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ABSTRACT 

 

The fashion industry has continuously flourished with the assistance of evolving 

technologies. Virtual fitting is one of these important technologies, which simulate the 

wearing effect of a clothing product on computers. For the customer end, virtual fitting 

technology facilitates clothing selection in online shopping as consumers can visualise the 

clothing fit before purchase. On the other hand, virtual fitting technology also supports and 

streamlines the product development process of the fashion industry. 

Virtual fitting or clothing simulation is an active topic of research in the fields of 

computer graphics and fashion technology, although with different research focuses. The 

fashion technology community has the primary interest on simulation accuracy of virtual 

fitting. However, most existing virtual fitting solutions simulate clothing against a standard 

virtual mannequin, not on a 3D model with customised shapes and sizes of individual 

customers. This is partly because of the limitation of current human modelling technology, 

which tends to generate human models of average shape. Another reason is that most 

existing garment simulation solutions involve tedious user interactive operations to 

correctly position different clothing around human models before simulation. Moreover, 

the quality of simulation is only subjectively assessed, usually by visual inspections. There 

are no quantitative metrics defined to measure the simulation accuracy objectively. 

With an integration of the recent advancement in human model customisation 

technology, a new framework for intelligent virtual fitting is proposed in this research study. 
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A prototype system is developed involving four integrated modules, namely human 

modelling module (HMM), pattern design module (PDM), garment simulation module 

(GSM) and garment rendering module (GRM).  

The key research developments of this study are mainly on GSM, in which 

preposition methods are proposed to automatically and accurately layout pattern pieces of 

different clothing designs in 3D space around human models of various sizes and shapes. 

Two garment simulators based on finite element model (FEM) a physical-based approach 

(FEM-GS) and a hybrid approach (Hybrid-GS) are constructed for automated garment 

simulations on customised human models. In addition, quantitative metrics are defined in 

this project to evaluate the simulation quality or accuracy. With the defined metrics, a 

comprehensive experimental evaluation is carried out to compare the two garment 

simulators FEM-GS and Hybrid-GS. By selecting suitable garment simulators, the 

accuracy of garment simulation can be ensured or maximised. Lastly, a workflow is 

suggested to the fashion industry for the selection of garment simulators by analysing 

clothing styles and fitting information. 
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CHAPTER 1. INTRODUCTION 

 

1.1 Virtual Fitting Technology and Its Impacts 

1.1.1 The value to the fashion industry 

Because of digital and Internet technologies, the multibillion-dollar fashion 

industry has been growing with full momentum in recent years; this is reflected by the ever-

changing fashion styles and increasing sales performance of fashion products worldwide. 

Traditionally, garments are designed, cut and sewn from fabrics, and then shipped to retail 

stores every season. It usually takes several months from design, to production and 

eventually to store delivery. However, the drastic change of the fashion supply chain over 

the past two decades has resulted in a shortened product development cycle, from months 

to weeks. Now, the industry norm is that new styles and new products must be introduced 

to stores a few times a month or every one or two weeks. As a result, fashion enterprises 

are under a lot of pressure to re-engineer or optimise their business operations so as to 

speed up their products’ time-to-market. 

Virtual fitting technology is adopted as a method to accelerate the fashion product 

design and development processes. With virtual fitting technology, designers can review 

the try-on effects of a piece of clothing on a virtual dummy on a computer screen, without 

producing physical samples. The technology, on one hand, can help fashion companies 

save time and material costs for repeated sampling. On the other hand, the technology helps 

fashion companies streamline their operations and better manage their intellectual property 

(namely, product designs and clothing patterns), as all clothing patterns are designed, 

iteratively fine-tuned and confirmed using the technology. 
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1.1.2 The value for general consumers 

Clothing not only serves as protection against physical dangers and keeps the body 

warm, it is also a form of self-expression that people use to express their social status and 

aesthetic value, and to compensate for faults or flaws in their figures. All these contribute 

to the rapid growth of fashion sales. The growth rate exaggerates further because of the 

advancement of Internet technologies. Nowadays, customers can conveniently review 

newly released fashion products anytime and anywhere using a device connected to the 

Internet.  Today’s fashion market has entered an e-commerce age, and it is reflected in the 

fact that the growth rate of online sales for apparel products have continuously outpaced 

that of the offline figures over the past few years (China-trade-research, 2018). 

However, despite the huge success of e-commerce and mobile commerce, the 

traditional online clothing trade still suffers from a frequent ‘fit’ dilemma. This means that 

people often find the fit of the clothing products that they ordered online is not satisfactory, 

and they have to send the goods back for return. Clothing fit is one of the key reasons for 

the alarming return rate, between 20% and 40%, of clothes that are online purchased. The 

most frequent complaints about online purchases are related to size and fit, because 

consumers cannot touch or try on the product in person when they shop online. 

Virtual fitting technology tries to address the question of whether the clothing item 

shown in an online store fits a customer’s body. Virtual fitting applications enable users to 

view themselves wearing different clothes without physically trying them on, thus helping 

users to quickly judge how the clothing would look when worn. This also, in turn, promotes 

sales efficiency (Hauswiesner et al., 2013). Divivier et al. (2004) confirmed that online 

stores can lower product return rates if virtual try-on applications are employed. 
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In short, virtual fitting technology not only supports general consumers in their 

online shopping of fashion goods, but also supports the fashion industry by streamlining 

and optimising the design and product development processes. 

 

1.2 Known Issues of Virtual Fitting 

The definition of virtual fitting is to establish a correspondence between designed 

clothes and a virtual human model, simulate garment behaviours under both internal and 

external forces and its interaction with the human model and visualise the final try-on result 

in a 3D space on a computer screen.  Therefore, virtual fitting must address both the 

modelling of human subjects and the modelling of garment products in a 3D space. 

Although a number of existing methods and approaches have been reported in the literature 

for the modelling of human subjects and clothing products, there are known problems with 

these methods that restrict the development and widespread adoption of virtual fitting. 

These problems and technical challenges can be summarised as relating to (a) modelling 

individual persons and (b) complex operations relating to clothing/garment modelling. 

 

1.2.1 Known issues of modelling individual persons 

All existing virtual fitting systems, either for clothing product development or 

online shopping, involve the modelling or customisation of a virtual human model. In most 

cases, body measurements are input for model customisation. For example, Fits.me allows 

users to input their body measurements to develop a virtual avatar representing the 

individual so as to receive fit and size recommendations. As shown in Figure 1-1, the 

measurements needed for avatar customisation include height, bust, waist, hips and arm 
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length. The level of details, namely, the number of measurement inputs, vary among 

different platforms and solutions. 

It is important to note that customising avatars using measurement input has a 

number of drawbacks. Firstly, customers are not professional tailors, and thus errors are 

likely to be introduced in the process of collecting body measurements. In fact, accurately 

measuring a subject needs years of professional training, and variations between measurers 

are often unavoidable due to the nature of manual operation. Secondly, avatars are 

customised by deformation using measurement inputs. Deforming an avatar with a limited 

number of measurements tends to generate models with average shapes. These average 

figures cannot capture the shape characteristics of individual people, in result if clothing is 

virtually tried on such average avatars can provide limited cues on the clothing fit to 

individual customers. 

 

 

Figure 1-1 Users can input a number of measurements to customise an avatar (Fits.me, 

2017) 
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1.2.2 Known issues of modelling 3D garments 

In the literature, the modelling of 3D garments follows two approaches: 3D-to-2D 

and 2D-to-3D approaches (Meng et al. 2012). The former directly creates 3D objects as 

garment models, which will be flattened to give the shape of 2D clothing patterns. The 

latter matches how a physical garment is created, in that 2D clothing patterns pieces are 

virtually sewn up as 3D garments. The detail of the two approaches will be reviewed later, 

in Chapter 2. In this study, we focus on 2D-to-3D approaches for generation of 3D garment 

models, as this is the mainstream approach for garment simulation and also the approach 

adopted by all commercial garment simulation softwares, such as OptiTex (New York, 

USA), vStitcher (Browzwear Solutions Pte Ltd.), Lectra (Paris, France), Gerber 

Technology (New York, USA), CLO3D (South Korea) and Tukatech (Los Angeles, CA). 

Here, we demonstrate the process flow of generating 3D garments with a 2D-to-3D 

approach using OptiTex software. All other commercial or research methods have similar 

operations. 
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Figure 1-2 3D avatar, 2D pattern pieces and seam definition (OptiTex Solution) 
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Figure 1-3(b). The preposition of the pattern pieces is fundamentally important and affects 

the final try-on result. Pattern pieces must be arranged in a good position that is close to 

the avatar before initiating the try-on/sewing simulation, as shown in Figure 1-3(c), to 

avoid tangling and collision and to ensure successful creation of 3D garments. The 

preposition of the 2D pattern pieces determines the final try-on and drape effect, as shown 

in Figure 1-4. The 3D prepositioning operations involve a lot of user intervention, and the 

operations are often tedious and time-consuming. 

(a)                                              (b)                                                   (c)  
Figure 1-3 Prepositioning pattern pieces around 3D avatar: (a) initial position definition; 

(b) 3D manipulation of pattern pieces; (c) final preposition result (OptiTex 

Solution) 
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hardware configurations, the simulation takes from a few seconds to several minutes, and 

3D garment mesh models are obtained at the end of the simulation, as shown in Figure 1-4, 

which visualise the try-on effects of the garment on the avatar. It is important to note the 

final simulation effects depend on the initial state, namely, how patterns are positioned 

before sewing simulation. 

 
Figure 1-4 Virtual try-on effect (OptiTex Solution) 
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operations in prepositioning and how it affects the final try-on effects. Second, current 

systems all adopt physical-based simulation to generate try-on effects. Physical-based 

simulation is computationally expensive and time consuming. The final simulation effects 

very much depend on the initial state, and a trial-and-error approach is used to preposition 

the pattern pieces to generate 3D garments. To the best of our knowledge, no real-time 

garment simulation has yet been achieved. Third, all simulations are on standard 

mannequins instead of on customised human models. 

 In this thesis, we focus on addressing these three known issues of the current 

technology. It is noted that the fabric properties also have influence on the final simulated 

results, yet such influence is not investigated in this study. 

 

1.3 Statements of the Problem 

As discussed above, virtual fitting technology is an important technology that 

supports both upstream and downstream processes of the fashion supply chain. Upstream 

of the fashion supply chain, garment manufacturers can apply the technology to streamline 

the product development process and shorten their products’ time-to-market.  Downstream 

of the fashion supply chain, the technology is ready to apply in e-tailing, allowing 

consumers to visualise the try-on effects before purchase, in turn lowering the product 

return rates. 

However, the existing virtual fitting technology has known issues or drawbacks. 

First, all existing systems simulate virtual fit on standard mannequins, instead of individual 

customers’ human models. This provides consumers with limited cues as to how the 

garments will fit on their bodies, because there are large differences in shape and size 
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between standard mannequins and individual customers.  Second, although some systems 

provide an avatar customisation function, the resulting avatars have average figures that do 

not adequately capture the shape characteristics of individuals. Third, with a customised 

avatar, the garment modelling process involves complex and tedious operations from 

pattern input to seam definition and pattern prepositioning. Manual operations or trial-and-

error are used to generate 3D garments, even on standard mannequins. Fourth, the garment 

simulation is computationally expensive, which restricts the development of real-time, 

web-based applications. 

1.4 Research Aims and Objectives 

This study aims to develop an intelligent virtual fitting (IVF) system or platform by 

integrating and optimising garment modelling with human modelling technology. The IVF 

system is proposed to establishing accurate correspondences between designed clothes 

and the body models of individual customers automatically, with an optimised workflow 

for garment simulation. State-of-the-art garment simulation methods and human modelling 

methods are employed.  The proposed IVF system focuses on allowing clothing patterns 

to be quickly dressed on customised human body models with minimum setup or 

interactions.  

This study also investigates the efficiency and accuracy of garment simulation, 

from which suggestions are given to choose from between different technologies to 

maximise the effectiveness of virtual fitting. 

The specific research objectives of this study include: 

i. To comprehensively review relevant technologies for virtual fitting, namely, garment 

simulation technology and human modelling technology. 
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ii. To design a complete system/platform to realise and visualise automatic virtual 

fitting simulation. 

iii. To design appropriate human model representations that support automatic garment 

simulation. 

iv. To describe the pre-processing of clothing patterns before garment simulation, where 

algorithms are developed to process industrial clothing patterns into a format, with 

minimum user interactions, and facilitate later automatic prepositioning and garment 

simulation. 

v. To develop and optimise methods for pattern prepositioning so as to realise automatic 

garment simulation on customised human models. 

vi. To realise automatic virtual fitting on customised human models using the Finite 

Element Method (FEM) garment simulation method. 

vii. To achieve automatic virtual fitting on customised models using a hybrid garment 

simulation method. 

viii. To define metrics and methods for objective evaluation of garment simulation 

accuracy. 

ix. To conduct an experimental evaluation of selected styles so as to identify the optimal 

pipeline of clothing simulation which maximises the simulation accuracy. 

x. To provide feasible suggestions for the industry on virtual fitting. 
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1.5 Research Contributions and Thesis Organisation 

In this study, an intelligent virtual fitting system is proposed that seamlessly 

integrates human modelling technology and garment simulation technology, as shown in 

Figure 1-5. The proposed IVF system bridges the gap in current virtual fitting technologies 

caused by the use of inaccurate digital human models in the simulation. The proposed IVF 

system also tackles another known issue of existing virtual fitting technologies: the fact 

that tedious user interactions are required. 
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The major contributions of this study are summarised as follows: 

(1) Automatic prepositioning methods proposed in the study enable precise initial 

positioning without user interaction. 

(2) Human model representation is defined to facilitate automatic prepositioning and 

garment simulation. 

(3) A pattern design module (PDM) is described to extract shape and necessary 

features from industrial patterns, arrange the 2D position and define seams for 

garment simulation. 

(4) Virtual garment simulation is achieved by developing garment simulators based on 

FEM technology and the hybrid method, namely FEM-GS and Hybrid-GS. In this 

study, we focused on developing automatic prepositioning methods, streamlining 

the process to realise automatic garment simulation on customised human models 

with minimum user interaction. 

(5) A quantitative accuracy metric is defined for objective evaluation of garment 

simulation accuracy. 

 

The remainder of this thesis is organised as follows:  Chapter 2 discusses the state-

of-the-art virtual fitting technologies in detail. This is to address the defined research 

objective (i). To address to defined objectives (ii) to (iv), Chapter 3 first gives an overview 

of the proposed IVF system. Subsequently, it describes the integrated modules of IVF in 

detail, namely, the human modelling module (HMM), the pattern design module (PDM) 

and the garment rendering module (GRM), as well as outlining their relationships with the 

core development of this study, namely, garment simulation modules (GSM). The building 
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blocks of GSM are two garment simulators: the Finite Element Method garment simulator 

(FEM-GS), adopting a physical-based approach for garment simulation, and the other 

adopts a hybrid approach of physical and geometrical simulation, Hybrid-GS. The detailed 

method and relevant results of FEM-GS are presented in Chapter 4, where a prepositioning 

algorithm is developed to realise automatic FEM-based garment simulation. Chapter 4 

addresses the defined objectives (v) and (vi). Similarly, the detailed method and relevant 

results of Hybrid-GS are presented in Chapter 5, addressing the defined research objectives 

(v) and (vii). With the two garment simulators, we propose metrics to quantitatively 

evaluation the garment simulation effectiveness, and we present experimental evaluations 

of the two garment simulators in Chapter 6, addressing the defined research objectives (viii) 

and (ix). Chapter 7 concludes the research findings, providing possible directions for future 

research and suggestions for the fashion industry for the implementation of virtual fitting, 

addressing the defined research objective (x). 
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CHAPTER 2. LITERATURE REVIEW 
 

As discussed in Chapter 1, this study aims to develop an integrated intelligent 

virtual fitting system that try-on garments on 3D human models of diverse sizes and 

shapes efficiently and automatically. We will review relevant technologies about virtual 

fitting in this chapter. Firstly, an overview of the virtual fitting technology and the key 

research approaches are reviewed summarised in Section 2.1. Next, the supporting 

technologies, namely, human modelling and garment simulation, are discussed in detail 

in Sections 2.2 and 2.3, respectively. Lastly, we review some integrated system 

architectures, including commercial applications and academia systems, for virtual 

fitting involving both human and garment modelling.  

 

2.1 Virtual Fitting: An Overview on Research 

Approaches 

Virtual fitting, described as ‘where customers can choose garments and try on 

3D mannequins or avatars that are adjusted to their body measurements’ (Lim, 2009), 

is a popular research topic in computer graphics and textile technology. Virtual fitting 

systems are computer systems/solutions help customers understand how the garments 

look like while on their bodies (Kartsounis et al., 2003). Virtual fitting systems simulate 

a physical experience that customers try on clothing for product-fit evaluation (Kim & 

Forsythe, 2008).  
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In order to simulate clothing on 3D human models, different methods were 

proposed, which can be classified into two categories: (1) fitting 2D patterns to 3D 

characters; (2) creating 3D garment models directly on 3D human models. For the first 

class of methods, also named as 2D-to-3D pipeline as shown in Figure 2-1, a virtual 

fitting process usually starts from creating an avatar using a subject’s body 

measurements, followed by a number of interactive 3D operations for selecting and 

positioning clothing pattern pieces around the avatar, then initiates the virtual sewing 

step in order to generate the final virtual try-on results. In contrast, the second class of 

methods, named as 3D-to-3D pipeline as shown in Figure 2-2, create garments directly 

in 3D form. The process usually starts from sketching contours and darts, followed by 

computing 3D shape; finally, the dressed human is displayed on the screen. Depending 

on the actual applications, 3D garments may be flattened to obtain 2D patterns for 

production, therefore, it was also referred to a 3D-to-2D approach (Zhu, 2017). 

