

techniques ignore the existing of the seam. The stitched layers of fabrics would result 
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in a variety of fabric bending rigidity and distinctive wrinkle effects on the seam 

surface[206]. Furthermore, the method of a physical based model requires heavy 

computation. Therefore, a popular approach to wrinkle generation of flexible, sheet-

like materials has been to rely on wrinkle functions from a parametric space to the 

surface and to generate wrinkles in the parametric space[110, 209-211]. However, 

the wrinkle distribution and direction heavily depends on the distribution of tension 

on the garment surface. This method has obvious limitation on realistic 

representation of wrinkle surface. 

Moreover, most sewing approaches are done by applying virtual elastics along 

sewing line so that the two particles can be merged finally[6, 25, 26]. In reality, there 

exits visible boundaries along seam lines; however, in virtual try-on these boundaries 

are disappeared presenting an unrealistic appearance. This may be partially 

compensated by texture mapping technique. Nevertheless, this improvement would 

not fully satisfy the requirement of a realistic representation. Thus, a wrinkle 

generating approach is necessary to make the surface of garments more realistic. 

The main motivation of this chapter is intended to develop seam mesh building 

algorithms, with which the seam model in Chapter 6 could be extended to 3D 

garment mesh. Thus, we develop a two-step scheme for generating wrinkled 

appearance caused by seam pucker. The first step of our scheme is the geometric 

seam building. Again, our seam model provided in Chapter 6 will be applied for the 

3D garment case.  

7.2 Related Work 

Based on our knowledge as well as the literature review, few have used the seam 

model to generate wrinkled appearance of garment. In 1999, Hadap et al. [212] 
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provided a geometrical method to simulate realistic wrinkles on clothes without fine 

mesh and large computational overheads. A wrinkle pattern is predefined which was 

not physical based. Volino et al. [213] proposed a fast geometrical wrinkling 

algorithm which can be implemented on top of any rough surface deformation model, 

and which modulates the amplitude of a predefined wrinkle heightmap in order to 

simulate metric surface conservation. A wrinkle pattern is initially applied on the 

animated surface mesh. The native edge length of the mesh is used to compute 

dynamically the amplitude of the wrinkles as the mesh is deformed using a fast and 

robust geometrical model. Several wrinkle patterns can be combined to simulate 

complex deformations. The presented implementation deforms an interpolated mesh 

with adaptive refinement to display the wrinkles.  

Bridson et al.[106] have provided concepts that preserve folds and wrinkles in 

cloth simulations. This included a mixed explicit/implicit time integration scheme, a 

derivation of physically correct bending forces with possibly nonzero rest angles for 

modeling wrinkles into the cloth, an interface forecasting collision response method 

for enhanced dynamic behavior, a new post-processing technique that pushes cloth 

into an interval while preserving relative depths and thus wrinkles, and a dynamic 

sticking constraint for controllability. 

Larboulette et al. [214] proposed a new method for designing dynamic wrinkles 

that appear and disappear according to the underlying deformation of tissues. The 

user positions and orients wrinkling tools on a mesh. During animation, geometrical 

wrinkles are generated in real-time in the regions covered by the tools, mimicking 

resistance to compression of tissues. The wrinkling feature can be added to any 

existing animation. When the local resolution of the mesh is not sufficient, our tool 
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refines it according to the wrinkle’s finest feature. As their results show, the 

technique can be applied to a variety of situations such as facial expression wrinkles, 

joint wrinkles or garment wrinkles. 

Fu et al.[215] generated wrinkle-shaped deformations in a region of a smooth 

surface along a given boundary based on a few basic parametric inputs such as 

wrinkle magnitude and extent. The essential geometric transformation to map the 

smooth surface to a wrinkled one was defined purely in terms of the geometry of the 

surface and the input parameters. 

Previous research results studying folds focused mostly on cloth modeling or in 

animations, which are driven more by visual realism, but allow large elastic 

deformations and usually completely ignore or avoid the surface developability issue. 

Borrowing the classical boundary triangulation concept from descriptive geometry, 

Tang et al. [216] presented a novel method of approximating developed surfaces on 

given boundary strips for modeling developable wrinkle surfaces, which are 

approximated by a special triangulation called bridge boundary triangulation. The 

proposed modeling algorithm generates a bridge boundary triangulation by 

simulating the minimum energy folding process of a sheet when it is rolled from one 

end of the strip to another. 

7.3 Building Seam Mesh for 3D Garments 

7.3.1 Algorithm Overview 

Before we may devise an algorithm, an issue must be specified that how we can 

apply the seam model to the 3D garment mesh. If the garment is a structured mesh or 

regular mesh, it is feasible for us to build the seam structure straightforward; 

otherwise, it is necessary to determine the neighborhood structure of these irregular 
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triangles. As explained in Section 6.2.4, we are interested in the rule of spring’s 

connection to the surface. Therefore, the seam mesh building should be one that 

interpolated the layers of seam surface in accordance with the seam structure.  