 

Figure 2-1 2D-to-3D pipeline (a) importing skirt pattern into the scene; (b) placing the 

patterns around the body; (c) simulating skirt; (d) and (e) are repeated steps 

for a top (Keckeisen et al., 2003). 

 

(a) (b) (c) (d) (e) 
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Figure 2-2 3D-to-3D pipeline (from left to right): sketched contours and darts; 3D shape 

computed using distance field; piecewise developable surface; simulated 

virtual garment; compared with garment sewn from the 2D patterns 

(Decaudin et al., 2006) 

 

Comparing the two approaches, the 2D-to-3D approach is better received by the 

fashion industry. This is because real garments are always created by sewing up flat 

patterns pieces together. However, the 3D-to-3D approach generates garment surface 

basically by offsetting the mannequin’s body surfaces at varied distance field. Human 

body surface is not developable, as a result, the garment surfaces computed by this 

approach are usually not developable either (Decaudin et al., 2006). Flattening a non-

developable surface will often generate uncontrollable distortion, thus the flattened 

patterns are not well-fitted for garment production. In fact, the 3D-to-3D approach is 

mainly adopted in the field of computer graphics for dressing up virtual characters in 

film or animation applications.  

Since we aim at developing virtual fitting systems or solutions that serve the 

fashion industry or general consumers on online shopping, the domain of application is 

in fashion, therefore 2D-to-3D approach is adopted. We will then review the supporting 

technologies of virtual fitting, namely human modelling and garment modelling. 
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2.2 Human Modelling Technologies 

The past decades have seen rapid advancements in human modelling research. 

The aim of most fashion applications is to obtain accurate body measurements of 

consumers, from whom clothing products are designed and produced. Vilumsone and 

Dabolina (2012) summarised two classes of methods for acquiring anthropometric data 

from human subjects, as shown in Figure 2-3. Contact methods use traditional manual 

or electronic measuring tools to obtain anthropometry data from human subjects, 

involving physical contact on the body surfaces. Non-contact methods typically extract 

measurements from 3D representations of human subjects without directly contacting 

subjects’ body surfaces. Only non-contact methods output 3D models in addition to 

one-dimensional measurements. Therefore, we review the non-contact methods of 

human modelling, which are classified into three types, including scan-based methods, 

measurement-based methods, and photo-based methods. 
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Figure 2-3 Types of anthropometrical data acquisition (Vilumsone & Dabolina, 2012) 

 

2.2.1 3D body scanning based method 

Body-scanning based methods provide opportunities for each human individual 

to be the centre of garment development and to maximise clothing fit (Gill, 2015). In 

most cases, three-dimensional body scanners perform body scan with the help of light-

sensitive devices, capturing the outside surface of the human body using optical 

techniques. (Istook & Hwang, 2001).  

Manufacturers started adopting body scanning technology in sizing and mass 

customisation, when full-body scanners became available in the late 80s. There are 

many types of scanner, depending on the light source and technology involved. Figure 

2-4 is a well-known TC2 scanner system (TC²), which was developed by The Textile 
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Clothing Technology Corporation in the USA, and TC2 was later renamed as 

‘SizeStream’ scanner.  

 

Figure 2-4 TC2-19B: 3D Full Body Scanner 

 

However, body-scanning based methods have known drawbacks that restrict its 

application for online shopping (Wang et al., 2003). Typical limitations are the 

expensive cost and bulky equipment making the technology less accessible to ordinary 

consumers (Zhu et al., 2013). 

 

2.2.2 Measurement based deformation methods 

Most existing online shopping platforms request customers to input their body 

measurements for customising virtual avatars. They use parametric models learned by 

examples using PCA (Anguelov et al., 2005)  For example, Cordier et al. (2003) 

proposed a made-to-measure system with parametric models for virtual try-on 
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applications. Regardless of intrinsic limitations of parametric models, inaccurate body 

measurement inputs are often given by general consumers in measurement-based 

human modelling, because taking accurate measurements has never been a trivial task 

(Park et al., 2009). Example-based approach synthesises body shape and pose-induced 

deformations using PCA and linear models. Zhu et al. (2013) explained that these 

methods do not capture well an individual’s detailed local shape characteristics.  

 

2.2.3 Photo based deformation methods 

Compared with the two above discussed modelling methods, human model 

customisation methods that create 3D models for individuals by taking photos are more 

accessible approaches, in particular when mobile phones are becoming indispensable 

in the daily lives of everyone. Various image-based methods were proposed in the field 

of computer graphics. Image-based systems often require users to provide sets of 

images simultaneously taken for reconstructing human models and analysing body 

dimensions. Lu et al. (2010) used 3D scanning data and 2D photographs to measure 

human model. In their method, a subject was asked to stand in front of a mono-colour 

background, where two photographs, a front-view and a side-view, are taken (as shown 

in Figure 2-5). From the two photographs, 36 landmarks were manually identified and 

correlate to body dimensions from 3D scans.  
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Figure 2-5 The 23 linear dimensions collected from 2D photographs (Lu et al., 2010) 

 

Wang et al. (2003) proposed a segmentation method which utilised two 

photographs (front-view and right-view) to obtain the contours of the human body, as 

shown in Figure 2-6. They performed an efficient segmentation method to accelerate 

the silhouette extraction process. However, they could not avoid shape approximation 

errors in their method. 
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Figure 2-6 Flowchart of generating virtual human models by providing photos of front 

and right views (Wang et al., 2003) 

 

Wang (2005) proposed a parameterization method to reconstruct human body 

model based on a digital human database.  Figure 2-7 shows the workflow of the 

method. It parameterizes models in the digital human database with a two-step 

procedure: (1) use semantic feature extraction technique to register the feature 
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wireframe; (2) parameterize the surface according to the wireframe. In their system, a 

set of weight coefficients are used to interpolate selected examples for a customised 

model.  

 

Figure 2-7 Parameterization and parametric method of Wang (2005). 

 

Zhu et al. (2013) proposed a method, as shown in Figure 2-8, by firstly 

segmenting the raw contours of the human subject from two-view input images, then 

constructing 3D shape representation for human subject using trained relationships 

between 2D profiles and 3D shape representation. It integrated both image-based and 

example-based modelling techniques to build customised human body models with 

precise body measurements and realistic appearance. This system can be applied to 
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customise 3D body models for subjects dressed in both tight-fitting and loose-fitting 

clothes.  

 

Figure 2-8 Overall method: (a) features extraction; (b) predicted profiles; (c) 

reconstructed 3D body shape feature; (d) customised model (Zhu et al., 2013) 

 

2.3 Garment Simulation Technologies 

In this section, garment simulation/modelling techniques will be reviewed. The 

term ‘garment simulation’ is defined as ‘a realistic, three-dimensional, (real-time) 

simulation and visualization of individual customers and garments’ (Divivier et al., 

2004).  

Virtual garment simulation has a long history of development, and the topic has 

been widely studied in the communities of textiles technology and computer graphics 

over the past two decades. Clothing modelling was first tackled in computer graphics 

community to dress avatars for 3D animations and movies. Initially, only basic 

geometry and shape modelling were generated. With the advancement of physics-based 

modelling, mechanics and physical properties were used to simulate cloth behaviours. 

(a) (b) (c) (d) 
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Researches in the computer graphics field pay close attention to better modelling and 

rendering the time-varying geometrical and mechanical behaviours of clothing and its 

interaction with human models. On the contrary, the textiles technology community 

focused on the accuracy of these models to represent the physical property of the 

clothing mainly for application in product development.  

In the following subsections, we shall discuss and review, one by one, the 

technology and related work in the areas of garment modelling, patterns preposition, 

virtual sewing, collision detection and response, and rendering. These are sequence 

processes or steps in garment simulation. We should later discuss two state-of-the-art 

methods using physical-based and hybrid-based approaches, which will be adopted to 

develop our prototype system for virtual fitting in this study. 

 

2.3.1 Garment modelling 

Garment simulation or draping means computing the shape of a piece of cloth 

under the control of gravity (Volino et al., 2005). Comparing with other 3D simulation, 

garment simulation is challenging for two reasons: garment fabrics are soft and humans 

are usually in movements. In garment simulation, clothing model on human body was 

classified as fit part and fashion part (Cordier et al., 2002; Kim et al., 2007). The fit 

part of the model is in direct contact with the body model, and the rest is fashion part, 

which drapes freely to create an aesthetic appearance. The fit part of a garment model 

can be directly determined by semantic features on a body model (Wang et al., 2005), 
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while the fashion part is simulated according to the physical properties of garment 

materials. 

To simulate a garment in the virtual world, different methods were proposed, 

which can be classified into three groups: (1) geometric based, (2) physical based, and 

(3) hybrid methods.  

 

2.3.1.1 Geometric-based garment models 

Geometric methods describe complex geometric details by mathematical 

models, such as wrinkles and folds (Hinds et al., 1990). It treats garment as developable 

surfaces. Developable surface means materials cannot be stretched or torn during the 

process of virtual sewing and simulation. For example, Decaudin et al. (2006) presented 

garments using developable surface panels that wrap around a virtual dummy. The fully 

geometric methods first approximate pattern pieces with developable surfaces, and then 

join them together along seams. Folds on 3D garments are represented by procedural 

modelling of the buckling phenomena. The advantages of the geometrical approach 

include that the implementation is fast and the total computation cost is small (Ng & 

Srimsdale, 1996). Considering that most textiles have little stretch in physics, the 

geometric model could achieve acceptable level of accuracy. However, the key 

drawback is that, as shown in Figure 2-9, the try-on result (namely resulting garment 

model) is indeed not very realistic. 
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Figure 2-9 Texture mapped garments and corresponding pattern (Decaudin et al., 2006) 

 

2.3.1.2 Physics-based garment models 

In the physics based simulation, the mechanical properties of fabrics are 

calculated for more realistic garment models. However, physical-based simulation is 

computationally expensive, takes longer time than geometric methods to generate 

garment models. A physics-based garment simulation basically solves two problems, 

including an initial cloth model and its interaction with a human model. A cloth model 

aims at representing cloth structure and its mechanical properties, while interaction with 

a human is a generalisation of cloth behaviour in the virtual world, mainly refers to how 

the cloth behaves under different forces, like gravity, and how to collide with human 

models. Many types of physical models were proposed, such as the particle models 

(Fontana et al., 2005) and the continuum mechanic model (Terzopoulos et al., 1987). 
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Particle model 

A particle system simulates clothing’s physical properties, in which each vertex of 

the cloth mesh is treated as a particle, and its positions and velocities are updated under 

different forces acting on the particle. A particle system mainly employs Newton’s 

second law,  

 
2

2
)(

dt
PdMtF  ,  (2.1) 

where the vector P represents the particle position, M denotes the geometric state and 

mass distribution of the cloth, F is the sum of different forces (air-drag, contact and 

constraint forces, internal damping, and so forth) exerted on to the particle. Figure 2-10 

and Figure 2-11 show typical particle systems, which represent the clothing model as 

grid. Each point on the grid is connected to several neighbours.  

 
Figure 2-10 Particle grid associated to fabric panels with internal force characterization 

(Fontana et al., 2005) 
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Figure 2-11 Particle model cloth surfaces as point masses interacting with their 

neighbours using forces computed from their relative positions (Volino et al., 

2005). 

 

Continuum mechanics models 

In contrast to the discrete particle model, continuum mechanics model represents 

a clothing model as a continuous mass and separates the virtual fabric mechanical 

behaviours into in-plane deformations and bending deformations. Elasticity theory 

formulates energy derived from these deformations (Volino & Magnenat-Thalmann, 

2005).  

Here we illustrate the basic mathematical formulation of continuum mechanics 

model. A three-dimensional deformable object is mainly defined by an undeformed 

shape (rest shape, initial shape) and some material attributes (Müller et al., 2008). Rest 

shape is a continuous subset of three-dimensional space, denoted as  . The points 

therein have material coordinates x . 

From Hooke's law, 
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 E    (2.2) 

E is Young's modulus, which describes the stiffness of the material.   is stress 

resulted from strain  . When an external force is applied to the rest shape, the position 

of points moves from material coordinate x to p(x), then p(x) is a vector space, and the 

displacement field is defined as 

 ( ) ( ) u x p x x  (2.3) 

Strain is a function of material coordinates which records material deformation, 

meanwhile, it is determined by the displacement field. Stress which is quantified by the 

force per unit area describes the ability to resist deformation. In three-dimensional space, 

the displacement field has three components: each component can differentiate the x, 

y, and z directions. 

 ( ) [ ( , , ), ( , , ), ( , , )]Tu x y z v x y z w x y zu x  (2.4) 

To calculate strain and stress from the displacement, researchers have proposed to 

separate elongations and curvature deformations in most cases (Volino & Magnenat-

Thalmann, 2012). Among the most significant internal forces of fabrics, the stretching 

force is related to elongation while the bending force is formulated based on curvature 

(Baraff & Witkin, 1988). The modelling of internal energy caused by deformation has 

been studied in numerous literature (Carignan et al., 1992)  

After calculating internal energy and external force, cloth simulation is formulated as a 

time-varying partial differential equation 

 �̈� = 𝐌−1(−
𝜕𝐸

𝜕𝐱
+ 𝐅) (2.5) --
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By solving equations under the predefined boundary conditions, the velocity and 

displacement of each point on the clothing surface could be updated. However, if 

clothing is treated as a continuous object, it is very difficult to describe the displacement 

field since a continuous object has infinite particles. 

Finite element method is proved as a very effective approach to simulate clothes 

as a continuum model (Volino, & Magnenat-Thalmann, 2012). It converts partial 

differential equations into a linear system of equations. The method discretizes a 

clothing pattern into nodes and triangles. Then, the system formulates the cloth’s 

physical property into a global equation. After applying boundary conditions and 

solving the system equation, a try-on modelling result can be obtained. 

2.3.1.3 Hybrid garment models 

Geometrical and physical based methods have their distinctive advantages. In 

order to take advantages of both approaches, to be specific, the fast speed in geometrical 

methods and the accuracy in physical methods, some hybrid methods were proposed 

(Kunii & Gotoda, 1990; Volino et al., 2000). For example, as early as in the 90s, Kunii 

and Gotoda (1990) proposed a hybrid modelling method to model fabric wrinkles by 

singularity theory.  Figure 2-12 shows the formation process of wrinkles. 
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Figure 2-12 Wrinkle formation processes partially preserving metric invariance (Kunii & 

Gotoda, 1990) 

 

2.3.2 State-of-the-art garment modelling 

In this section, two systems belonging to the categories of physics-based and 

hybrid system are described in detail. They are used to develop for virtual garment 

simulation on customised human models in this project. 

 

2.3.2.1 State-of-the-art physics-based system 

In this project, the system proposed by Umetani et al. (2011) (as shown in 

Figure 2-13) is selected as a physics-based system for further development, which 

formulates garment simulation using Finite Element Method (FEM). This system 
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models the garment simulation using physical laws. The simulation stops when force 

equilibrium state is reached. The system reaches Force equilibrium if 

 R(x) = F(x) - Q(x) = 0 (2.6) 

where R denotes residual force of the garment model, F denotes external forces acting 

on the garment model; Q denotes the internal forces.  

 

 
Figure 2-13 An interactive design session leads to final 2D patterns and corresponding 3D drape 

(Umetani et al., 2011) 

 

For internal forces Q of a discretized clothing mesh, the bending force and 

membrane forces are formulated. The bending force is represented by an isometric 

bending model (Bergou et al. 2006) and the membrane force is established based on a 

stabilized St.Venant-Kirchhoff (St VK) constant strain triangle model (CST). These 

force models consider the mesh structural property and ensure simple and stable 
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simulation performance. For external forces F, the system uses a spring model to 

represent friction, and uses a penalty-based seam model to represent sewing force. 

Gravity force is denoted as density multiplying by gravity factor along the vertical 

direction. Furthermore, Kinect damping method (Barnes, 1988; Volino & Magnenat-

Thalmann, 2007) is applied to accelerate convergence.  

The system is selected for two reasons: firstly, it has good performance in 

garment simulation speed; secondly, after the first drape process, the system has 

responsive ability to deal with 2D pattern editing by keeping 3D draped form in equal 

status. 

2.3.2.2 State-of-the-art hybrid garment modelling 

Another important system that adopted a hybrid modelling approach is the 

method proposed by Meng et al. (2012), which is later called hybrid pop-up method in 

this thesis. The method first carried out geometrical-based surface parameterisation by 

mapping garment pattern pieces onto a human body surface to obtain initial geometrical 

models with smooth garment surfaces, the method next had a physical based shape 

restoration process (named as pop-up step) that the garment model deform to size 

defined its pattern size, lastly the restored garment model had a physical based drape 

simulation. This hybrid method is novel and meaningful because the pop-up result 

successfully restores the pattern pieces’ original size. Such pop-up results allow the 

clothing gap to be visualised, providing useful information for fit evaluation (see Figure 

2-14 and Figure 2-15).  
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Figure 2-14 (a) Mapping and (b) hybrid pop-up results of the blouse (front, side, and back 

views) (Meng et al., 2012) 

 
Figure 2-15 (a) Mapping and (b) hybrid pop-up results of the trousers (front, side, and 

back views) (Meng et al., 2012) 

 

The method involves two steps, geometrical surface parameterisation and physical-

based shape restoration. 

b 

~ --

a 



 

37 

Geometrical surface parameterisation 

Step one is to obtain an initial form of the 3D garment and the correspondence 

mapping relationship between the human model and the clothing. This is done by first 

defining the corresponding feature points on both the human mesh model and the 

clothing pattern pieces. Next, the human mesh model is segmented to several patches 

to match with the patterns. Finally, a cross-parameterization procedure is carried out by 

a duplex mapping scheme.  