A structured mesh can be recognized by that all interior nodes of the mesh have 

an equal number of adjacent elements. In our case, every interior node connects six 

triangles and six neighboring nodes (left of Figure 7.1). Irregular mesh generation, 

on the other hand, encountered obstacles to build seams, because of its allowing any 

number of elements to meet at a single node. In other words, irregular mesh has a 

complex geometry and topological structure for the seam (right of Figure 7.1). 

Therefore, a technique for seam mesh building in our context would be one to 

determine neighborhood structure of the surface along the seam line. 

                  

Figure 7.1: Structured Mesh and Unstructured Mesh. Left: Structured Mesh. 

Right: Unstructured Mesh. 

In order to build the seam mesh for a 3D garment in wrinkle applications, it is 

essential to use triangle strips because they can accurately describe the neighborhood 

structure of triangular meshes. Before discussing the details in relation to 

determination of neighborhood structure along the seam line, we first make an 

observation concerning the seam geometry. A seam mesh has several layers of 

surface with geometry such as seam width, seam thickness, and seam loop. A natural 
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problem is where to generate these seam meshes. 

  Clearly, for the sewn garment mesh, we have known a sequence of edge list 

referred as “seam line.” The construction of the seam mesh can take advantage of 

properties of the initial mesh and seam line. To facilitate the mesh building, the 

triangle strips and triangle sequence should be obtained first. Triangle strips allow 

3D applications to perform operations such as seam cell building, seam splitting and 

seam mesh constructing by passing a set of triangles, each of which in turn shares an 

edge with the previous triangle. In this way, a seam mesh could be generated in 

integration with the original garment mesh. Depending on the application, it may 

also be desirable to abstract adjacent elements (triangles, vertices and line segments) 

to seam lines and their sequences of left/right turns within a seam line.  

Given seam lines on the garment surface, our method proceeds in three steps: 

1. Building triangle strips: Find neighbour triangles along a seam line and 

partition them into left/right strips. 

2. Building seam cells: Create seam cells that describe how each seam is 

positioned for layers of fabric, and how neighboring cells are connected to form 

seams.  

3. Building seam mesh: Construct the surface mesh by edge splitting and vertices 

inserting be in the cells. 

7.3.2 Definitions 

Seam Line：We refer to the merged boundary between different patterns as seam 

lines. More precisely, each seam line is stored as a list of vertices through indices 
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referring to the garment mesh when the patterns are stitched together. The garment 

mesh is organized as an array of vertices and an array of triangles where each 

triangle refers to its three vertices through indices. 

Triangle Strip：A triangle strip is a set of connected triangles, each of which 

shares two vertices with the previous triangle. The strip direction begins from the 

start triangle to the end triangle.  

Start triangle：The start triangle in a triangle strip is the head of a triangle list, 

which means that the start triangle shares two vertices with the next triangle and has 

no previous triangle. 

End triangle：The end triangle in a triangle strip is the end of a triangle list, 

which means that the end triangle shares two vertices with the previous triangle and 

has no next triangle. 

Seam lines information can be acquired from the sewing result when different 

panels are joined and corresponding vertices and edges are merged. The mesh 

triangles adjacent to the seam lines are organized into sequences of contiguous 

triangles called strips. These triangle strips are schematically shown in Figure 7.2. To 

create triangle strips by tracking connected triangles, it needs to jump from one 

triangle to any of its three possible adjacent neighbors by detecting shared edges. 

The algorithm analyzes each triangle adjacent to the seam line by using seam lines 

information to indicate whether the given neighbor could be a good candidate for the 

strip. The direction of a strip can be determined in terms of the sequence of sewing 

edges of the given mesh. Along the seam line, triangles adjacent to the seam lines 

can be divided into left side and right side. 
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Figure 7.2: Seam Lines and Triangle Strips. Left: Seam Lines. Mid: Two 

Triangle Strips along a Seam Line. Right: Triangle Strips for Seams. 

7.3.3 Check Intersection of Seam Lines 

The algorithm starts by checking the intersection of seam lines. Note that two 

seam lines would not intersect twice or more. 

Given two seam lines ( 1 1 ns v v( , ... )  and 2 1 ms v v( , ... ) ), we summarize solutions to the 

three possible intersection cases as: (a) split 1s  and 2s  into four ( 1as , 1bs , 2as , 2bs ) as 

shown in Figure 7.3(a). Obviously, the head or the end of new seam line would be 

set as the previous or the next vertex of intersection vertex; (b) the intersection point 

is the head of 2s .(c) the intersection point is the head or the end of two seam lines. 