Physical-based pop-up 

Step two is to restore the desired shape and size of the 3D garment from its 

initial form. Iterative hybrid pop-up method is employed to deform the initial garment. 

First, the silhouette of the initial form of the garment (i.e. girth measurement at the hem 

level) is adjusted to the size of corresponding pattern pieces. A physical simulation is 

performed along the normal direction to update the garment length. As a result, the 

position of the boundary vertices is changed. Finally, the rest vertices are updated by 

the geometrical reconstruction with the use of pyramid coordinates. The pyramid 

coordinate of vertex 3dv  is calculated as weight parameter 
3d
i  by:  

 
3 2 (1 cos )d d
i i i     (2.7) 

where 
2d
i  is the mean value coordinates weight, it is defined by its neighbour angle 

i  and length il  as follows:  

 
2 1tan( 2) tan( 2)d i i
i

il
 

 


 (2.8) 

where 
2 2| |d d

i il v v  . 

I I 
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3 3 2 2(arcsin arcsin ) / 2

| | | |i d d d d
i i

l l
v v v v

  
   (2.9) 

where 
3 3| |d d

iv v  is the length between 3dv  and its neighbour 
3d
iv  on the 3D shape of 

the current reconstruction iteration, 
2 2| |d d

iv v  is the corresponding length on the 2D 

pattern, l  is the length parameter value for the local coordinate of the current 

reconstruction iteration. 

The two state-of-the-art systems will be further developed and improved in 

order to develop our prototype system for virtual fitting. 

 

2.3.3 Key technologies and processes in typical garment simulation 

Apart from reviewing the modelling approaches and the state-of-the-art systems 

in garment simulation, we here also review the relevant work done in supporting 

different stages of garment simulation, namely, pattern pieces prepositioning, virtual 

sewing, collision detection and responses, and rendering. 

 

2.3.3.1 Pattern preposition 

Pre-positioning garment pattern pieces on a human model is a challenging task 

for garment simulation. This step attempts to establish an initial spatial position 

between clothing model and human model. Geometrical based approach is commonly 

used for pre-positioning before virtual sewing. Okabe et al. (1992) firstly proposed a 

3D computer-aided garment design system which mapped triangulated cloth patterns 

onto a body model by minimising a quadratic energy function. Aono et al. (1994) 
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extended the work by addressing the fit. Igarashi and Hughes (2003) presented 

interaction functions for clothes manipulation around the 3D body surfaces. In contrast, 

Fuhrmann et al. (2003) proposed a novel interaction free geometric pre-positioning 

approach to place clothing pattern pieces with respect to a human body (Figure 2-16).  

 
Figure 2-16 Interaction free pattern position (Fuhrmann et al., 2003)  

 

Groß et al., (2003) developed a geometric prepositioning algorithm to place pattern 

pieces automatically. They projected the pattern onto the principal axis of the bounding 

surface and determined the minimal and maximal positions on the axis which vertices 

of the patterns have already been arranged. Figure 2-17 show some dressed virtual 

human. However, the feature points on human models are manually defined in their 

method. 

  

=> 
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Figure 2-17 Automatic pre-positioning of virtual clothing (Groß et al., 2003) 

    

2.3.3.2 Virtual sewing 

Virtual sewing in the garment simulation mimics the interaction of how pattern 

pieces are combined to form a completed garment.  

In most commercial and research systems, 3D virtual sewing and fitting were 

realised by physical based methods. Volino et al. (1995, 1997) proposed some 

multifunctional interactive techniques to improve the 3D simulation with 2D pattern 

input. Fan et al. (2004) employed a uniform triangular mass-spring deformable model 

and Lagrange mechanism to drive the sewing and fitting process. Kang et al. (2000) 

utilised the finite element method and coded mesh generating program to transform 2D 

patterns into 3D shapes, where the surface texture of the cloth was taken into 

consideration as well. In Fontana et al. (2005), a particle-based cloth model was used 

to accurately predict garment shape by taking into account material properties, as shown 

in Figure 2-18. Meng et al. (2010) introduced a set of manipulations allowing users 

interaction of placing pattern pieces around human models, as shown in Figure 2-19. 

(a) Pre-Positioning sho,1s (b) Adding a I-shirt onto the shorts (c) Adding trousers and a short
s leeved shi11 
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This method can realise complex garment design details, which was not possible by 

traditional geometric methods. 

 

Figure 2-18 Sewing process between two fabric panels (Fontana et al., 2005) 

 

 

 

Figure 2-19 Placing pattern pieces around human models (Meng et al., 2010) 
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2.3.3.3 Collision detection and responses 

The problem of collision detection and response simulates the interaction of two 

objects when they collide in spatial position in the physical world (Volino & Magnenat-

Thalmann, 2012). It is more challenging to model collision responses of cloth because 

fabrics are thin and highly flexible objects. The computation of collision detection and 

response are often the bottleneck for real-time virtual try-on application.  

Volino and Magnenat-Thalmann (2012) separately modelled the two problems 

of detection and response. Collision detection models the geometrical contacts between 

clothing model and human model, while collision response determines the resulting 

reaction of different forces including friction, which is mainly physical-based. 

Frâncu and Moldoveanu (2015) further described two types of collision 

detection as cloth collisions with external objects and self-collisions (including 

collisions with other pieces of cloth). In both situations, collisions are formulated 

as the interaction between triangle meshes or a collection of volumetric 

primitives. When two surface elements collide, which means the proximities 

between two elements are below a threshold value, e.g. the ‘thickness’ of a cloth 

surface, the intersections (responses) between the two surfaces must be 

calculated and updated (Volino & Magnenat-Thalmann, 2000). 
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Figure 2-20 Intersections and proximities in polygonal meshes (Volino & Magnenat-

Thalmann, 2000) 

To ensure consistent collision response, methods were proposed to build 

hierarchies upon a polygonal mesh, recording adjacency information of the entire 

region for calculation purpose (Mezger et al., 2002). Efficient methods include 

bounding volumes, projection methods, subdivision methods, and proximity methods 

(Provot, 1997; Volino & Thalmann, 1995; Volino & Magnenat-Thalmann, 2012). 

Collision responses can be further classified as mechanical response and 

geometrical response. Typically, velocity variation, adjustment of position, and 

acceleration related to collisions are computed as solution of a linear system for the 

colliding particles (Volino & Thalmann, 2000). 

Drape is defined as how fabrics will deform when it is hanging under its weight. 

It implies drape simulation focus on simulating the detection and response of cloth 

model against a static human model, mainly considering gravity force and friction 
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forces. Again, to virtually visualise drape, the simulation methods can be classified into 

two types. 1) Geometric approach, which treats the cloth as a deformable object and 

generates drape result by using geometry representations. The method lacks a 

consideration of fabric properties. 2) Physics approach, which is based on mechanics, 

elasticity and deformation energy to model cloth drape. Currently, Physical draped 

models are not suitable for real-time applications since they require computational time. 

It is important to note the complexity of evaluating virtual deformation of garment 

model restricts the accuracy of drape simulation (Fan et al., 2001). 

 

2.3.3.4 Rendering 

Rendering techniques have been well developed in the last decades. Computer 

programs add colours, textures, and light to the virtual scene to display a nice visual 

effect. In a virtual try-on system, human models and garment models are displayed in 

a virtual scene. For generating realistic effects for garment and human models, 

rendering parameters include texture mapping and lighting must be defined. Different 

textile prints can be texture mapped on garment models. By applying illumination 

effects, the final garments are vividly displayed. Two rendering examples from Divivier 

et al. (2004) and Volino and Magnenat-Thalmann (2012) are shown in Figure 2-21 and 

Figure 2-22.  
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Figure 2-21 A Rendering of different cloth materials (Divivier et al., 2004) 

 

Figure 2-22 Flashback (Volino & Magnenat-Thalmann, 2012) 

 

The availability of well-developed hardware and software in the computer 

graphics field has brought a great breakthrough in rendering. With tools like OpenGL 

(OpenGL, n.d.), we can develop a solution to create realistic rendering results. 

 

2.4 Integrated Systems for Virtual Fitting 

We have reviewed the different approaches for virtual fitting, the research work 

in human modelling and garment modelling. We now review the existing integrated 
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systems or system architectures in both commercial applications and research systems 

for virtual fitting. 

 

2.4.1 Commercial applications and known issues 

Sayem et al. (2010) reviewed different commercial garment simulation software 

and their key features being used by the fashion industry, as shown in Table 2-1. A few 

garment simulation software adopted the 3D-to-2D approach, providing tools to all 

designers create garments directly in 3D, for example, Virtual Fashion® (Reyes 

Infografica) and TPC Parametric Pattern Generator (TPC). The majority of the 

commercial solutions/packages adopted the 2D-to-3D approach, pattern pieces are 

designed in 2D and wrapped around a virtual dummy in 3D for garment simulation. 

VstitcherTM (Browzwear), Accumark VstitcherTM (Gerber), Haute Couture 3D (PAD 

system) and 3D Runway (OptiTex) all belong to the second category.  

Table 2-1 Available 3D CAD system for the clothing industry and their major features 

(Sayem et al., 2010) 

 

Based on the table, the author found that current 3D CAD system can provide 

realistic fabric draping and adjustable mannequin. Some of the software offers 

functionality to display virtual fashion show by deforming the virtual dummy to 
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dynamic pose, which is aesthetically pleasing. However, the author did not consider 

detailed human modelling method behind garment simulation software. Virtual 

garment simulation software routinely adopts virtual mannequin that adjusts itself 

according to different body measurement input. However, human bodies are not always 

alike and can have various local characteristics. For example, sloping-shoulder, a kind 

of local body characteristics, cannot reflect in a person’s body measurement. If a pattern 

maker simulates apparel try-on effect using the virtual dummy, the designed clothing 

will not fit perfectly to individuals as their body shapes are different from the virtual 

dummy. 

 

2.4.2 Research systems 

Meng et al. (2010) designed a virtual fitting system using a more accurate 

human modelling method (e.g. obtained from scan), and focuses significantly on real-

time interactive simulation. The system contains a garment processing module, a 

human model processing module, a user interaction module and a simulation engine. 

Figure 2-23 shows the outline of their virtual try-on system. Firstly, virtual human 

models are generated by 3D body scanning or by ellipsoid segmentation. Secondly, the 

garment processing module provides detailed information of garment pattern, for 

instance, assembly information like seams, and darts. Two-dimensional clothing pattern 

developed by standard pattern design systems (PDS) is modelled as mass-particle 

connecting by three types of springs, which are stretch, shear and bending forces. 
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Thirdly, the user interactive module provides operations like dragging, fixing, rotation 

and moving. All the information precomputed by these three modules is then passed to 

the next unit, which is a real-time simulation engine that performs virtual garment 

sewing, precise pre-positioning and drape simulation. By interactive 3D operations, 3D 

patterns are shown up one by one and the final 3D garment is shown on screen. 

This module-based interactive system divides virtual fitting system into several 

units, which does a good job in generalising try-on process. One advantage of this 

system is realising real-time collision handling of user interaction by utilising the 

hierarchy of ellipsoids to approximate human models. Another advantage is that the 

manipulations predefined in User Interaction Module can help users adjust pattern 

pieces around human model easily. However, 3D operations are very tedious to 

generate garment models. 

 
Figure 2-23 Outline of interactive virtual try-on system (Meng et al., 2010) 

 

Lu et al. (2010) proposed an intelligent system for customised clothing making 

by both using 3D scanning data and 2D photographs to measure human models. While 
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taking photographs, the subject was asked to stand in front of a mono-colour 

background with two photographs being taken from the front view and side view. After 

the two photographs were taken and verified, 36 landmarks were identified manually 

to define the starting and ending points for collecting body dimensions. After body 

dimension collection, AutoCAD was used to generate the drawing of the clothing 

patterns. By integrating the above processes with garment sewing, fitting test and final 

adjustment, the customised clothing can be generated. However, they only provided a 

framework for intelligent clothing customisation system as shown in Figure 2-24, the 

detailed modules were not realised or developed. 

 
Figure 2-24 Intelligent system for customised clothing making (Lu et al., 2010) 
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In view of high return rate of online purchased clothing, online virtual fitting 

systems for e-commerce application received much attention. Figure 2-25 shows the 

framework of a virtual online fitting room present by Guan et al. (2012). Parametric 

human model, parametric clothing model and their virtual interaction are marked in the 

centre position. The primary flow of their system is: (1) customers input body 

dimensions, body shape and style details to generate a human model, (2) after the 

system finishing human modelling, the system would transfer its focus to designer input, 

that is, building virtual clothing model. (3) The final chain ends with try-on result 

display together with fit evaluation.   

Their research considers user interface design as an essential parameter for an 

online fitting shop and designs client interface as well as designer interface precisely. 

The major contribution is that their framework exhibits key elements of online fitting 

system, however, they did not illustrate detailed clothing simulation method.  
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Figure 2-25 The framework of the virtual shop (Guan et al., 2012) 

 

Li et al. (2011) proposed an online Virtual Fitting Room with three modules, 

namely body-shape building module, garments and backgrounds management module, 

and interaction and evaluating module, as shown in Figure 2-26. Their system 

framework first builds human body motion from the motion library and body model, 

then simulating garment, followed by dealing with collision and drape. Finally, the 

fitting result together with a background scene are visualised for fit evaluation. For 

human modelling, they adopted parametric human models that 3D models are deformed 

from a template with user-defined parameters, including fat percentage, stature, crotch 
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length and so forth. For garment modelling, they employed physics-based method. The 

collision handling measures the distance between particles on cloth model and those on 

the human skeleton. and the particle’s next displacement is determined by Mao et al., 

(2006) method once a collision is detected. However, the preposition scheme was not 

discussed in their method on how the initial spatial relationship between virtual clothes 

and human are determined. 

 

Figure 2-26 Online virtual fitting room framework (Li et al., 2011) 

 

Cordier et al. (2003) reported their web application that builds a 3D human 

model according to the body measurements using example-based approach, and 

constructs a garment pattern. As shown in Figure 2-27, the system places the garment 

model on a 3D virtual body.  Then, it computes the collision response and segments 
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the cloth into three layers to keep its realistic appearance. Their system is good at 

efficient online body modelling, garment selection, fitting, and simulation and 

integrated them into Web components, optimized for execution on the Internet. 

However, the limitation of their work is the 3D mannequins for individuals were not 

accurate.  

 

Figure 2-27 Web application architecture online clothing store (Cordier et al., 2003) 

 

Similar work can also be found in Magnenat-Thalmann et al. (2011) that the 

physical shopping experience was introduced into online virtual shopping, through the 

inclusion of accurate physical simulation of garments with an accurately sized body. 

Sekine et al. (2014) proposed a virtual fitting system by adjusting two-dimensional 

clothes pictures to body measurements indicated by individuals’ single shot depth 
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image. Boonbrahm et al. (2015) focused on different textures and physical fabric 

properties of garments. They implemented virtual clothes simulation in Unity 3D game 

engine along with Maya for model creation and Microsoft’s Kinect2 for tracking the 

dress and the body. 

In conclusion, virtual fitting technology is a novel and promising technology, 

but also is a complex and multi-disciplinary one. Most virtual fitting systems reported 

in the literature have similar intermediate steps, i.e. generating human models, 

simulating garment and displaying. Challenges are obvious: (1) the difficulty in 

generating accurate human model fast and (2) the complexity in garment simulation. 

 

 

2.5 Chapter Summary 

Starting from an overview of virtual fitting, this chapter has reviewed three parts 

of literature in detail, including human modelling technology, garment simulation 

technology and integrated systems for virtual fitting. 

In the human modelling part, non-contact methods that directly generate human 

3D representations without contacting subjects’ body surfaces are mainly discussed. 

Advanced photo-based methods can create 3D models for individuals through 

photographing. When mobile phones become indispensable in everyone's daily life, it 

is desirable to apply the technology to the virtual fitting system.  
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Garment modelling has attracted tremendous scholar interest these years. 

Simulating virtual clothing mainly depends on two fundamental models, namely 

geometric-based models and physical-based models. Hybrid garment models that take 

advantages of these two models have been proposed recently. Different simulation 

methods are discussed, in particular, two state-of-the-art approaches are depicted 

precisely. These two approaches will be further developed in the virtual fitting system. 

Four techniques which support virtual fitting are demonstrated, namely pattern 

preposition, virtual sewing, collision detection and response and rendering. A large 

volume of published studies has presented methods regarding these technologies. 

However, preposition which plays a vital role in building initial status between pattern 

and human model is not well studied yet, as research work usually neglects this part, 

and manually specifies pattern position or human feature location.  

Current commercial applications and research systems provide powerful tools 

to simulate garment on a virtual mannequin. However, few studies have attempted to 

try-on garments on different 3D human models automatically. It is important to find 

appropriate strategies to realize automatic garment simulation using individual’s human 

models. 
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CHAPTER 3. METHODOLOGY 

 

3.1 Method Overview 

As discussed in Chapter 1, this study aims to develop an integrated virtual fitting 

system which simulates clothes on customised human models. As outlined in Figure 1-

5 on page 12, the proposed system involves two core components: one is human 

modelling which builds accurate 3D representations of individuals and the other core 

component is garment modelling, in which pattern pieces are virtually assembled 

around human models.  

Chapter 2 reviewed methods used in the clothing simulation field that could 

preposition and virtually sew clothing patterns with reference to a three-dimensional 

human model. However, those previous studies assume that simulation is conducted on 

a standard mannequin. In particular, the virtual try-on process follows a similar pipeline: 

first, a specific mannequin is placed in a 3D virtual environment; next, clothing pieces 

are placed in a proper location, mainly by user interactions; then, garments begin to be 

simulated on this model. If another human model is used, the entire process needs to be 

repeated again.  