Left strip Right strip 

Start triangle

End triangle

Seam line 

Strip direction 

Seam line 
 Direction 
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This intersection checking is important for two main reasons. First it guarantees no 

overlap of seam in the region of intersection points. Second it ensures the adjacent 

triangles to a seam edge is exclusive. 

 

Figure 7.3: Three Possible Intersections of seam lines. 

7.3.4 Building Triangle Strips 

Given a triangular mesh( ,V Ti j )and a seam line( 1( , ... )S v vn )in sequence as shown in 

Figure 7.2, find triangles adjacent to the seam line and organize them into sequences 

of contiguous triangles called strips, each beginning at the start triangle and stopping 

at the end triangle. The triangle/triangle adjacency of a triangular mesh may be 

derived from triangle/vertex incidence table. First, this algorithm tries to find all 

potential triangles adjacent to the seam line. All triangles adjacent to the seam line 

are collected to be potential triangles. Then, the algorithm tries to specify a 

reasonably good start triangle and end triangle for each triangle strip. Finally, the 

sequences of triangles are sorted for the left and right strips. 

7.3.4.1 A Singular Case 

A triangle strip is a sequence of triangles in which adjacent triangles share an 
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edge. It should be noted that a triangle in the strip has only one next triangle and one 

previous triangle in the triangle sequence except the head triangle and the end 

triangle. A problem may arise if a triangle has two next triangles, which may happen 

if a vertex has three neighbor triangles as shown in the left of Figure 7.4. We may 

improve it by rebuilding the mesh to check if there is a vertex containing three 

neighbor triangles as shown in the right of Figure 7.4. If so, it is necessary to delete 

this vertex and its three neighbouring triangles and to rearrange a new triangle to the 

triangle strip. 

 

Figure 7.4: A Singular Case. Left: All Triangles Divaricating in the Triangle 

Sequence before Mesh Rearrangement. Right: One-by-one Triangle Sequence 

after Mesh Adjustment. 

7.3.4.2 Specifying Start Triangles and End Triangles 

Along the seam line, there are two triangle strips, each beginning at the start 

triangle and stopping at the end triangle. Before creation of triangle strips, features of 

seam cutting in garment mesh should be categorized into three types of feature 

groups: straight dart seam, cut seam and double-pointed dart seam, depending on 

whether or not a seam is opened both on a boundary of the mesh, one inside the 

mesh and one on the boundary, or both inside the mesh as shown in Figure 7.5. For 

example, if one side of a straight dart seam is opened at the boundary, and if a 

boundary triangle (containing two boundary vertices) is adjacent to the first or the 

last seam edge, this triangle would be determined as a start triangle or end triangle; 

otherwise two neighbor triangles to the first or the last seam edge would be set as it 
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is a start triangle or end triangle.  

 

Figure 7.5: Seam Opening. Left: Straight Dart Seam. Mid: Cut Seam. Right: 

Double-pointed Dart Seam. 

We identify three situations: both the start triangle and the end triangle are on 

boundary (Figure 7.6), both are in the interior of the mesh (Figure 7.7), and have one 

side on the boundary and the other side in the interior (Figure 7.8). The algorithm 

tries to find a reasonably good start triangle and end triangle for each triangle strip. 

Figures 7.6-7.8 give three examples to demonstrate the determination of a start 

triangle and end triangle. If a triangle is on the boundary and if it is adjacent to the 

seam edge, this triangle would be determined as a start triangle or end triangle. 

 

Figure 7.6: Start triangles and End triangles. Case of Cut Seam: Both Sides on 

the Boundary. 

 

Figure 7.7: Start triangles and End triangles. Case of Straight Dart Seam: One Side on 

the Boundary and Another in the Interior. 
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Figure 7.8: Start triangles and End triangles. Case of Double-pointed Dart 

Seam: Both Sides in the Interior. 

7.3.4.3 Remove Unnecessary Triangles from Potential Triangles 

Seam strips are created from all feature points and line segments of seam line. A 

seam line will generate two triangle strips by searching these feature points and line 

segments of seam line. All triangles adjacent to these feature points and line 

segments are collected to be potential triangles. However, these potential triangles 

may include unnecessary triangles, including triangles in different triangle strips. In 

order to remove these unnecessary triangles, it is important to make certain the start 

triangle and the end triangle of the triangle strip. After start triangles and end 

triangles have been determined, the unnecessary triangles should be got rid of from 

the list of potential triangles.  

As shown in Figure 7.11c, the unnecessary triangles can be determined by 

searching for the neighbouring triangles of the head or the end vertices on seam lines 

according to the ways of seam opening.  

7.3.4.4 Partition the Left Strip and the Right Strip 

The residual triangles may be partitioned into the left strip and the right strip, and 

each of them is sorted as a sequence of triangles. 

It is always possible to partition a collection of triangles T into left part lT  and 

right part rT according to seam line S .Seam line is a collection of 
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vertices 1V ,… nV with sequence, where a line segment such as 1i iV V− has two 

neighboring triangles lT and rT (Figure 7.9). Because line segment ii VV 1−  has a 

direction, it is easy to distinguish the left part and the right part. A triangle iT has 

three neighboring triangles aT , bT , and cT . If a triangle belongs to a right strip, the 

three neighboring triangles will mark the right strip except for these three 

neighbouring triangles has been marked as left strip. 

        

Figure 7.9: Neighbouring Triangles along a Seam Line. Left: Three 

Neighbouring Triangles of a Triangle. Right: Two Neighbouring Triangles of a 

Line Segment. 

7.3.4.5 Sorting Triangle Sequences for the Strips 

Because we have partitioned the left strip and right strip, the sorting of triangle 

sequences in a triangle strip could be done by finding the next triangle from the start 

triangle to the end triangle in the collection of triangles. 

We use the term triangle sequence to designate sequential triangles, as well as its 

generalizations and sorting. A triangle sequence defines an order relation on the set 

of triangles of a mesh. It is always possible to sort a triangular mesh TM  adjacent to 

seam line into a collection of triangles 1T ,… nT , such that each iT  is a triangle 

sequence.  

The sequence defines an order on the triangle sequence iT  : triangles in the same 
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triangle strip are related according to their order in the sequence; a triangle has only 

one next triangle and one previous triangle. Triangles in different triangle strips are 

not related. Figure 7.10 shows the triangle sequence in a strip. Beginning at the start 

triangle, each subsequent triangle is adjacent to its previous triangle until matching 

the end triangle. 

 

 
Figure 7.10: Triangle Sequence in a Strip. 

7.3.4.6 Algorithm for Building Triangle Strips 

Referred to Figure 7.11, we give an algorithm for building triangle strips. 

 

Figure 7.11: Building triangle strips. (a) Initial mesh with seam lines. (b) 

Searching for potential triangles adjacent to seam lines. (c) Specifying start 

triangles and end triangles. (d) Two strips partition for a seam. (e) Sorting 

triangle sequences for the strips. 
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Table 4: Algorithm for Building Two Triangle Strip for a Seam Line. 

Require: build adjacency for vertices, triangles, edges and seam 1( , ..., )ns v v , check 
intersection and particular case. 

Collect potential triangles 

1. for all vertices in s do 

2. Collect potential triangles Tp for s  

3. end for 

Specify start triangles and end triangles 

4. if 1v or nv is on boundary  

5. Search for triangles containing two boundary vertices from adjacent triangles of 

1v or nv . 

6. Set start triangle and end triangle for the left strip and the right strip 

7. else  

8. Set two adjacent triangle of the first seam edge or the last seam edge for the left 
strip and right strip as start triangle or end triangle. 

9. end if 

Remove unnecessary triangles from potential triangles Tp  

10. for potential triangles Tp do 

11.   for all adjacent triangles of nv do 

12.   Remove unnecessary triangles from   potential triangles Tp for s  

13.   end for 

14. end for 

Two strips partition for a seam 

15. Set potential triangles Tp flag -1 

16. for all seam edge do 

17. Set two adjacent triangles of a seam edge. flag: left: 1.right:2  



Chapter 7:             Generating Seams and Wrinkles for Virtual Clothing 

-      - 156

18. end for 

19. for all potential triangles Tp do 

20. Judge form the flag of adjacent triangles to classify the left or the right 

21. end for 

Sort triangle sequences for the strips 

22. for the left triangles or the right triangles do 

23. Begin from start triangle to find the next triangles and stop at the end triangle 

24. end for 

7.3.5 Building Seam Cells 

Seam cells help us to control the size of seam such as seam width and seam 

thickness and thus to position different layers of seams. The thickness of a cell is 

determined by the seam thickness. In the left of Figure 7.12, there is an error prong 

when a larger seam width is set. The dimension of seam is far smaller than the size 

of garment. Therefore, we set the width of cell as min lη ∗ , where min l  is the 

minimum length of all the adjacent edges to a seam line and 0 1( , )η  is an adjustable 

coefficient as shown in the right of Figure 7.12. This guarantees that the seam is 

located within the region of triangles strips. 

 

Figure 7.12: The Width Setting of Seam Cells. Left: An Error Prong When a 

Larger Seam Width. Right: The Correct Width Setting of Seam Cells. 

We have found the right triangle strip and the left triangle strip along a seam line. 

The appreciative approach is to build seam cells according to seam type and seam 

lmin
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structure. In Figure 7.13b, the garment is split up in two along the seam edge and 

stepped up with a height of the seam. Two types of seam cells are built attached to 

the corresponding triangle of the strip (Figure 7.13e). 