The existing virtual fitting solutions involve many manual processes or 

interactions, especially in prepositioning. Preposition is the initial state of a clothing 

simulation. Different initial states generate different simulation results. Since human 

models are of diverse shapes and sizes, and clothing styles vary substantially, accurately 

prepositioning pattern pieces in relation to human models is completed by interactions 

in all existing virtual fitting solutions. This study seeks to establish efficient garment 
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simulation methods with automatic prepositioning to automatically simulate clothing 

patterns on a large range of customised human models.  

Another known drawback of existing garment systems is that the effectiveness 

of garment simulations is often subjectively evaluated by visual inspection. No 

quantitative metrics are reported in the literature for an objective evaluation of the 

quality of garment modelling. 

This research proposes a new platform which links up the human modelling 

process and garment modelling process, and minimises the interactive operations 

required during garment simulation. This chapter describes the overall system. As 

shown in Figure 3-1, the virtual fitting platform covers four modules. Module I is a 

human modelling module (HMM), in which customised human models are 

reconstructed from 2D photos using the method proposed by Zhu and Mok (2015). The 

HMM not only generates a highly accurate human model (called fine mesh), but also 

provides additional features in the form of a layered coarse shape representation (called 

control mesh) for each subject. 

Module II is a pattern design module (PDM), which is responsible for pattern-

related operations; specifically, feature extraction, 2D pattern prepositioning, seam 

definition, and mesh generation. The PDM links production clothing patterns available 

in the fashion industry with the garment simulation module (GSM). Therefore, the 

PDM can read all pattern pieces saved in DXF format, which is a standard CAD file 

format supported by most commercial CAD systems. The PDM provides simple 

interactive operations which allow pattern features of all imported patterns to be 

automatically recognised and arranged in 2D, facilitating later seam definition and 

garment simulation. 
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Figure 3-1 System overview of the proposed virtual fitting platform 

 

Module III is the core focus of this study; garment modelling is developed using 
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method (FEM-GS) (Umetani et al., 2011) and the hybrid pop-up method (Hybrid-GS) 

(Meng et al., 2012) are developed; this process is briefly outlined in Section 3.4. For 

the two garment simulators, different preposition strategies are investigated. The 

technical development and experimental results of GS-FEM and GS-hybrid are detailed 

in Chapters 4 and 5, respectively.  

In order to effectively evaluate the simulation quality of the two garment 

simulators, an evaluation metric is defined to quantify the simulation accuracy. Next, a 

comparative study is conducted to evaluate the simulation accuracy of the two garment 

simulators so as to identify an optimised workflow for garment simulation. The 

comparative study will be outlined in Section 3.5 and detailed in Chapter 6. 

The last module, Module IV, is a garment rendering module (GRM), in which 

a 3D viewer is developed to render the human model and garment model, and to 

enhance the visual effects.  

To conclude, the virtual fitting solution is a module-based system. A total of 

four modules are developed, including the human modelling module (HMM) discussed 

in Section 3.2; the pattern design module (PDM) presented in Section 3.3; the virtual 

garment simulation module (GSM) illustrated in Section 3.4; and the garment rendering 

module (GRM) described in Section 3.6.  

 

3.2 Module I: Human Modelling Module (HMM) 

3.2.1 Introduction 

In HMM, a state-of-the-art human modelling customisation method presented 

in Zhu and Mok (2015) is adopted to generate human models for individual customers. 

The approach has the following advantages: (1) customised models have high-

resolution details and realistic appearances; (2) customised models are highly accurate 
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in terms of measurements and sizes, comparable to scans; (3) the modelling process is 

efficient and fast; and (4) user involvement is minimised, which requires users to take 

two photographs without restrictive wearing conditions.  

Figure 3-2 illustrates the human modelling customisation process. The inputs to 

the process are two photographs of a subject: one is front-view and the other is side-

view. The outputs from the process include a customised human model (called fine 

mesh in this dissertation) of the subject generated by the method. In addition, the 

method also outputs a coarse mesh structure as a shape representation of the subject, 

which is a layered structure with parallel cross-sections aligned with critical body girths. 

We call this coarse mesh the control mesh. This shape representation enables feature 

alignment for prepositioning clothing patterns in 3D, which will be explained in 

subsection 3.2.3. This shape representation also allows easy identification/embedment 

of the skeleton for pose deformation, which facilitates garment simulations; this will be 

explained in later subsection 3.2.4.  
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Figure 3-2 Human model customisation method of Zhu & Mok (2015) 
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3.2.2 Human model customisation method 

The system creates accurate human models based on subjects’ 2D photos using 

the method developed by Zhu and Mok (2015). As shown in Figure 3-3, users are 

required to take front-view and side-view photographs in standard poses first, from 

which 2D features, defined as body profiles, are calculated, as shown in Figure 3-4. 

Based on the 2D profiles, 3D shape representation of the subject in the photo is 

constructed. Many body features (such as chest, waist, hips, crotch, and shoulder) are 

automatically identified from the profiles using anthropometric knowledge. The 

corresponding width and depth of each of these body features are obtained from the 

profiles and input to relationship models trained to generate the cross-sectional 3D 

shape at each feature level. All local cross-sectional shapes are composed in a 3D shape 

representation (control mesh), which guides the shape deformation of a template model 

into a customised shape using the ct-FFD algorithm (Zhu et al., 2013). The resulting 

customised models have detailed shape characteristics (fine mesh) and layered 

structures (control mesh), as shown in Figure 3-7. 

 

 

Figure 3-3 Inputs to the HMM module: front-view and side-view photos of a user 
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Figure 3-4 Predicted under-the-clothes profiles 

 

In this study, topology information of the control mesh is recorded using the 

OBJ file format. Topology here refers to the structure and connection of vertices, edges, 

and faces of a polygonal mesh model, as shown in Figure 3-5. Each vertex is numbered 

and indexed. The vertices are recorded sequentially by region in the vertex index list 

for legs, torso, and arms, as shown in Figure 3-6. Vertices on each layer are recorded 

in an anticlockwise or clockwise order. The mesh structure is arranged on a coordinate 

aligned with the human central axis.  
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Figure 3-6 Control mesh topology definition 

 

 

Figure 3-7 Output from HMM: control mesh (left) and fine mesh (right) for a customised 

model. 
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3.2.3 Feature Alignment 

Garments are typically designed with reference to the human body. To simulate 

garments on a customised model, we need to arrange pattern pieces in 3D space to 

correct position in relation to a customised model. Therefore, the alignment of body 

features on human models can help to identify the correct position for the placement of 

pattern pieces and support later garment simulation. 

In this section, features are aligned with the control mesh. Two groups of 

features are extracted: namely, feature points and feature lines. Feature points refer to 

specific vertices on the control mesh, such as bust points and shoulder points. Feature 

lines are a collection of organised vertices representing specific lines along the body 

contour. 

 

Figure 3-8 Layered information shown on a customised control mesh and a fine mesh 

 

The control mesh is a layered mesh structure with aligned cross-sectional 

features. The shape and size of the body are characterised by parallel cross-sections. 

Important body girths correspond to specific layers of the control mesh, such as the bust, 

waist, and hip. By defining the relative positions of layers and the geometric shape of 
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these layers, body shape features are defined. Figure 3-8 shows the layer information 

marked on customised human models. 

We then identify essential feature points and feature lines on the control mesh, 

based on anthropometry knowledge and garment simulation needs. Figure 3-9 shows 

several important feature points marked on control mesh (a); feature lines, including 

girths, are marked on control mesh (b); whereas feature lines including outseam, inseam, 

and shoulder lines are marked on control mesh (c). All vertex indices of defined features 

are recorded. Since all human models have control meshes defined in a standard 

topology, the 3D positions of all defined features are known with reference to indexed 

vertices locations. Figure 3-9 shows two subjects’ control meshes (d) and (e), where the 

precise locations of features are known. For clarity, only chest and hip features are 

shown. It is demonstrated in (d) and (e) that different body shapes can be presented by 

the same layered structure of control mesh. 
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3.2.4 Skeleton Alignment 

Fashion items have diverse designs and complex pattern shapes. All pattern 

pieces must be properly pre-arranged in 3D space in relation to the human model before 

simulation. Poor arrangement will cause simulation failure if pattern pieces overlap. To 

avoid pattern overlapping, the human model may need to slightly raise their arms or 

change the angle of the two legs. For pose deformation, it is therefore necessary to 

define the skeleton of the target human models.  

The skeleton of a 3D object is typically defined as a one-dimensional graph 

structure formed by nodes and edges (Shapira et al., 2008). The skeleton alignment of 

3D human models is different from other types of 3D objects because it must be 

associated with a real human skeleton. As human models customised from a human 

modelling process have a standard topology, all control mesh skeletons can be 

calculated as the centre of the cross-sectional layer (Zhu, 2017). To be more specific, 

the skeleton can be aligned by categorising the mesh surfaces into semantic groups 

based on the identified body features, together with anatomical knowledge, as shown 

in Figure 3-10.  

 

Figure 3-10 Body part grouping on control mesh and fine mesh (Zhu & Mok, 2017) 
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The HMM aligns each control mesh with a skeleton. We use the partition 

algorithm of Zhu and Mok (2017) to divide the control mesh into 14 semantic regions. 

As shown in Figure 3-10, different regions on the surface are displayed using different 

colours. The joint calculation is described as follows: 

Let c-mesh be the input control mesh which represents the human subject. Joints 

6, 10, 13, 16, and 17 are defined to represent foot, hand, and head. These are estimated 

by averaging the vertices along the related girth. We represent the remaining joints at 

the centre of the boundary surface between two adjacent regions, as shown in Figure 

3-11. Let 𝑖 be the joint number; for example, i=1 represents the centre torso joint. The 

algorithm first finds the boundary surface as an enclosed polygon. Then, it locates all 

the vertices on the boundary surface of the two adjacent regions, and records as a vector 

[𝑣1 𝑣2  ⋯ 𝑣𝑠], where 𝑠 is the total number of the vertices on the boundary polygon 

surface. Thus, joint iJ  is computed as: 
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   (3.1) 

The bone vectors can be calculated if the connecting joints are obtained. Given 

two joints ,i mJ J , the bone vector m iB   is formulated as:  

 m i m iB J J    (3.2) 

With the defined joints and bones, the HMM can deform the control mesh and 

fine mesh into a new pose if the original pose is not suitable for garment simulation; 

e.g., to slightly raise the two arms. As shown in Figure 3-12, the angles between the 

arm and torso gradually increase from left to right.  

-
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Figure 3-11 Human skeleton representation 

 

 

Figure 3-12 Human model with increasing arm-to-torso angles 

 

3.2.5 Discussion and section summary 

The control mesh discussed above has a special layered structure with some key 

body features aligned. It is thus an effective way to use control mesh for pattern 

preposition. Key body features and skeletons are aligned on the control mesh, and this 

information supports the placement of pattern pieces around human models in the 

correct 3D position. Algorithms will be developed to automate the pattern preposition 

later in the GSM. For any particular clothing style, once the placement of pattern pieces 
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is done for one single human model, it can be simulated on other human models 

generated by the HMM, because all human models share the same feature-aligned 

topology. 

We present a virtual fitting platform based on human model customisation 

technology (Zhu and Mok, 2015). However, the proposed platform is not restricted to 

human models generated using the method developed by Zhu and Mok (2015). Instead, 

it can work for models with other topologies; e.g., models obtained from scans or mesh 

models exported from other 3D software. Luckily, our methods not only work with 

human subjects’ orthogonal-view images, but also with scans. As shown in Figure 3-2, 

the model customisation method first obtains 2D body profiles, from which body 

features are automatically identified to guide 2D-to-3D shape reconstruction and, later, 

detailed model deformation. If scan models or exported models are used, we can extract 

the front and side views from the scanned models or exported models, from which 

customised models with control mesh and fine mesh can be generated. It has been 

verified that the accuracy of the customised models can reach the level of scan in Zhu 

(2017), Xie and Mok (2018). 

 

3.3 Module II: Pattern Design Module (PDM) 

3.3.1 Introduction 

Clothing pattern design is a core process in garment manufacturing that turns a 

design from a sketch into a real garment. With the advancement of computer-aided 

design (CAD) technology, patterns nowadays are usually recorded in a digital form in 

various CAD files. For virtual fitting, the garment should have an initial 2D shape and 

additional seam information to demonstrate how the pattern pieces are assembled in 3D. 
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The PDM module is responsible for processing 2D industrial pattern pieces (inputs to 

PDM) to generate the required data (output from PDM) for later garment simulations.  

A garment is composed of several pattern pieces and all pieces must be properly 

arranged around the 3D human model in order to construct the final 3D garment. To 

this end, we first arrange pattern pieces in 2D; this ensures the correct orientation and 

relative position of the pattern pieces, and also facilitates later 3D arrangement of 

pattern pieces in relation to the human model. To enable 2D pattern layout and seam 

definition, we need to extract 2D features from each 2D pattern; for example, corner 

points, outlines, orientation (grain line), and matching points (notches). The PDM 

module was developed using C# language and Open Design Alliance library. 

The input to the PDM is a CAD pattern file, and the outputs are a full pattern 

mesh and additional necessary information recorded in JavaScript object notation, 

including key points, outline, position, and stitch information. The JavaScript Object 

Notation (JSON) is an open-standard file format for the transmission of data objects 

made up of attribute values. JSON is lightweight and easy, because human-readable 

text is used for data transmission. Generally speaking, the PDM has four functions: 

feature extraction, 2D preposition/arrangement, seam definition, and mesh generation, 

as shown in Figure 3-13. 
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Figure 3-13 Pattern design process 

 

3.3.2 Feature extraction 

Pattern pieces are prepared in CAD systems and recorded using points and 

polylines. AutoCAD DXF (Drawing Interchange Format or Drawing Exchange Format) 

is a widely used format in all commercial CAD systems of the fashion industry. The 

PDM module represents 2D clothing shape using polyline and corner points, converting 

a DXF file to the JSON format. The feature extraction function of the PDM completes 

the following tasks: 

i. Imports outline of all dxf pattern pieces; 

ii. Selects grain line of all pieces; 

iii. Defines reference points for all pieces; 

iv. Selects notches for each piece; 

v. Selects reference line (optional) for different pieces; 

vi. Imports or selects reference location and other piece information (including 

quantity, piece characteristic, and layer information) from Excel files; and 

vii. Redraws all pattern pieces in defined drawing orders. 
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(a) (b)

(c)
(d)

 

Figure 3-14 UI of PDM: (a) imports pattern pieces into dxf to extract outline (function i); 

(b) defines/selects reference points for each pattern piece (function iii); (c) 

definition of reference location in relation to human model (function vi); (d) 

redraws and arranges pattern pieces (functions vii and viii).  

 

Feature Extraction means the extraction of all pattern features and recording 

these in a JSON format for data transmission to the later garment simulation module. 

A style is composed of a number of sizes; each size of the design is composed of a set 

of geometrical polygonal shapes (pattern pieces). In every pattern piece, the corner 

points (grade points) are essential features because they correspond to a relevant body 

feature in most cases. Corner points on the contour line of each pattern piece are 

extracted as feature points in the first step. The calculation is according to the change 

of curvature. In the second step, the contour line of each pattern piece is formed by 

connecting corner points sequentially. The remaining points are rearranged in a 

clockwise direction and recorded as outline points.  
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3.3.3 2D pattern preposition/arrangement  

2D pattern preposition/arrangement function arranges pattern pieces in a 2D 

layout that can facilitate later seam definition and 3D preposition. Pattern pieces are 

laid out on a 2D coordinate system with four quadrants (x>0, y>0), (x<0, y<0), (x>0, 

y<0), and (x<0, y>0), as shown in Figure 3-14(d), where the layout indicates the 

correspondence of the pattern pieces with the human model. The x-coordinates for the 

pattern pieces provide hints on whether the pattern piece should be mapped towards the 

left or the right of the human body, while y-coordinates indicate the pattern pieces 

should map to the front or the back of the body, and the origin (0, 0) corresponds to the 

head position of the body, as shown in Figure 3-14. We calculate the rotation and 

translation needed for each pattern piece based on extracted features. The rotation 

direction is based on the feature points and the grain lines. After arrangement, all pattern 

piece features are recorded in a defined JSON format, as shown in Figure 3-14.  

 

3.3.4 Virtual seam definition 

Seam definition refers to the process of defining seam pairs where two pattern 

pieces are sewn together to form a 3D garment. As shown in Figure 3-15, generally, 

seam pairs appear on the contour of the pattern pieces. We provide interactive tools in 

PDM that allow users to define seams on the pattern pieces. Two types of stitching 

functions are provided (as shown in Figure 3-16): 

i. A 1:1 seam function, allowing users to select the start and end points of joining 

seam pairs. This can be used for joining shoulder seam, side seam, etc. 

ii. A 1:N seam function, which allows users to select the start and end points of a 

seam on the first pattern piece, then the subsequent start and end points on 
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joining pieces along the seam. This can be used for joining the sleeve the front 

and back armhole seams. 

The defined seams are recorded in the JSON file format, as shown in Figure 

3-17. The seam file clearly records paired pattern pieces and seam lines. The user 

interface for seam definition is shown in Figure 3-16. 

 

Figure 3-15 Seam is performed along contours of pattern pieces 

(a) (b)

(c) (d)

 

Figure 3-16 User interface for seam definition: (a) 1:1 seam function is provided to join 

seam on multiple pattern piece – user can begin the seam definition by 

clicking on the icon and then selecting the start and end points of the seam on 

both pattern pieces; (b) 1:N seam function is provided to join one piece with 

multiple pieces along one seam; (c) the completed seam pairs are shown 

within joining dotted lines in different colours; (d) after all seam pairs are 

defined, the user can end the seam process and output seam information in 

JSON format. 
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Figure 3-17 JSON format of defined seams recording pieces and seam lines, which are 

passed to later modules for preposition and 3D simulation. 