As shown in Figure 7.13, there are left triangle strip and right strip along the seam 

line. For the following example, we need only a row of seam cell associated with the 

left triangle strip (Figure 7.13f). Each triangle has an associated seam cell. The seam 

cell has two basic shapes as shown in Figure 7.13e, which associated with two basic 

geometries. 

In Figure 7.13b, the garment is split up in two along the seam edge and stepped 

up with a height of the seam. Two types of seam cells are built attached to the 

corresponding triangle of the strip. 

 

Figure 7.13: Seam Structure and its Seam Cell. (a) Triangle Strips and Seam 

Cell for Left Triangle Strip. (b) Splitting the Mesh along the Seam Line and 

Stepping up the Vertices on the Left Triangle Strip. (c)Different Layers of 

Seam. (d) Seam Type and its Structure. (e) Two Types of Seam Cells. (f) Top 

View of Seam. 

7.3.6 Building Seam Mesh 

We propose a coarse-to-fine seam mesh building that works as shown in Figure 
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7.14 and Figure 7.15. In the left of Figure 7.14, the surface is split in two along the 

seam line. Each vertex on the seam line would be set as a needle hole. Different layer 

of seam at the needle hole should be inserted a vertex.  

     

Figure 7.14: Building Seam Mesh for a Cut Seam. Left: Mesh Split in two along 

the Seam Lines .Mid: Coarse Mesh. Right: Fine Mesh. 

 

Figure 7.15: Building Seam Mesh for a Straight Dart Seam. Left: Mesh Split in 

Two along the Seam Lines. Mid: Coarse Mesh. Right: Fine Mesh.  

Consider a single seam loop, which corresponds to an edge of seam line. The two 

ends would be set as needle holes of the seam. We split such edges e.g. by doing a 1-

to-4 split (i.e., insert three vertices on the edge and connect them to the inserted 

vertices of the adjacent triangles) in finding sound rules that will help apply the seam 

model on an irregular mesh as shown in the right of Figure 7.14 and Figure 7.15. 

When the geometry of the seam is applicable, a scheme for mesh subdivision will 

be initiated. The garment mesh including seam will be refined to satisfy the seam 

model. The stitch position and stitch sequence will also be stored for application of 

the seam model. 

Seam  
cells 

Seam  
cells 

Needle holes Needle holes 

Seam  
cells 
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7.3.7 Main Steps for Seam Mesh Building 

Now we summarize the main steps for seam mesh building. 

Step 1: Check the seam line to determine the type of feature group. 

Step 2: Check the vertices to determine if there exists vertex containing three 

neighbouring triangles. If so, delete the vertex and its three neighbouring triangles, 

and rearrange the mesh and seam line. 

Step 3: Search for seam line to find potential triangles neighbouring the seam line 

and determine the two starting triangles and two ending triangles for each seam line. 

Step 4: Remove unnecessary triangles and partition these triangles into left and 

right group. 

Step 5: Sort these triangles to build left triangle strip and right triangle strip for 

each seam line. 

Step 6: Build seam cells for each triangle according to seam type and seam 

structure. 

Step 7: Add some vertices and triangles for building layers of seam to integrate 

with garment mesh. 

7.4 Implementation and Results 

7.4.1 An Example of Skirt with Structured Mesh 

Consider a simple example of a skirt with structured mesh for seams. The skirt 

consists of three parts: the waistband, the upper part and the lower part. Among them, 

the waistband and the upper part are attached by waistband seam. Taking into 
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account the geometrical properties of the two seams, a structured seam mesh has 

been generated. The profile of the seams is built by the Bezier curve, thus, the skirt is 

represented by seam mesh with the appropriate seam type. The mesh used for the 

simulation consists of 19,400 vertices and 37,800 triangles as shown in Figure 7.16. 

 

Figure 7.16: The Geometry of Structured Seam Mesh for a Skirt. 

Figure 7.17 shows the simulation results of structured mesh when skirts are 

exerted an excessive shrinkage in the longitudinal direction. 

 

Figure 7.17：Wrinkle Generation for a Structured Mesh (Skirt: Nv=19400, 

Nt=37800). 

Seam Type: 
Side-seam 

ISO 4916 
2.02.03 

Seam Type: 
Waistband 
ISO 4916 

3.05.01 
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7.4.2 Seam for Unstructured Mesh 

We have implemented an operation that employs the mesh subdivision method 

described in Section 3.6 to compute the refinement of seam. In Figure 7.18, the left 

shows the initial mesh of garment. In order to apply the seam model and to generate 

wrinkled appearance, the garment mesh should be subdivided into fine mesh as 

shown in the mid figure. The right shows the enlarged figure of seam. 