 

3.3.5 Mesh generation 

The Delaunay triangulation algorithm is employed to triangulate pattern pieces 

defined in the JSON file into meshes in OBJ format (see Table 3-1). The Delaunay 

triangulation algorithm maximises the smallest angle of the generated triangle and 

minimises the chance of an obtuse triangle being generated. In addition, we also control 

the triangle edge to a similar length during the triangulation process  

 

Table 3-1 Mesh generation 

Input Pattern JSON file (polyline representation) 

Process Delaunay triangulation algorithm 

Output Pattern mesh 

 

A standard OBJ file format is used to record the pattern meshes generated. Both 

feature points and pattern vertices, including outline and inner points, are recorded, as 

shown in Figure 3-18. The detailed pattern vertices information will be used later in the 

garment simulation process. 
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Figure 3-18 Pattern information analysed in PDM 

 

 

3.3.6 Summary 

In summary, the PDM serves to extract pattern information, re-arrange patterns 

in specific layouts, and define seams in order to support later garment simulation. 2D 

industrial patterns are analysed hierarchically and recorded in a standard data structure 

(as shown in Figure 3-18), which facilitates the later garment simulation process in 

GSM. Detailed functions including feature extraction, 2D preposition, mesh generation, 

and interactive seam operation which are developed by object-oriented programming 

in this PDM. 

 

3.4 Module III: Garment Simulation Module (GSM) 

3.4.1 Introduction 

Once the human modelling and pattern preparation work are completed, the 

outputs from the HMM and PDM are used to realise garment simulation. The inputs to 

the GSM are a pattern mesh, a control mesh, and a fine mesh of the same human model, 

and additional documents extracted from HMM and PDM. 
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Garment simulation is the core development of this study. Two state-of-the-art 

garment simulation methods using the finite element method (FEM) (Umetani et al., 

2011) and the hybrid pop-up method (Meng et al., 2012) were described in Section 

2.3.2 of Chapter 2. However, these two methods still involve a large number of 

interactive operations to preposition the pattern pieces in relation to the human model 

for garment simulation. In this study, two garment simulators are developed based on 

the two methods – namely, FEM-GS and Hybrid-GS – where a number of 

improvements to the original methods are proposed. Most importantly, new preposition 

algorithms are developed. Based on the feature points on the pattern and human models, 

the relative spatial position is calculated between pattern mesh and human mesh. By 

surrounding the human model with 2D flat patterns, the initial state for the FEM-based 

simulation is determined. For the hybrid-based simulation, according to the feature lines 

extracted from human models, 2D patterns are mapped onto the human surface piece 

by piece to set the initial position. 

 

3.4.2 FEM-GS: physics-based garment simulation 

The finite element method has been proven to be an advantageous physics-based 

approach for simulating clothes. Based on this model, the cloth behaviour is simulated 

through the process of dynamically solving differential equations. The process of FEM-

based simulation involves placing a 2D pattern around the virtual human model; this 

first important step is known as prepositioning. After analysing the energy and forces, 

pattern pieces are sewn together as a complete garment. The initial position (preposition 

status) will affect the final, simulated 3D garments. Therefore, an optimised preposition 

strategy has been developed. 
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The detailed FEM-GS and experimental results, as shown in Figure 3-19, will 

be described and discussed in Chapter 4.  

 

3.4.3 Hybrid-GS: garment simulation by hybrid pop-up method 

Another important approach for garment simulation is to integrate geometrical 

and physical simulations in a hybrid method. In this study, we used the method 

proposed by Meng et al. (2012) to develop a garment simulator, the Hybrid-GS. The 

garment modelling process is formulated as geometrical-based surface parameterisation 

problem to map pattern pieces to specific human surfaces. Again, to avoid tedious 3D 

operations, we developed an automatic preposition method to automatically map 

pattern pieces on the human body. The resulting initial 3D garment is similar to sections 

of the human skin surface; then, the garment model grows in size (pop-up) using a 

physical simulation. Lastly, a drape simulation is conducted to generate the final 

wearing effect. This approach is meaningful because the pop-up result successfully 

restores pattern pieces to their original size. After the pop-up process, the clothing gap 

between the human model and garment model can be visualised, which provides useful 

information for fit evaluation. 

The detailed implementation of Hybrid-GS and its experimental results will be 

described and discussed in Chapter 5. Figure 3-19 outlines the relationship of Chapters 

4, 5, and 6. 
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Figure 3-19 Overview of Chapters 4, 5, and 6 

 

3.5 Comparative Study for Workflow Optimisation 

Traditionally, garment simulation results are usually only assessed by visual 

inspection. Visual inspection cannot quantitatively measure simulation accuracy. In this 

study, we propose a new metric to evaluate simulation quality, which will be described 

in Section 3.5.1. Using the defined metrics, we will conduct an experimental evaluation 

of the two garment simulators, so as to propose an optimised workflow for selection of 

garment simulator to maximise simulation accuracy. 

3.5.1 Evaluation criteria 

Apart from visual assessment, some commercial CAD software also evaluate 

virtual fitting by computing strain or stretch. This is done by subtracting the face areas 

or edge lengths after simulation from the corresponding values before simulation; then, 

a list of deformations, in terms of face area or edge length, ∆𝑎 (or ∆𝑒), on the whole 

mesh can be obtained. 

 ∆𝑎 = 𝑎after − 𝑎before  or ∆𝑒 = 𝑒after − 𝑒before (3.3) 

Chapter 4 ~------~ ~--------~,Chapter 5 

Garment patterns Human control mesh Garment patterns Human control mesh 

FEM-GS 

Experimental evaluation 

Virtual fitting 
accuracy of two GS 

Hybrid-GS 

Chapter 6 
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The strain and stretch are often presented on a colour map, where the maximum and 

minimum deformation of face areas or edge lengths, (∆𝑎min, ∆𝑎max) or (∆𝑒min, ∆𝑒max), 

are defined in different colours; e.g., red for a higher deformation value and blue for 

less deformation. As shown in the OptiTex solution example in Figure 3-20, a stretch 

map computes 3D face area deformation. 

 

Figure 3-20 Example of tension map for fit evaluation (Optitex) 

 

However, the tension maps or stretch maps rarely provide users with explicit 

information on the fitting situation. In this study, we propose comparing the difference 

between garment measurements defined in 2D pattern pieces and a simulated 3D 

garment as an evaluation of the deformation. We can obtain measurement information 

from 2D pattern pieces; e.g., the length and width. After garment simulation, the 

corresponding measurements can be calculated from the simulated 3D garment mesh 

model. By comparing the garment measurements with the pattern measurements, we 

can measure how well the garment simulator maintains size and fit. 

Consider a type of garment with n key measurements. Let 2D
iL  denote the ith 

measurement on the 2D pattern and 3D
iL  be the corresponding measurement in 3D mesh. 
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Ratio i  is defined as 

 3 2/D D
i i iL L   (3.4) 

When i  is closer to the value of 1, the simulation has higher accuracy and less 

deformation. 

 

3.5.2 Experimental evaluation 

Using the defined quantitative metric on simulation accuracy, we can compare 

the simulation accuracy achieved by the two simulators – FEM-GS and Hybrid-GS – 

so as to select between the two methods for different types of clothing. We conducted 

an experiment with four types of garment, including trousers and T-shirt for male 

subjects, and dress and teetop for female subjects. A total of six male subjects and six 

female subjects with different body shapes and sizes were recruited to participate in the 

experimental evaluation.  

Step 1: Human modelling. Each human subject is required to take front-view 

and side-view photographs. These images are input to the HMM to obtain a control 

mesh w and a fine mesh for each subject. Features are also extracted from the output 

mesh of each subject.  

Step 2: Pattern design. The patterns of each style are pre-processed in PDM with 

seam defined.  

Step 3: Garment simulation and results comparison. The generated customised 

human models and clothing patterns are input to FEM-GS and Hybrid-GS to 

automatically generate garment simulation results for each customised model. The 

simulation accuracy is evaluated using the metric defined in Equation (3.4) and, by 

comparing the resulting simulation accuracy, we can develop guidelines for the 
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selection of GS to maximise simulation accuracy. The experimental evaluation will be 

explained in detail in Chapter 6. 

 

3.6 Module IV: Garment Rendering Module (GRM) 

Rendering refers to a process of converting a scene described in digital form 

into a visual digital image. Generating a pair of digital images includes many 

procedures and steps, such as the modelling of objects, setting of scenes, physical 

simulation in games and movies, animation control, and so forth. Rendering is the last 

step of the virtual fitting platform (see Figure 3-1). After human modelling, pattern 

design, and garment simulation processes, we obtain a static human model and garment 

models. In this section, rendering tools are investigated.  

 

3.6.1 Texture coordinate alignment 

Fashion products have numerous variations because textile designs are 

numerous. When a 3D garment is simulated, we can visualise the final products when 

different fabrics are used using a texture mapping technique. 

Firstly, texture coordinates of 2D pattern mesh are calculated. As Figure 3-21 

illustrates, a flat pattern mesh is bounded within a rectangle, defined by (𝑥min,𝑦min) and 

(𝑥max,𝑦max). 
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Figure 3-21 Pattern mesh 

 

Next, the width and length of the bounding rectangle are calculated as follows: 

 𝐿𝑥 = 𝑥max − 𝑥min (3.5) 

 𝐿𝑦 = 𝑦max − 𝑦min (3.6) 

The longer edge of the width or length of the bounding rectangle is selected as the base 

edge, 𝑅: 

 {
If 𝐿𝑥 ≥ 𝐿𝑦 ,    𝑅 = 𝐿𝑥

else                 R=𝐿𝑦
 (3.7) 

For each vertex of the pattern mesh with the vertex coordinates (x, y), its texture 

coordinate (u, v) is formulated as: 

 𝑢 =
(𝑥 − 𝑥min)

𝑅⁄  (3.8) 

 𝑣 =
(𝑦 − 𝑦min)

𝑅⁄   (3.9) 

2D texture images also have texture coordinates, which are based on image 

pixels. As shown in Figure 3-22, an image is represented as a matrix of n×m pixels. The 

location of a pixel can be represented using coordinates. Texture coordinates of lower-

left corner pixel is defined as (0,0). The 2D texture coordinate (u, v) defines a location 

of each pixel (i, j). The ith, jth coordinates for the pixel is computed by: 

 iu
n

 , jv
m

   (3.10) 



84 

  

Figure 3-22 Image of m×n pixels with texture coordinates for each pixel (i, j) 

 

Equation (3.10) is a normalisation process. Each pixel on the texture image is 

usually normalised to a coordinate ranging from 0 to 1.  

The pattern vertices are matched with pixels on the image after texture 

coordinate mapping. Geometry shape and image information are sent to the rendering 

engine, as shown in Figure 3-23. 

 

Figure 3-23 Rendering pipeline 

 

As a result, the texture is aligned on the pattern mesh, as presented in Figure 

3-24. 

 

Figure 3-24 Texture aligned on the pattern mesh 
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3.6.2 Renderer development 

We use Open3DModel (Open3Mod, n.d.) to develop a render for rendering the 

final human model and the garment model with texture. The Open3DModel viewer was 

established based on three well-developed libraries: Assimp, DevIl, and OpenGL. 

1) Assimp is employed to parse the 3D garment model and human model; it is 

an open source library that can import various 3D model formats (Assimp).  

2) DevIL is a full featured cross-platform image library which reads image files 

(DevIL).  

3) Considering feasibility and simplicity, OpenGL was selected as a rendering 

tool to interact with the computer graphics processing unit (GPU) and realise rendering. 

By computing texture coordinate mapping, users can be shown the rendering results of 

different colours and texture choices on the final garments in real time (OpenGL).  

                             

Figure 3-25 Libraries used in GRM 

 

A user interface of the render developed is shown in Figure 3-26. 

A~ . 
Open Asset Import Library 

(a) Assimp: 3D model import library 

(b) Devil.net: image reading library 

( c) OpenGL: rendering tool 
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Figure 3-26 User interface of the Open3D model viewer (we modified it for garment and 

human display). 

 

3.6.3 Rendering results 

We tested this module using several 3D garment models. The rendering results 

of a shirt and dress are shown in Figure 3-27. Results have demonstrated that GRM is 

effective in rendering garment models.  

  

 

Figure 3-27 Rendering results of garment models 
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Figure 3-28 Rendering results of virtual human models together with garment models 

 

In order to further demonstrate the efficiency of the GRM, customised human 

models from HMM and garment models from GSM are rendered together to visualise 

the try-on effects. Figure 3-28 shows that several texture images are successfully 

mapped onto 3D garment models. It can be confirmed that GRM can provide more 

detailed visual effects for 3D models. 

 

3.7 Chapter Summary 

In this chapter, the integrated virtual fitting system which is composed of four 

modules was presented. The HMM module focuses on building a standard human shape 

representation called a control mesh and identifies body features from the control mesh 

to support garment simulation. The PDM module handles pattern processing, including 

importing of industrial patterns, extracting pattern features, and prepositioning patterns 
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in a specific 2D arrangement. The GSM realises automatic preposition and simulates 

the garment. After garment simulation, the GRM renders the virtual garment and human 

models. Garment simulators together with their automatic preposition methods are the 

key development in this study. Chapters 4 and 5 will proceed to illustrate the two 

garment simulators in the GSM – namely FEM-GS and Hybrid-GS – in detail. The 

comparative study conducted to analyse the simulation accuracy will be presented in 

Chapter 6. Based on the experimental results in Chapter 6, the choice between the two 

GSs is discussed with regard to more accurate simulation results.  
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CHAPTER 4. PHYSICS-BASED FEM 

GARMENT SIMULATOR AND RESULTS 

 

4.1 Introduction 

The previous chapters have described a comprehensive overview of the 

proposed virtual fitting system, including human modelling, pattern design and garment 

modelling. This chapter will detail the consumer oriented garment simulation module 

using FEM method. An FEM garment simulator (FEM-GS) is developed, improving 

upon the initial code openly shared by Umetani et al. (2011). 

In Umetani et al. (2011), several example garments were provided to illustrate 

the system. However, the system does not perform well in customised production. On 

one hand, pattern outputted from commercial CAD systems cannot be used in the 

garment simulation, as only very simple 2D shapes were manually coded for garment 

simulation. As shown in Figure 4-1, to represent a basic top, a polyline with a total of 

nine key points is used to define a front piece while another polyline of eight points is 

defined as back piece. On the other hand, the original virtual try-on system is limited to 

a given mannequin.  Besides, users need to adjust patterns arrangement by trial-and-

errors.  
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Figure 4-1 Only simple geometrical shapes were used for simulation and patterns pieces 

were recorded with sequence order of 2D coordinates in Umetani et al. (2011) 

 

We aim to simulate garments on various customised human models while 

minimising the trial-and-error user interactions in this study.  As shown in Figure 4-2, 

our FEM-GS analyses pattern pieces outputted from Pattern Design Module (PDM) and 

human models customised from 2D photos from Human Modelling Module (HMM), 

and generates simulation results for all customised models. 
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Figure 4-2 Concept illustration of FEM garment simulation: Use patterns from pattern 

design module and various customised human models from human modelling 

module to complete automatic garment simulation by FEM-GS simulator 

 

The theory of FEM has been introduced in Section 2.3.1.2 and the major 

references of FEM simulator was described in detailed in Section 2.3.2.1 of Chapter 2.  

To improve and integrate the FEM simulator into our proposed intelligent virtual-fitting 

system, we develop an automatic preposition method utilising control mesh from HMM, 

and the method will be explained in Section 4.2. By the automatic prepositioning 

method, 2D pattern pieces with the seams are placed in precise location with reference 

to the human model. Then, a virtual sewing process is initiated to assemble the pattern 

pieces together as a complete garment based on a physical scheme. To ensure quality 

simulation results, we optimise empirically the preposition parameters to be used in 

automatic preposition in Section 4.4. Lastly, some results from the improved FEM 

simulator are discussed in Section 4.5. 
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4.2 Step One: Automatic Preposition 

4.2.1 Method Overview 

In FEM garment simulation pipeline, preposition is not only the starting step 

but also a very important one.  The original system of Umetani et al. (2011) allowed 

user interaction to preposition pattern pieces at a certain distance, defined as an offset 

parameter d, with reference to the human model, as shown in Figure 4-3. 

d d

 

Figure 4-3 Define parameter d to preposition a distance from the pattern to human 

centre (Umetani et al. 2011) 

  

As reviewed in Section 2.3.3.1 that the quality of the simulated garments is 

determined by the initial state of the simulation, where the pattern pieces are 

prepositioned before the simulation. However, most research studies used interactions 

to preposition/wrap pattern pieces around human models. Volino and Magnenat-



93 

Thalmann (2012) concluded factors to approximate initial positions including (1) when 

seam edges get closer, they should  keep in the correct side of the human model (2) 

starting offset distance should be appropriately minimum to accelerate the garment 

simulation. Ji et al. (2006) deformed flat patterns into a cylinder shape for better 

simulation results. 

Our virtual fitting system is integrated with PDM that provides real integration 

with garment manufacturing, as clothing patterns from any commercial CAD systems 

can be processed in PDM for 2D pattern layout and seam definition, which can be 

seamlessly used by FEM and hybrid simulators in GSM, as described in Section 3.3 of 

Chapter 3. We streamline the garment simulation process and group all necessary user 

interactions for pattern and seam definition in PDM and minimise interactions for 

human modelling in HMM. Considering to automate garment simulation process, we 

propose an automatic preposition method, which takes advantage of the control mesh 

to reference human features for pattern pieces arrangement in 3D. The automatic 

prepositioning include four steps, namely (1) key reference point mapping, (2) 

coordinate transformation, (3) shape deformation and (4) skeleton fitting, as shown in 

Figure 4-4.  

 

Figure 4-4 Automatic prepositioning for garment simulation 
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4.2.2 Key reference point mapping 

The first part to be introduced is a key feature point mapping function.  The aim 

of this function is to map 2D pattern pieces to a target reference position on the human 

model in 3D.  

A coordinate system is defined by the origin and coordinate axis. The origin 

defines the position of the coordinate system, and the coordinate axis defines the 

direction and scale (i.e. unit) information of the coordinate system. Usually the 

coordinate axes are perpendicular to each other. The pattern pieces and human models 

have two different coordinate systems. 

front

left right

back

x

y

xmin xmax

 

Figure 4-5 2D pattern panel: four regions are divided 
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In discussed in section 3.3.3 of Chapter 3, pattern meshes output from PDM 

have been arranged on a 2D coordinate system with the four quadrants: (x>0,y>0), 

(x<0,y<0), (x>0,y<0) and (x<0,y>0).  The x-coordinates of the pattern pieces provide 

hints on whether the pattern piece should be mapped towards the left or the right of the 

human body, while y-coordinates indicate the pattern pieces are mapped to the front or 

the back of the body, as shown in Figure 4-5. Besides, the 2D pattern arrangement also 

indicates the orientation and the human body skeleton that pattern pieces should be 

aligned to. 

The control mesh of a human model has a standard coordinate definition: from 

the main axis of the torso is along vertical axis z, the centre of the left and right feet on 

the floor level is the origin point, as shown in Figure 4-6. As discussed in section 3.2 

of Chapter 3, key body features with important meaning to garment design e.g. chest 

girth, waist girth, hip girth, centre front and centre back have been identified on the 

control mesh.   

We then relate pattern pieces into the coordinate system of control mesh. To do 

so, we group pattern pieces into different sections for around the front of the torso, the 

back of the torso, left arm, and right arm. This can be easily done using the pattern 

information output from PDM as the layout already give hints on the arrangement. Next, 

for each section of pattern pieces, we find a reference point on patterns and relate to the 

human model’s coordinate. Taking the t-shirt front panels as an example in Figure 4-6, 

we can relate the centre of the 2D panels to the front of the human model at skeleton 

joint 1 by an offset distance d (with reference to Figure 3-11).  The definition of offset 

distance d will be explained in next section. It is important to note all the body features 

identified on the control mesh in Section 3.2.3 can be used for mapping pattern pieces, 

depending on their target orientation to the human models. 
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z
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Figure 4-6 Feature mapping example 

 

4.2.3 Transformation – offset distance d 

As discussed, reference point mapping serves as the first step to relate pattern’s 

coordinate system to that of control mesh.  The next step in preposition process is to 

transform the planar pattern to the appropriate 3D location.  We update the pattern 

coordinates by the following steps: 

1. Rotate the pattern’s coordinate system to the control mesh coordinate system. 

2. Translate pattern pieces to an appropriate location by defining an offset distance d. 
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Front piece: rotate (-90, 0, 0)
Back piece: rotate (90, 0, 0)

xmin xmax

Top view

Top view

 

Figure 4-7 Pattern rotation 

 

Firstly, pattern mesh has a coordinate system that x axis refers to horizontal 

direction, and y axis indicates vertical direction. For control mesh, x-y plane is human 

cross-sectional plane, while z axis indicates height direction. To convert the 2D pattern 

coordinates to 3D space, a rotation of 90 degree around the x-axis should be performed 

to pattern pieces, as shown in Figure 4-7. This rotation angle, also called as Euler angles, 

17 
11 

V 



98 

represents three rotations along different axes, =(x, y, z). For any point on the 

pattern pieces 𝑝0, rotation is done by multiplying 𝑝0,  with a rotation matrix, R:  

 𝑃0 = 𝑝0 ∙ 𝑅(𝜃𝑥, 𝜃𝑦, 𝜃𝑧) (4.1a) 

where 𝑅(𝜃𝑥, 𝜃𝑦, 𝜃𝑧) is equal to 

[

cos(𝜃𝑦) cos(𝜃𝑧) cos(𝜃𝑧) sin( 𝜃𝑦) sin(𝜃𝑥) − sin(𝜃𝑧) cos(𝜃𝑥)    cos(𝜃𝑧) sin( 𝜃𝑦) cos(𝜃𝑥) + sin(𝜃𝑧) sin (𝜃𝑥)  

sin(𝜃𝑧) cos (𝜃𝑦) 𝑠𝑖𝑛(𝜃𝑧) sin(𝜃𝑦) sin(𝜃𝑥) + cos(𝜃𝑧) cos(𝜃𝑥)    𝑠𝑖𝑛(𝜃𝑧) sin(𝜃𝑦) cos(𝜃𝑥) − cos(𝜃𝑧) sin (𝜃𝑥)

 − sin(𝜃𝑦)           𝑐𝑜𝑠(𝜃𝑦)𝑠𝑖𝑛(𝜃𝑥)      𝑐𝑜𝑠(𝜃𝑦)cos (𝜃𝑥)

] (4.1b) 

 

Secondly, after mapping key points of pattern to human body part, we offset the 

pattern pieces away from human model by a certain distance.  Here an offset variable d 

is defined as the distance along y axis between pattern piece’s key reference to the 

corresponding human model body feature, as shown in Figure 4-8. 

  

Figure 4-8 Translate pattern to a distance d relative to human skeleton centre (a); 

different offset distances d where (b) has larger d than (c) 

 

From 2D pattern’s x-y coordinate to 3D human model’s x-y-z coordinate, a 

complete transformation based on key points mapping and coordinate transformation is 

given below. 

X 

human centre 

y 

(a) 

2d 

(b) (c) 
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Input: pattern pieces ID i; original key point 0p  (x0,y0) on pattern; target key point 

position Pt 1 1 1( , , )X Y Z  on control mesh; offset distance to control mesh d ; 

Process: 

(1)  Input pattern piece ID i; 

   If (maximum pattern coordinates Y<0) (i.e. back of the body) 

         Rotate pattern piece by angle =(90,0,0), p0P0 

         Else if (minimum pattern coordinates Y>0) (i.e. front of the body) 

             Rotate pattern piece by angle =(-90,0,0), p0P0. 

(2) assume the current position of P0 is 0 0 0( , , )x y z ,  compute the translation vector from 

P0 to Pt:  

 𝒗2 = [𝑋1 − 𝑥0 𝑌1 − 𝑦0 𝑍1 − 𝑧0] [
𝑥
𝑦
𝑧

] (4.2) 

(3) compute the offset vector as:  

 𝒗1 = [0 𝑑 0] [
𝑥
𝑦
𝑧

] (4.3) 

(4) for all points 𝑝𝑗(𝑥𝑗 , 𝑦𝑗 , 𝑧𝑗) located on pattern, the vector from 𝑝𝑗 to P0 is 

 𝒗3 = [𝑥0 − 𝑥𝑗 𝑦0 − 𝑦𝑗 𝑧0 − 𝑧𝑗] [
𝑥
𝑦
𝑧

] (4.4) 

(5) obtain new 3D coordinates for pattern piece by:  

 𝑃𝑗 = 𝑝𝑗 + 𝒗3 + 𝒗2 + 𝒗1 (4.5) 

Therefore, given a target key point on the control mesh and a user-defined offset 

distance d, the above procedure place pattern mesh to the same coordinate space of the 

human model. 
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4.2.4 Pattern shape deformation – angle  

In addition to the basic flat shape, we can deform pattern pieces into cylinder 

shape. The reason for adjusting 2D pattern shape is to ensure the pattern outlines/seams 

have more consistent distances to the body surface for better simulation results. Besides, 

curved shaped patterns better surround the body or limbs of the human model, to avoid 

seam lines passing through the body that create errors in the simulation process.  
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Figure 4-9 The local shape bending process 
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Our work extends by adding a shape deformation function. As shown in Figure 

4-9, suppose the coordinate of a point on 2D pattern piece is (𝑥0, 𝑦0), we deform the x 

coordinate to an arc shape keeping the length (xmax-xmin, total pattern width) constant. 

According to the simple geometry Chord Theorem, centre of a circle lies on the 

perpendicular bisector of a chord of a circle. The centre point of the target circle should 

be along the perpendicular bisector line. 

Given a bending angle  , as shown in Figure 4-9, the centre of arc circle is the 

skeleton centre of the human model, pattern coordinate (𝑥0, 𝑦0) is deformed to (𝑥1, 𝑦1), 

the arc radius r satisfies the following equation 

 arc length = 𝑥max − 𝑥min = 2𝜋𝑟 ∙
𝜃

360
 (4.6) 

With known pattern width (xmax-xmin), we can calculate r based on a defined 

bending angle  . The new coordinate (𝑥1, 𝑦1) is then obtained by: 

 {
𝑥1 = 𝑥𝑐 + 𝑟 ∗ 𝑠𝑖𝑛

𝑥0−𝑥𝑐

𝑟

𝑦1 = 𝑟 ∗ (𝑐𝑜𝑠
𝑥0−𝑥𝑐

𝑟
− 1)

 (4.7) 

(𝑥1, 𝑦1) is the updated coordinate in pattern’s local coordinate space. 

 

4.2.5 Skeleton fitting 

When interpreting pattern position to relative location, using control mesh in 

fixed pose is not enough. As reported in the garment simulation literature, the placement 

of 2D pattern sometimes needs more information. To dress the customised model as 

casually as possible, skeleton information is important to locate and orient pattern 

pieces. 

As presented in section 3.2.4 of Chapter 3, skeleton of the human model can be 

derived from grouping each control mesh.  In this section, the calculated skeleton 

performs two functions at the preposition stage. On one hand, the skeleton is used to 
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correctly align and fit pattern piece around arm and leg regions. On the other hand, 

skeleton is used to deform human model into different postures to avoid overlapping 

pattern pieces before simulation. 

To illustrate the skeleton fitting method, a sleeve positioning process is shown 

in Figure 4-10. At the beginning, original alignment orientation vector 𝒗0 is computed 

from the 2D pattern mesh. Next, the joint angle, namely the target orientation is also 

calculated, denoted as a vector𝒗𝑡. The final step is to transform the pattern orientation 

to the joint orientation, i.e. translate and rotate the orientation of the pattern piece from 

𝒗0 to 𝒗𝑡. 

 

Figure 4-10 Skeleton fitting process 

 

The transformation described in Section 4.2.3 rotates a vector around the axes 

of the coordinate system.  In contrast, this section needs a transformation function based 

on the vectors before 𝒗𝑜 and after 𝒗𝑡the rotation. Suppose 𝒗𝜖ℝ3 rotates by an arbitrary 

axis 𝒌 an angle  , according to the right-hand rule, rotation vector is computed by 

Rodrigues formula as: 

 𝒗𝑟 = 𝒗𝑐𝑜𝑠𝜃 + (𝒌 × 𝒗)𝑠𝑖𝑛𝜃 + 𝒌(𝒌 ∙ 𝒗)𝑠𝑖𝑛𝜃(1 − 𝑐𝑜𝑠𝜃) (4.8) 

𝒌 is a unit vector determined by the cross product of the two vectors: before and after 

the rotation: 

 𝒌 =
𝒗𝑜×𝒗𝑡

|𝒗𝑜×𝒗𝑡| sin 𝛼
 (4.9) 

(I) original orientation vector 

left sleeve pattern 

(2) 

left ann skeleton Jn 
t:ransfonnation result 
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where 𝛼 is the angle between two vectors. 

 𝛼 = cos−1 (
𝒗𝑜∙𝒗𝑡

|𝒗𝑜||𝒗𝑡|
) (4.10) 

After the execution of above preposition commands, the pattern meshes are 

properly preposition in relation to the human model. 

 

Figure 4-11 Cylinder shaped clothing surrounds human model  

 

4.2.6 Discussion 

In this section, a novel preposition method is proposed, as shown in Figure 4-4 

on page 93. Industrial clothing patterns are pre-processed to extract features and specify 

initial shapes in PDM. Preposition process is then performed with reference to control 

mesh with well-defined body features. Finally, garment simulation is performed on fine 

mesh of the human model. 

The major contribution of the proposed automatic preposition method includes 

that the automatic determination of the initial position of clothing pieces is easy to 

understand and leads to automatic alignment of diverse pattern styles to human model 

for garment simulation. We can replace human model of any body shape to give 
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simulation results on various customised human models as all human models have 

control mesh defined on standard topology. 

Another benefit of the method is that the relative position of pattern pieces to 

the human model is precisely defined. It is no longer a trial-and-error process. We will 

later present a method to select preposition parameters, d and , to ensure best 

simulation accuracy in Section 4.4.  

 

4.3 Step Two: Sewing process   

Early cloth simulation systems have been described as particle systems, which 

offer a simple, intuitive and flexible way to model interactive mechanical simulation. 

Although particle systems offer a number of advantages, for example, dynamic 

accuracy, convergence speed, fast and approximate simulation, robustness (Choi & Ko, 

2005; Volino et al., 2009), they have a reputation for inaccuracy. This is because 

particle systems do not allow full discrimination among deformation modes (Bianchi 

et al. 2004) and they remain particularly inaccurate for anisotropic and nonlinear 

models.  

Therefore, cloth simulations are dominated by formulations using finite 

elements methods (Volino et al., 2009). Like most FE models of cloth, we modelled 

cloth following the approach of Umetani et al. (2011) that garment simulation is 

realised by deforming pattern pieces from initial states (prepositioned pattern pieces) to 

static equilibrium state, in which the residual force R(x)0 vanishes 

 𝑹(𝑥) = 𝑭(𝑥) − 𝑸(𝑥) (4.11) 

where x denotes the deformed geometric configuration of the cloths (pattern pieces), R 

denotes residual force of the garment model, F denotes external forces acting on the 

model; Q denotes the internal forces.  
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4.3.1 Forces and Energies 

In general, the internal forces derived from total elastic energies are to resist 

deformations away from the initial flat state, including those energies to resist in-plane 

stretching/compression and shearing, and also curvature-based energies to resist out-

of-plane bending. Forces are computed as differentiation of the energy relative to the 

position, and are expressed in terms of a stiffness component and a geometric 

component.  

4.3.1.1 Internal forces Q 

Most models of cloth consider separately in-plane and bending energies: 

 𝐸(𝑥) = 𝐸𝑝(𝑥) + 𝐸𝑏(𝑥) (4.12) 

A modified Saint-Venant-Kirchhoff model (Volino et al., 2009) was used to model in-

plane tensile force-deformation behaviours (also called membrane force in Umetani et 

al. (2011)), namely simulating anisotropic and nonlinear cloth materials under large 

deformations. Isometric bending model (IBM) of Bergou et al. (2006) was selected 

among various bending models because of its stability and speed computation to 

describe the out-of-plane deformations.  

 𝐸𝑏(𝑥) =
1

2
𝑥𝑇Φ𝑥 (4.13) 

where  corresponds to constant energy Hessian and has a quadratic form. 

We formulate the stretching/shearing force on a per triangle basis, while the bending 

force is formulated on a per edge basis—between pairs of adjacent triangles (see 

illustration in Figure 4-12). According to the parameter setting in Umetani et al. (2011), 

we set the bending stiffness as 10-8 N/m, and set the stretching stiffness as 10 N/m. The 

complete description on the forces’ formulation is beyond the scope of this chapter. 

-
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Figure 4-12 Illustration of bending and membrane forces 

 

4.3.1.2 External forces F 

External forces F in equation (4.11) include kinetic damping forces that are used 

to subdue oscillations caused by update surface vertex position due to stretching, 

shearing, and bending during the simulation process (Volino & Thalmann, 2007). Other 

forces include sewing forces, air-drag, gravity, and contact responses. Cloth/cloth 

contacts generate strong repulsive linear-spring forces between cloth particles (Bridson 

et al., 2002). 

Damping forces are velocity-related and can be formulated as  

 𝒇damp = −𝑘𝑑�̇� (4.14) 

where dk is the damping coefficient. 

Without the sewing forces, the modelling of in-plane and out-of-plane 

deformations only simulate a drape. With sewing forces defined, the process simulates 

a sewing process that pattern pieces are ‘assembled’ (pull together to close enough) as 

a 3D garment model (Volino et al., 1995). Since seam data have been defined and 

d 

C b 

Membrane: cfi5p)i\ccmc11t related 
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output from PDM, where corresponding seam boundaries are specified. Hookean spring 

model is utilised to model sewing force,  

 𝒇sew = 𝑘 ∙ distance (4.15) 

which connects (‘emitting’) vertices on a seam boundary of one panel with springs 

anchored at (‘receiving’) boundary edge of the other panel (Umetani et al., 2011).  

The gravity is commonly modelled as  

 𝒇gravity = M ∙ g (4.16) 

where M is mass distribution and g means the acceleration of gravity.  Air-drag force 

can be formulated on a per-triangle basis and opposes velocities along the triangle’s 

normal direction (Baraff & Witkin, 1998).  

Contact forces generates whenever there is collision, including both cloth/cloth 

and cloth/solid (cloth vs human model) collisions (Volino & Thalmann, 2012). For 

cloth/cloth collisions, this would not appear to be a problem: the spring forces that are 

added work to counter the colliding velocities and then push the cloth apart. For 

cloth/solid collisions, when intersections occurred, the positions of the cloth particles 

are altered, effecting an instantaneous (and discontinuous) change in position. 

The value of 𝑘𝑑, 𝑘, g  and M refer to the value used in Umetani et al. (2011). 

For example, M is set as 0.20 kg/m2. 