We now present some examples of seam mesh building computed using the 

algorithm mentioned in this Chapter. The algorithm produces satisfied results 

compared with original garment mesh where garment pieces are sewn and merged 

resulting in seamless joints as shown in Figure 7.20. Figure 7.21 demonstrates 

transparent silhouette of seams. Our seam building technique could extend to 

arbitrary mesh. When picks up arbitrary two points on the mesh as shown in Figure 

7.22, a seam mesh will be built along the shortest path.  

 

Figure 7.18: Mesh Subdivision. Left: Initial Mesh. Mid: Smoothed Surface. 

Right: Enlarged Figure of Seam. 
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Figure 7.19 demonstrates steps for the seam mesh building. 

    

 
Figure 7.19: Three Steps for Constructing Seam Mesh. Top Left: Building Seam 

Cells. Top Right: Splitting the Seam. Bottom: Building Different Layers of 

Seam Mesh. 

 

Figure 7.20：Comparison of Rendering Effect. Left: Sewn Trousers Mesh 

without Seam. Right: Trousers Mesh with Seam. 
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Figure 7.21: Transparent Silhouette of Seams. 

         

Figure 7.22: Seam Building Technique for an Arbitrary Mesh. Left: The 

Shortest Path between Two Arbitrary Points on the Mesh. Right: Seam Mesh 

Building and Rendering. 

We perform two examples for generating wrinkles of unstructured mesh. Figure 
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7.23 and Figure 7.24 show the simulation result of trousers. Figure 7.25 presents the 

simulation result of a skirt. It must be pointed out that a well appearance of wrinkle 

depends on the mesh quality and the quantity of triangles. In our simulation, it is 

difficult to simulate a mesh with a larger number of triangles because of the 

limitation of collision detections. 

 

Figure 7.23: Wrinkle Generation for Trousers (Trousers: Nv=18531, 

Nt=35551). Left: Front View. Mid: Side View. Right: Back View. 
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Figure 7.24: Wrinkle Generation for Trousers. Left: Top View with a Mesh 

(Trousers: Nv=18531, Nt=35551). Right: Side View with a Mesh (Trousers: 

Nv=3075, Nt=5611). 

 

Figure 7.25: Wrinkle Generation for a Skirt (Skirt: Nv=22625, Nt=21815). Left: 

Side View. Right: Front View. 
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7.5 Summary 

The key to applying the seam model in Chapter 6 is constructing seam meshes. 

We present a robust algorithm for building seam mesh. Finally, we have successfully 

extended the previous method of seam puckering that handles the special case of 

animating multiple layers of seams placed on the surface of the sewn garment. In our 

experiments we demonstrate the rippled appearance of tension puckering and 

wrinkle appearance of garments. 

Different seam types have certain common application for different purposes. In 

our application, the seam type (ISO 4916 2.02.01) is suitable for joining garment 

pieces together. For this reason, w give only an example of seam building suitable 

for ISO 4916 2.02.01 seam type. However, our seam mesh building technique could 

extend to other seam types. 

In most garment animations[113, 153], no seam building techniques are used. As 

a result, no seams appear in the region of joints as shown in Figure 7.26. Our 

technique could extend to garment animation. We could store the information of 

seam line and triangle strips at the beginning. During the end of each frame, a seam 

mesh building scheme could be performed for the purpose of rendering.  

The application could be extended to accessories, such as yoke, pocket and front 

overlap. 
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Figure 7.26: Snapshots from Walking Animation Reproduced by Oh et al [153]. 

 

No seam  
at the joints
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Chapter 8:  
Conclusions and Future Work 

 

8.1 Conclusions 

The virtual sewing is performed in three stages: the pre-processing stage, sewing 

stage, and post-processing stage. The main function of the first stage is a geometrical 

definition of the garment parts and sewing information while the second stage 

performs the sewing scheme of possibly assembling different panels, thus making 

fitting results of garment closed to the virtual human body. The post-processing stage 

includes all of the analysis of the results produced from the sewn mesh such as 

generating wrinkles via seams and mesh subdivisions. 

In this thesis, we focus on a method for sewing 2D panels to form a geometrically 

complex 3D garment; in particular we successfully extend the sewing method to a 

special case - collar sewing. Additionally, our seam pucker model caused by tension 

of 301 lock stitches in Chapter 6 demonstrates wrinkled appearance of seam pucker, 

and is also applied to the garment case in Chapter 7.  

2D panel design represents the pre-process of virtual sewing. In this thesis, we 

address the problems of simple measurement of the human body for acquiring the 

control sizes for accurate panel design and the concept of panel Prepositioning, and 

we also introduce the generalization of polygonal panels: the basic patterns that can 

be used as a type of rules and guides that accurately control the shape of panels, and 

panel discretisation. An important issue in Chapter 3 is the concept of sewing 

information, which indicates where sewing action will take place. Interactive tools 

are also provided for special purposes such as splitting the panels, generating 
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accessories. 

The use of a simple measurement technique for the human body and the 

introduction of basic pattern make it possible to accurately design 2D polygonal 

panels in Chapter 3. Such an approach has the advantage of sizing accuracy for 

panels and design speed for complicated garment that flat pattern design is widely 

used in the garment industry. Our acquisition of sewing information benefits from a 

shortest path of Dijkstra’s algorithm and mesh subdivision algorithm. In order to 

improve the mesh quality of panels, the panel meshes could be smoothed by 

Laplacian smoothing technique.  

Our sewing method is based on a mass-spring model and sewing spring elasticity 

to assemble different garment pieces. In Chapter 4, we introduced the mass-spring 

model for garment first, and then we proposed a sewing method for assembling 

garment panels by comparison of different sewing method and sewing situation to 

rationalize our sewing method. Furthermore, we employ increasing sewing stiffness 

and damping effect to eliminate problems such as too-large sewing forces, instability 

of the system due to a too-large spring length in the geometry. We also highlighted 

problems such as the energy distribution, increasing sewing stiffness, etc. 

We have presented a novel algorithm on collar deformation for processing 

complex shapes such as the folding for multi-layer collars. In Chapter 5, we give 

sewing solutions for collars belonging to the different collar classification. Foremost 

among the advantages of our approach are that the distortion can be decreased even 

if they are inevitable and thus the collars can be positioned around the neck region 

correctly. None of the previous work is capable of dealing with situations like this. 

This success is made possible by using the sewing approach to process the multi-
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layer situation and thus give good control of the deformation when multi-layer 

collars are sewn onto the neckline on garment. Some techniques such as Dijkstra’s 

algorithm for the shortest path and Laplacian smoothing algorithm help us to fold, 

group, and thus deform the collar easily and automatically. In the future, we would 

like to apply B-Spline to improve positions of folding line. This would still allow 

accurate positioning of the folding line and could be achieved through a more 

sophisticated algorithm using vertex projection.  

We have proposed a seam model for the case of tension puckering cause by 301 

lock stitches. The reason for seam pucker has been investigated and a theoretical 

analysis of seam structure has been performed. Based on the analysis, we proposed a 

simplified seam model in favour of integration of the thread tension model to the 

mass-spring model. The thread tension action can be simplified as knot springs, 

compression springs, and thread springs. Different levels in the stiffness of knot 

springs, compression springs, thread springs and the springs of the mass-spring 

model (structural springs, bending springs) could simulate different puckering 

situations. In total three types of seam are simulated, presenting wrinkled appearance 

cause by tension pucker. In order to investigate seam pucker in real circumstances 

and to validate our seam model, a simple experiment has been carried out. The 

phenomenon of seam pucker is complex to predict the configuration of seam pucker, 

the area of which appears to be another fruitful area for future research. 

Finally, we have successfully extended the previous method of seam pucker that 

handles the special case of animating multiple layers of seams placed on the surface 

of sewn garment. In our specific implementation, we have used a skirt with 

structured mesh for the wrinkled appearance of garment. Structured mesh limits our 
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application field so that we can only carry out simple example such as skirts. 

However, it is important to note that our method can extend to 3D garments. A more 

sophisticated approach would be application on the unstructured garment mesh. To 

do this, it is necessary to build a seam structure based on the garment mesh along 

seam lines to facilitate application of the seam model. Our seam building technique 

can extend to garment animation that a seam mesh is built and rendered at the end of 

each frame; nevertheless, the underlying mechanism is same. 

The foremost conclusion of virtual sewing for garment must be that the successful 

sewing is extremely dependent on the initial position of the garment panels. How to 

eliminate the problems such as stability of the system, prepositioning of panels and 

generating of wrinkled appearance would be very important in the construction of a 

geometrically complex garment. 

8.2 Limitations 

The premise of garment sewing is that the mass-points are pulled by a series of 

stretched springs, which will recover to their normal length set previously. This 

method seriously relies on the initial position of panels. Sewing will run smoothly 

when two panels are set closer. However, it is difficult to place panels closer while 

avoiding penetration between panels and human body or among different panels. 

Another drawback is that our sewing method cannot be applied to special cases such 

as a human with posture of leg bending, rotation as our simulation demonstrated. 

This makes it difficult for the initial positioning of panels, since the wrong position 

of panels cannot necessarily be pulled around the human body. Instead, garment 

panels will be repelled away from the surface of the human body because of collision 

detection and reaction. Further study of this problem is necessary, including trying 
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out other methods such as “dressing” for different postures of the human body.  