4.3.2 Time integration 

In Umetani et al. (2011), semi-implicit time integration scheme (Baraff & 

Witkin, 1998) was adopted for dynamic simulation. The static state is residual force is 

equal to zero in equation (4.11). The solution of this equation is based on 

Preconditioned Conjugate gradient method (Saad, 2003), which firstly obtains internal 

force from energy analysis, then computes external force subtracts internal force to get 

a residual force. It minimises the residual force to approaching zero, where patterns 
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(cloths) move closer to the human model and are sewn up as a complete garment. Figure 

4-13 illustrates the process. 

 

Figure 4-13 Simulation process 

 

As shown in the main loop for garment simulation, the system first moves and 

rotates the pattern piece towards the layered human model. Then the collision handling 

and clothing simulation technique are adopted to construct a draped garment. After the 

garment reaching an appropriate state, the simulation stops. 
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4.3.3 Simulated results 

A draped garment result and rendering result is shown in the Figure 4-14.  

 

 

Figure 4-14 Simulation (left) and rendering result (right) 

 

4.4 Results and Discussion 

To preset initial positions before physical-based garment simulation using FE 

method, typical approaches in all literature and commercial applications are preposition 

by trial-and-error or interactions.  This is because the clothing patterns have very 

diverse shapes and styles, and different pieces must be prepositioned to the correct 

location in relation to human models that may also have different sizes and shapes. For 

example, the patterns for the torso are usually placed on the front and back of the body, 

while sleeves are usually placed around the arms. 

As discussed, we developed automatic preposition method in section 4.2, which 

define clothing initial position in relation to human model using two parameters, d and 

θ. However, it is not discussed how the different definition of these two parameters 

will impact on the simulations. Traditionally, the simulation quality was mostly 
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accessed by visual inspection.  In Section 3.5 of Chapter 3, new metrics were proposed 

to evaluate the simulation quality in a quantitative way. 

We will use these quantitative metrics to evaluate the definition of different 

preposition parameters will affect the final simulation results. An empirical study is 

used to help users automatically definition these parameters to suits different patterns 

and human model inputs. 

 

4.4.1 Evaluation criteria 

For completeness, the quantitative metrics defined in Section 3.5 of Chapter 3 

are listed again here. For 2D pattern pieces, the size information is usually reflected in 

outline measurements, such as length and width. In this regard, from 2D mesh to 3D 

form, to what extend the simulation maintains the size and fit is evaluated by comparing 

dimensional error in outlines. 

Given a type of garment with several key measurements on 2D pattern. The i-

th measurement on 2D pattern is 2D
iL  while the corresponding measurement in 3D mesh 

is 3D
iL . The accuracy ratio i  is defined as 

 3 2/D D
i i iL L   (4.17) 

When the value i  is closer to 1, better the simulation accuracy is. 

 

4.4.2 Empirical optimisation of preposition parameters 

The garment modelling by FE method is a force integrated process. The final 

accuracy can be influenced by many factors, like the parameters of stretching, bending 

and sewing forces, the mesh discretization size and so on. The different force models 

adopted to realise garment simulation in Umetani et al. (2011) have been carefully 
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experimented and optimised in order to balance computation time and model accuracy. 

We will not study the impact on accuracy by the selection of forces and energy models. 

Instead, we focus on is the accuracy i  in relation to the prepositioning, with all other 

factors kept the same in the experiment.  

The automatic preposition function consists of two parameters, distance d and 

angle . In this section, we describe an experiment for defining preposition parameters 

so as to optimise the accuracy of the simulator FEM-GS. 

 

4.4.2.1 Offset Distance d 

The distance d in this study means the value between the cloths to the human 

model. The interpretation of far or near concept varies: considering the situation that if 

d is defined as a fixed distance in the world space for two different human models, A 

and B. Human model A has a larger body build, while model B is thin and small. It is 

very likely that the fixed d looks far for human mesh surface B but near for model A. 

Therefore, we define d according to human dimension, i.e. body depth (H).  

By defining a ratio µ, the relationship between d and µ are illustrated in Figure 

4-15, where 

 𝑑 = 𝜇 ×  
1

2
𝐻 (4.18) 

where H is the reference body depth of the input human model. 

 

-
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Figure 4-15 Definition of body depth and offset parameter µ 

 

At the beginning, the most significant force is the sewing force which acts on 

vertices along the seam boundaries. The direction and magnitude of a seaming force 

depends on the positions of the elements, their masses, and stiffness, etc. Under this 

force, the displacement also influences the adjacent triangles which are connected by 

seam edges.    

The influences of d mainly lies at two aspects: it is the boundary condition as 

well as determining initial sewing force. With reference to equation (4.15), the sewing 

spring force at the initial state can be approximated as  

 *2sew sf k d  (4.19) 

 

At the final stage, the sewing boundary moves as close as possible, the Hooke 

spring force is approximately zero. 

We ignore the complex numerical integration in the force and energy 

computation in the simulation process.  Instead, we monitor stretch, presented by 

accuracy ratio i , at the beginning and the final states, so as to look for an empirical 

rule on the definition of preposition parameters. We conducted several tests for different 

2d=µ× ½ H 

H=body depth -
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garment types, for example different sized t shirts. The averaged results are shown the 

following figures. 

 

Figure 4-16 Average simulation effectiveness in relation to offset parameter µ 

 

 

Figure 4-17 Error indicator of simulation in relation to offset parameter µ 

 

Figure 4-16 illustrates the average effectiveness, which means for N outlines on 

2D and 3D, the average is: 

 𝐸(𝜒) =
1

𝑛
∑ 𝜒𝑖

𝑛
𝑖=0  (4.20) 
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where 𝜒𝑖is defined in equation (4.17). 

Figure 4-17 used an error indicator (EI)) which is an estimator for measuring 

the average of the absolute value of the errors, where the errors are compared by varying 

offset parameter µ (horizontal axis of the figure). The error value of 𝜒𝑖 is expected to 

be 1, EI intends to measure distance between 𝜒𝑖 and 1. 

 
1

1 | 1|
N

i
i

EI
N




   (4.21) 

Once an optimal offset parameter µ* is identified, the preposition offset distance 

d can be calculated by equation (4.18). With reference to Figure 4-16 and Figure 4-17, 

the offset parameter µ* = 2.1 minimises the simulation error. In other words, the pattern 

pieces should be placed away from human model around an offset distance d equal to 

the body depth for better simulation results. 

 

4.4.2.2 Pattern deformation Angle θ 

Pattern pieces are deformed to a cylinder shape in order to achieve a better 

simulation results. The shape is defined by a deformation angle θ. The initial 2D shape 

performs influence mainly in the process of small triangle’s interaction and the distance 

to achieve a final sewing result. 

As discussed early, the sewing force is the dominate force to assemble panels. 

Sewing force is formulated as spring force. The displacement change will alter the 

neighbour triangle as the neighbour triangles share one common edge.   

With the consideration that the sewing line should not penetrate the human 

model to avoid simulation errors. Pattern pieces are deformed to a cylinder shape to 

ensure relative similar distances of the seam to the human model. A human model cross 

-
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section can be approximated as an ellipse. We compared the simulation results with flat 

pattern with those of deformation angles θ =120 and 180, as shown in Figure 4-18 

  

(a) (b) (c)  

Figure 4-18 Experiment setup for different deformation angles θ, where (a) θ=180, (b) 

θ=120 and θ=0 

 

Table 4-1 Accuracy ratio comparison for different angles 

  when d=0.45  when d=0.4  when d=0.35  when d=0.3 

θ=180 

hem-level girth 1.012 1.006 1.011 1.009 

center-front length 1.030 1.030 1.028 1.025 

center-back length 1.003 1.001 1.002 1.002 

θ=120 

hem-level girth 1.014 1.009 1.014 1.016 

center-front length 1.040 1.042 1.038 1.033 

center-back length 1.001 0.992 1.012 1.007 

Flat surface θ=0 

hem-level girth 1.009 1.010 1.016 1.016 

center-front length 1.025 1.025 1.025 1.032 

center-back length 1.002 1.002 1.005 1.004 

 

From the experimental results in Table 4-1, we should choose θ=120 degree or 

180 degrees for better simulation accuracy. For slim subject, θ=120 should be used, for 
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subjects with fuller body build (large BMI), θ=180 may have better results to ensure 

balanced sewing forces. 

The above empirical study suggests the preposition parameters d and θ to use in 

the garment simulation, which can ensure the automatic preposition algorithm 

described in section 4.2 can generate reliable and quality ensured simulation results. It 

eliminated the entire trial-and-error user interactions in pattern prepositioning. 

However, with these optimised parameters, the resulting average effectiveness 

is frequently larger than the ideal value 1.0.  A possible explanation is, FEM-GS is 

attributed to the open-loop systems. Considering the theory of  finite element simulation, 

pattern pieces are deformed from initial states (prepositioned pattern pieces) to static 

equilibrium state, in which the residual force R(x)0 vanishes. FEM-GS directly 

processes the input state and outputs the result. Without control information that 

compares the 2D pattern and 3D garment, the simulated garments tend to stretch much. 

We will later discuss about the simulation quality of another garment simulator, Hybrid-

GS, which performs effective controls in Chapter 5.  

  

4.4.3 Simulation results using optimised parameters 

The parameters selected by the above analysis achieved nice appearance for 

garments, as shown in Figure 4-19. 
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Figure 4-19 Garment simulation results of a single t-shirt on three human models of 

different sizes and shapes. 

 

The computation time of FEM-GS from loading in pattern pieces to generate 

3D draped garment is approximately 20s, for 9778 faces and 5289 vertices. 

 

4.5 Chapter Summary 

The proposed FEM-GS always integrates information from 2D pattern, human 

models consistently. We proposed automatic preposition algorithm for FEM-GS that 

sequential steps.  Pattern sizes and position information are input from PDM. Body 

critical position can be obtained from control mesh, input from HMM. These two 

preliminaries allow us to simulate garments defined in json data format on any 

customised human models within seconds. People can visualise the try-on result on 

their own shape and figures. 

FEM method is believed to have advantage in dealing with simulation problem 

for various body types. Our system currently is suitable for ordinary clothing simulation, 

as tested in T-shirts. We have streamlined the entire operations for FEM garment 

simulation. 

We have developed automatic preposition algorithms that clothing patterns can 

be automatically prepositioned in relation to different human models, from which FEM-
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based garment simulation is performed. By defining objective evaluation criteria, we 

have conducted experiments on the selection of preposition parameters, including offset 

distance d and deformation angle  . From this empirical study, we have given 

suggestions on defining the preposition parameters based on the depth of human models 

(size of human models).  

Finally, a set of t-shirt virtual try on experiments were conducted. The accuracy 

shows that FEM method is good at simulating loose fit clothing. The effectiveness of 

automatic preposition is also validated. 
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CHAPTER 5. HYBRID GARMENT 

SIMULATOR AND RESULTS 

 

5.1 Introduction 

In garment simulation, there are various methods of modelling 3D virtual 

garment, mainly following two approaches: physics-based modelling and geometric-

based modelling. In Chapter 4, a FEM-garment simulator (FEM-GS) was presented, 

which adopts a physics-based approach for garment simulation. In this chapter, we 

proceed to develop another hybrid garment simulator (Hybrid-GS) based on both 

physical modelling and geometric modelling. 

We developed Hybrid-GS based on a prototype system presented in the work of 

Meng et al. (2012), which models garment simulation as a three-step process. First, a 

geometrical-based surface parameterisation was used to obtain an initial garment shape. 

Next, a pop-up process was modelled such that the initial garment shape was de-formed 

by iteratively updating 3D pyramid coordinates with reference to 2D mean value 

coordinates. Third, a drape simulation was carried out to obtain the final garment 

simulation results from the restored rigid garment. The work of Meng et al. (2012) is 

the first of its kind to take fit evaluation into consideration in garment simulation, in 

which generated 3D garment is restored to its original size in the pop-up process. The 

gap formed between the garment surface and the human surface can visualise the 

clothing fit. 

However, the prototype system developed in Meng et al. (2012) has a number 

of drawbacks: (1) it involves a large number of time-consuming and tedious user 

interactions to attach pattern pieces to the human surface and sew up as a complete 
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garment; (2) the input human model is a rigid mesh model, which means all interactive 

operations must be repeated for every single human model; and (3) the computation is 

not efficient enough to realise real-time simulation. 

In this chapter, we improve upon the prototype system of Meng et al. (2012) so 

as to develop a hybrid-GS using control mesh generated in the human modelling 

module (HMM) and pattern mesh created in the pattern design module (PDM) as inputs. 

Similar to FEM-GS, we again solve the prepositioning automatically such that 

algorithms are developed to map 2D pattern pieces onto the control mesh (phase 1), and 

then these aligned pattern pieces are sewn as an initial 3D garment (phase 2). After this, 

the initial 3D garment is restored to its original size (phase 3) and, lastly, it is draped 

under physical forces (phase 4), as illustrated in Figure 5-1. The detailed 

implementation is discussed in the following sections. We keep using the same tee-shirt 

example, as shown in Figure 5-2, to illustrate different processes of Hybrid-GS. 

Human Model

Garment Pattern

Phase 1:
Preposition

Phase 2:
Sewing up

Phase 3:
Hybrid Pop-up

Inputs

Phase 4:
Drape simulation

),( ,0 ni vvFP 

Pi is a surface patch of 
the human model, vi is 
a vertex of the pattern 
mesh.

M* => G

Section 5.3 Section 5.4 Section 5.5
Section 

5.2.1~5.2.3

Section 5.2.4
Model 

adjustment

Geometrical
 Reconstruction

& 
Physical

Simulation

Geometrical 
update

Physical 
simulation

 

Figure 5-1 A phased process for hybrid garment simulation 
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Figure 5-2 Example of t-shirt patterns 

 

We first describe the data structure of triangle mesh objects. The geometry of a 

triangle mesh can be represented by sets of vertices (V), edges (E) and faces (F), where 

vertices V  refer to points in 3D space recorded by 3D coordinates; edges E  and faces 

F  describe how these vertices are connected. 

Data structure:  In this study, humans, clothing patterns and garment meshes are 

recorded in OBJ files. The OBJ file represents mesh topology using a list of vertices 

(vertex indices together with 3D coordinates, as shown in Table 5-1), and a list of faces 

(triples of vertex indices for each triangle, as shown in Table 5-2). Edges are not listed 

because they can be obtained by traversing the faces. 

Table 5-1 Vertex List 

vertices index 3D coordinates 
𝑣0 0 𝑐0 
𝑣1 1  𝑐1 
𝑣2 2 𝑐2 
 … … 

 

Table 5-2 Face List 

faces Triple of 
vertices that 
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compose the 
face 

𝑓0     (𝑣𝑖, 𝑣𝑗 , 𝑣𝑘) 
… … 

 

Some important terms and symbols used throughout the chapter are introduced 

as follows:  

𝐹𝐻: Feature points of control mesh 

𝐹𝑃: Feature points of the pattern mesh 

M: 2D pattern mesh 

'M : Mesh of ancillary 2D patterns generated based on 𝐹𝑃 

*M : 3D mapping result of the pattern mesh M  

iP : Patch of the human model 

iT : Triangle in 2D pattern mesh M  

'iT : Triangle in ancillary 2D pattern mesh 'M  

𝐺′: Garment model by assembling all prepositioned patterns M* as one mesh 

𝐺𝑖𝑛: Initial garment model after merging seams 

𝐺∗: 3D garment model with size restored to its original pattern size 

𝐺𝐷: Garment model after drape simulation 

 

5.2 Phase One: Automatic Prepositioning 

The first essential component in the Hybrid-GS is to preposition pattern pieces 

on the human model. Meng et al. (2012) have developed a three-step prepositioning 

method, as shown in Figure 5-3. Given a pattern mesh and a human model, feature 

points are defined in the first step. Next, the shortest paths are found between the 
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defined features on the human mesh. The resulting human model is segmented as 

patches bounded by these paths. In step 3, parameterization transforms the 2D pattern 

mesh into a 3D garment which has a similar appearance to a human’s skin surface. 

 

Figure 5-3 Preposition steps in Meng et al. (2012) 

 

It is important to note that there is no correspondence between pattern mesh and 

human mesh at the beginning, and therefore it is very difficult to obtain features from 

these meshes. User interaction was used to define necessary feature information in the 

work of Meng et al., (2012). As shown in Figure 5-4, key feature points (black square 

points) and auxiliary feature points (blue points) are defined interactively as follows: 

(1) Feature points are defined on the pattern mesh first. Typically, corner points 

are selected and defined as key feature points. The auxiliary feature points are then 

added by splitting the edges between two key feature points averagely. The shortest 

boundary length of the pattern piece (i.e. the shortest distance between every two 

connecting key features) is used to define the auxiliary feature number. Assume the 

length of the shortest boundary length is   and the length of current boundary edge is 

il , and therefore the number of auxiliary feature points added (µ) in the current 

boundary edge is calculated as: 

 𝜇 = ⌈𝑙𝑖 𝜅⁄ ⌉ − 1 (5.1) 

L 
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I 
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where ⌈∙⌉ is a round-up operation to the nearest integer. 

(2) The features on the human mesh are defined in accordance with the pattern 

features. 

 

 

Figure 5-4 (a) Feature points on the human model with defined body features (black 

square points) and system-generated auxiliary feature points (blue points); 

(b) front and back pattern mesh with corresponding feature points (Meng et 

al., 2012). 

 

This study focuses on automatically mapping a style of clothing on numerous 

human models (control models). Therefore, algorithms are developed to replace the 

above user interactions with automation. The automatic features mapping process is 

described in section 5.2.1, and a modified mesh segmentation algorithm is provided in 

section 5.2.2. Cross parameterisation is given in section 5.2.3, and a human model 

modification algorithm is presented in section 5.2.4 as a pre-processing step to expand 

the Hybrid-GS to be applicable to diverse garment types. 