Even with multi-layer seam pucker, however, it is only suitable for 301 

lockstitches tension puckering. In order to generate realistic wrinkled appearance of 

seam pucker, it is always necessary to generate the fine meshes with a large number 

of vertices and triangles for different seam types in addition to application on 

garment mesh.  

When working with multiple layers of clothing such as collar, good control of the 

different layers is most important. The current situation of collar sewing is that we 

can not control the motion of collar well when collisions occur among different 

layers because then the collision forces make the surface of the collar unflattenable. 

One major limitation of the proposed method for wrinkle generation is that in 

order to generate wrinkles, it is necessary to represent the seam geometry with a fine 

mesh. Thus, it needs too much computation time for collision detection. Therefore, 

this method is not suitable for garment animation in real time. 

8.3 Future Work 

There are several ways to extend this project. The first is to improve methods of 

current 2D panel design and acquisition of sewing information. This might include 

adding more design and editing functions for 2D panel, improving Dijkstra’s 

algorithm for definition of sewing information by restriction of the path search in 

boundary edges suitable for both concave curve and convex curve. 

 The second possible direction is to solve the problem of panel Prepositioning. As 

longer-term work, it might be possible to extend our approach to propose a method 

for the much more general posture situation. As shown in Figure 4.11, when one 
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piece of sleeve is sewn without monitoring the collision, sleeve panel will turn into a 

cylinder sleeve. Now that the most concern is the initial position problem, we could 

pull the cylinder sleeve pass through the surface of bending arm. The path could pick 

up two points on the arm surface, indicating movement of the cylinder sleeve. This is 

a “dressing” process until the sleeve is moved to a suitable position. 

                                            

Figure 8.1: Bump Mapping Method for Overall Wrinkles for Garments. Left: a 

Skirt without Bump Mapping. Mid: a Wrinkle Texture. Right: a Skirt with 

Bump Mapping. 

The third possible direction is to solve the heavy computation problem for seam 

geometry with a fine mesh. One possible improvement is to develop a texture-based 

model to map the wrinkled texture on the garment surface. A wrinkle texture can be 

mapped to the garment surface with bump mapping method as shown in Figure 8.1. 

Wrinkle distribution on the garment surface is heavily related constraints along the 

seam lines. Thus, by detecting the variation of constraints along the seam lines, the 

wrinkle texture can be revised dynamically to form paths of wrinkle distribution by 

the shortest path method. 



Chapter 8:             Conclusions and Future Work 

-      - 174

 

Figure 8.2: Mapping the Seam Mesh to a Garment Mesh. 

Another possible improvement is to map the seam mesh to garment mesh. As 

mentioned above, the application of seam model to the garment mesh is time-

consuming, and cost to real time simulation. However, we could improve it with 

mesh mapping techniques as shown in Figure 8.2. We find the overlap between seam 

mesh and garment mesh, and then subdivided the overlapped triangles on the 

garment surface into a number of sub-triangles. The coordinate of vertices could be 

stored. During the animation, the overlapped triangles are hidden and we update 

these triangles with sub-triangles at each frame. 
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Appendix:  

Solution for Quadratic Equation 

Given two quadrilateral patches ),,,( 4321 ppppP and ),,,( 4
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patches P and 'P in anti-clockwise order. Supposed patch P  deform to patches 'P , 

we have to determine the new position of vertex ),,( ''' zyxp , which is on patches 

'P corresponding to the vertex ),,( zyxp  belongs to quadrilateral patch P . First, we 

should determine the values of u and v for vertex ),,( zyxp . 

 

 

 

 

 

  

According to Equation 5.5  and Equation 5.6, we will get: 
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Equate them and solve them for the value of v . This is a quadratic equation: 

 02 =++ CBvAv , 

Note that 21431 xxxxAx −+−= , 142 xxAx −= , 213 xxAx −= , 14 xxAx −= , 

),,( 3333 zyxp

),,( 1111 zyxp
),,( 2222 zyxp

),,( 4444 zyxp

),,( 1
'

1
'

1
''

1 zyxp

),,( 3
'

3
'

3
''

3 zyxp

),,( 2
'

2
'

2
''

2 zyxp

),,( 4
'

4
'

4
''

4 zyxp



Appendix: Solution for Quadratic Equation 

-      - 176

21431 yyyyAy −+−= , 142 yyAy −= , 213 yyAy −= , 14 yyAy −= , 

1*33*1 AyAxAyAxA −=  

3*21*41*43*2 AxAyAyAxAxAyAyAxB −−+=  

2*44*2 AyAxAyAxC −=  

The discriminant is ACB 42 −=Δ , 

 If 0=Δ , only one real root rv ,  

rvv =  

)2*1/()4*3( AxvAxAxvAxu ++=  

If Δ>0,two real roots 1rv , 2rv .  
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