 

5.2.1 Features mapping 

There are two outputs from the HMM: fine mesh and control mesh. We propose 

to align patterns on human models by mapping features on control mesh. As described 

in Chapter 3, the control mesh has a unified layered topology. Multiple features, 
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including important curves and points, are identified. To identify necessary feature 

points for garment simulation, the first task is to determine a few reference points. The 

reference points refer to those vertices where the garments are hung on the body, and 

the vertex positions of these reference points remain constant throughout the garment 

simulation. For top garments, the reference points are normally set along the shoulders 

and the neck. For bottom garments, the reference points are often set along the waist 

line. Subsequently, with reference points defined, we compute other key feature points 

by proportion. 

A
B

C

DE

F

 (  ,   )
 (  ,   )

𝑐(  ,   )

 (  ,   ) (  ,   )

𝑓(  ,    

(a) (b)
 

Figure 5-5 Feature definition 

 

Taking the left front piece of a T-shirt pattern (Figure 5-5(b)) as an example, 

there are 6 key feature points 𝐹𝑃 on pattern piece {a, b, c, …, f} extracted from PDM. 

We need to map the corresponding feature points on the control mesh of the human 
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model. We illustrate the definition of reference points and key feature mapping as 

follows. For top garments, the feature line of shoulder line 𝐹𝐻 is known from vertex 𝑉4 

(with reference to the side neck point – SNP) to vertex 𝑉0  (with reference to the 

shoulder point – SP) of the human model, with three intermediate vertices {𝑉1, 𝑉2, 𝑉3}. 

If the shoulder line of 𝐹𝑃 is shorter than the shoulder feature line of 𝐹𝐻, then the mid-

point of shoulder line 𝑉2 is selected as a reference point. Otherwise, 𝑉4 (SNP) should 

be selected as a reference point. A length-preserving strategy is used to select other 

reference points and map corresponding key features on 𝐹𝐻.  Assuming 𝐿() represents 

the distance between two points, a reference point definition algorithm is described as 

follows: 

Algorithm 5.1: Reference point definition 

Input: feature points 𝑉0(SP) 𝑉4(𝑆𝑁𝑃); points on the shoulder line{𝑉0, 𝑉1, … , 𝑉4}; 

pattern feature points a, b; 

Compute L(  ) and 𝐿(𝑉0𝑉4) 

if L(ab)≥  𝐿(𝑉0𝑉4) 

 set 𝑉4 as reference point 𝑉∗ 

set 𝑉0 = A and 𝑉4 = B 

else if L(ab)<  𝐿(𝑉0𝑉4) 

 set 𝑉2 as reference point 𝑉∗ 

 For i from 1 to 2 

      compute L(𝑉2𝑉2−𝑖) and 𝐿(𝑉2𝑉2+𝑖) 

      if the absolute value of L(𝑉2𝑉2−𝑖)
1

2
𝐿(  ) is the minimum 

       set 𝐵 = 𝑉2+𝑖 and 𝐴 = 𝑉2−𝑖 
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The determination of the remaining key feature points is similar to this process. 

For example, point C is arranged on the human centre front feature line; with point B 

fixed, the vertical distance between b and c on 𝐹𝑃 helps identify the horizontal layer on 

which feature C should be located. 

After mapping pattern key feature points {a, b, c, …, f} to human key features 

{𝐴, 𝐵, 𝐶, … , 𝐹}, we need to define the auxiliary feature points. By comparing the control 

mesh with the human model and the pattern mesh, auxiliary features are first defined 

on the coarser mesh, and the defined auxiliary features are then mapped onto the relative 

finer mesh. If the average edge length of the control mesh is larger than that of the 

pattern mesh (i.e. the control mesh structure is more coarse than the pattern mesh), we 

will define auxiliary features on the human model, 𝐹𝐻 . Auxiliary points are added 

between two connecting key features using equation (5.1), as shown as blue point on 

the human control mesh in Figure 5-5(a). 

After key and auxiliary features are defined on the control mesh 𝐹𝐻, we map the 

corresponding feature points 𝐹𝑃 on 2D patterns. It is noted that PDM outputs all key 

feature points (i.e. corner points, also called grade points) of the pattern pieces.  For 

example, for a simple pattern with n corner points, it has n boundary curves. A boundary 

curve can be represented by a set of vertices. We start the vertex index from 0 to 

represent the first corner point, then follow an anticlockwise direction to record other 

corner points in increasing indices. Hence, the corner points occupy the first n indices 

in the vertex index array. An example of a pattern piece with an indexed vertex is shown 

in Figure 5-6. 
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Figure 5-6 Pattern boundary edges recorded in vertex index list 

 

In the example of the left-front piece of a t-shirt pattern, key features are shown 

in Figure 5-6, indexed from 0 to 5. Auxiliary feature points on the pattern boundary are 

calculated in accordance with the features on the control mesh. Given boundary vertices 

index arrays, the selection of auxiliary points becomes a sampling problem. For 

example, assume a pattern boundary between key features 1 and 2 is an index array 

with a total of h=20 vertex indices [1 29 30 … 46 2], as shown in Figure 5-7(a). The 

corresponding boundary on the control mesh has µ=3 averagely spaced auxiliary points 

(indexed 32, 37, and 42), as shown in Figure 5-7(a). We map the corresponding 

auxiliary feature points on the pattern boundary by sampling the index array into k  

intervals,  

 𝑘 = ⌊ℎ (𝜇 + 1)⁄ ⌋ (5.2) 
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where ⌊∙⌋ refers to a round-down operation to the nearest integer. In the index array, the 

vertices after every k continuously indexed vertices are recorded as the mapping 

auxiliary pattern feature points, as shown in Figure 5-7. 

 

Figure 5-7 (a) Auxiliary feature points’ definition process; (b) final feature mapping 

result: auxiliary feature points (blue points) with key feature points (black 

points) 

 

 For another example of mapping a pair of trousers’ left-front piece onto the 

control mesh, the reference points are firstly defined on the control mesh along the waist 

line. As shown in Figure 5-8(a), the trousers’ front-left piece has five key (corner) 

feature points outputted from PDM. We first map five key features on the control mesh. 

Point A is determined as the crotch point. By comparing vertical lengths of AB and ab, 

point B is found by making AB’s vertical height close to that of ab. Points C, D and E 

are then identified by proportion accordingly. The remaining auxiliary features 

definition is similar to that for the top garments, and we do not repeat it again, as shown 

as blue points in Figure 5-8. 
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Figure 5-8 Feature definition of trouser prepositioning 

 

5.2.2 Mesh segmentation 

After prepositioning the pattern pieces on the human model (i.e. mapping 

pattern features 𝐹𝑃 onto human model 𝐹𝐻), the human surface is segmented into patches 

by connecting every two feature points of the pattern boundary along the human surface, 

as shown in Figure 5-9. Connecting feature points along the human surface can be 

viewed as a problem of finding the shortest path between every two feature points HF . 

Figure 5-10 illustrates the shortest path from source feature s to destination feature d. 
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Figure 5-9 Overview of mesh segmentation process 

 

 

Figure 5-10 The shortest path 

 

The Dijkstra algorithm is an easy and fast algorithm that is well-known for 

searching for the shortest path. The shortest path problem is that given a source vertex 

s and a destination vertex d, a geodesic path is identified on a surface which has the 

approximately smallest distance. The Dijkstra algorithm finds the shortest path by first 

subdividing the mesh by adding extra points on edges. A subdivision level means the 

number of points added on each edge. For example, Figure 5-10 has a subdivision level 

of 5. 

Assuming the resulting subdivided mesh contains n vertices, these vertices are 

recorded as a set N. The Dijkstra algorithm finds the shortest path from s to d as follows: 

Algorithm 5.2: Dijkstra algorithm  

 

Input: a mesh, source s, destination d, vertices set N containing all vertices 

I 
M ': ancillary 
pattern mesh 

Each 2D ttiangle 
corresponds to a 
human patch 

Find the shortest path Segmented patches 

from human model 
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Use L(vi) to represent the distance from s to vi, L(vi) is initialized to Infinite for every 

node vi; 

Use S to represent the visited vertices set; S is initialized as empty; 

Use Q to represent the unvisited vertices; Q is initialized to contain all vertices in N. 

Use P(vi) to represent the parent vertex of vertex vi on the shortest path; P(vi) is 

initialized as vi for every vertex vi. 

Set L(s) = 0; Remove s from Q; add s to S. 

Repeat the following steps 

 Select the vertex u in Q with the minimum distance from s (L(u) is minimum). 

 If u is d, stop and jump out of the loop; otherwise, do the following steps 

 Remove u from Q; add u to S. 

 For every vertex v that is reachable from u: if L(u) + distance (u, v) < L(v), set 

L(v) = L(u) + distance (u, v)  and P(v) = u; otherwise do nothing for u 

When the process is completed, P(vi) contains the parent vertex of the vertex vi on the 

shortest path. We can apply recursion on P to find the shortest path from s to d. L(d) is 

the corresponding shortest distance from s to d. 

Output: a set of vertices connecting s and d with the shortest geodesic distance. 

 

However, this shortest path algorithm has two observed limitations.  First, when 

dealing with leg areas on the control mesh, for example, prepositioning a trousers model, 

a front piece is mapped onto the front part of the leg, but the shortest path found by the 

algorithm connects two boundary features along the back leg surface, as shown in 

Figure 5-11. 
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Figure 5-11 Shortest path algorithm makes mistakes in trouser making 

 

Second, every time the algorithm updates the vertices to be added to the path 

list, it subdivides and traverses all the faces. The original algorithm is not efficient 

enough. Even for a control mesh with a small number of vertices and faces, the number 

of vertices increased substantially after edge subdivision, and it may take a few seconds 

to find the shortest path. 

In fact, it is only possible to include a specific mesh region (e.g. front or back) 

in making a particular type of garment. Therefore, we propose a fast and oriented 

shortest path searching method by grouping mesh region using surface normal.  The 

control mesh has surface regions and features identified (as discussed in sections 3.2.3 

and 3.2.4 of Chapter 3), and we only subdivide the faces in affected regions. 

We first exclude mesh regions of body parts not affect by the specific clothing 

types. For example, when simulating trousers, the vertices and faces on torso and arm 

regions are excluded from the searching list, and only the vertices on the impact leg 

region are traversed. Secondly, we compute the face normal to determine the face 

orientation and decide whether the face should be subdivided.  As shown in Figure 5-12, 

the cross product of two sides of the triangle defines the face normal. Since human 
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model is orientated in a defined coordinate where y axis indicates the front and back 

orientation of the human model. Assume the normal for a triangle face is 𝑁 = (𝑣1 −

𝑣0) × (𝑣2 − 𝑣0) in Figure 5-12, then the face is on the front-part of the model when 

Ny>0.  Similarly, we can also identify faces on the left or right part of the body. 

v2

v0

v1

N(Nx, Ny, Nz)

z

x

y  

Figure 5-12 The normal N of a triangular 

 

The segmentation errors in Figure 5-11 are corrected using the fast and oriented shortest 

path algorithm. Figure 5-13 shows the segmented results. After the path searching 

process, the human surfaces corresponding to specific pattern pieces are segmented into 

a set of patches Pi. 

 

Figure 5-13 Correct leg segment patches 
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Comparative study 

To evaluate the effectiveness of the proposed fast and oriented path searching algorithm, 

we conducted an experiment to compare the original Dijkstra shortest path searching 

algorithm and the revised algorithm. We defined several pairs of source and destination 

points on the control mesh. The time cost and results of the original algorithm and the 

revised algorithm are compared in Table 5-3. The modified algorithm is promising 

because it identifies the same path results, but with reduced time cost. 

 

Table 5-3 Computational time comparison 

Location Original algorithm 

computation time 

Modified algorithm 

computer time  

Result 

Arm line 379ms 28ms 

     

Front line 386ms 125ms 

 

Leg line 389ms 79ms 

     

Back line 434ms 160ms 

  
Computer Configuration:  Intel® Core i7-4770 CPU/8GB RAM 

Programming language: C++ 

Subdivision level:  10 
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5.2.3 Cross-parameterisation 

After surface segmentation, we apply the cross-parameterisation technique 

(Meng et al., 2012) to embed pattern mesh M within each patch Pi to construct a 

garment model. The overall problem is for each vertex on the 2D pattern mesh M 

computing a 3D new position based on the segmented patches P is a three-step process: 

(1) Using harmonic coordinates to map vertices on a human model patch to the 

simplified pattern mesh 'M , constrained by boundary vertices, a bijective 

mapping can be obtained : 1( ',... ')i NP G T T  

(2) Applying barycentric parameterisation to embed vertex of pattern mesh M  to 

simplified pattern mesh 'M : 1'( ',... ')Nv G T T  

(3) Combining the above two mappings, the vertex on the pattern mesh can be 

encoded using the ancillary pattern mesh, and the 3D human segments also have 

the parameterised coordinate on the ancillary pattern mesh. The mapping result 

which relates a 3D position for each vertex on planar pattern mesh can therefore 

be obtained. An example is shown in Figure 5-14. 
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Figure 5-14 Cross-parameterisation 

 

For every pattern piece, the same pipeline is used to generate 3D garment surfaces. 

It is important to note that the generated virtual garment is not a fully realistic clothing 

model, but rather, is an initial shape similar to the human surface underneath. Further 

modifications will be illustrated in the next section. 

 

5.2.4 Human model modification 

Using the prepositioning procedure in Section 5.2, clothing patterns pieces are 

mapped onto the control mesh to form the initial configuration by constructing the 

feature point relationships. An initial garment shape is created, with its surface tightly 

fitted to the human model surface. However, this method may be applicable to garment 

types of tight-fitting clothing, because the proposed method maps pattern piece onto the 

human model. For tight-fitting clothing, the shape of the garments will follow the body 

Determine the mapping function 
between vertex v of M and 
the trianglcT/ 

using b 

M : 2Dpallemm~ M ' 

3D mapping result 

Human patches 
parameterised to M' using Harmonic 
mapping method 

..,_ 

P,: patch of1he human model 
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curve of the wearer. For loose-fitting clothing, the garment will hang on the body at the 

areas with the largest circumference, as shown in Figure 5-15. 

Since the initial 3D garment shape will be restored to its original size defined in 

the clothing pattern in pop-up process, the initial shape should be close to the final 

shape, therefore we propose to modify the body surface underneath by approximated 

bounding volume before the mapping process. 

 

Figure 5-15 Illustration of garment hang on a body (side view) 

 

To distinguish 2D pattern pieces between tight-fitting and loose-fitting styles, 

we compare important pattern dimensions in relation to the relevant human body 

measurement. Important pattern dimensions for clothing fit classification include 

measurements at the chest line, waist line and crotch line (Liu et al., 2018). Tight-fitting 

clothing normally has a pattern dimension that is closely fitted to the wearers’ body 

measurements, while loose-fitting clothing often has different ease allowances at the 

waist level. As shown in Figure 5-16, a front piece of a just-fit dress has a side seam 

shaping curve from bust level to hip level. These curves are reflected on 3D virtual try-

on results. 
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Figure 5-16 Semi-fitted dress with side seam shaping and 3D try-on effect (Anand, 2011) 

  

By analysing human dimensions and clothing dimensions, we modify the shape 

of the control mesh by adding ease allowance to some layers. Shape adjustment can be 

done easily with reference to the control mesh’s layered structure. 

As shown in Figure 5-17, two types of human feature lines including cross-

sectional curves and contour curves are defined on the control mesh. Cross-sectional 

curves are a series of vertices arranged in a clockwise or counter-clockwise direction 

that describe the body shape at a specific level. The contour curves are the characteristic 

curves connecting critical feature points and reflecting the human contour. By adjusting 

cross-sectional feature curves, contour feature curves can be changed accordingly, and 

a modified body shape is thus generated. The modified control mesh is input for 

automatic prepositioning in Hybrid-GS. 

Waist level 

Hip level 

Side seam 
shaping 
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Figure 5-17 Control mesh feature definition 

 

Case of human model modification for t-shirt 

We use the t-shirt pattern to illustrate the human model modification procedure. 

As shown in Figure 5-18(a), the pattern is composed of front pieces, back pieces and 

sleeves. The front and back piece have straight side seam curves, which is different 

from the control mesh side seam shape. It is thus necessary to modify the human model 

for pattern mapping. We identify the layers on the control mesh with the largest body 

circumferences of the upper and lower torso, and adjust the layers in between the two 

layers. As shown in Figure 5-18(b), blue lines refer to the critical layers, namely, the 

chest and hip layers. 
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Figure 5-18 (a) Target clothing pattern and (b) Target cross-section and contour lines 

 

The two critical layers remain unchanged in the mesh modification process. We 

reshape the body silhouette by adjusting vertices coordinates on the intermediate cross-

sections between chest and hip levels.  The coordinates are computed by averaging the 

differences between the critical layers by proportion, as shown in Figure 5-19. 

 

Figure 5-19 Computation of cross-sectional vertex coordinate adjustment 

 

The human model modification result is shown in Figure 5-20, and the mapping 

of the garment is shown in Figure 5-21.  This human model shape modification 

procedure enables the method to be applicable to more diverse garment types, including 

loose-fitting styles. 

(0,(l, 

layer bust • • 
layer hip X 

Coordinate of middle layers i (i= 1- 9) between chest and hip is 
computed as: · ) 

y =~(chests+ hip_y 

x = ~(chest_x + hip_x) 
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Figure 5-20 Human shape revised for the loose fit t-shirt design 

 

 

 

Figure 5-21 Mapping result of pattern on modified human models 

 

5.3 Phase Two: Sewing  

After prepositioning pattern pieces, several initial mapping results indicating 

the 3D shape of the pattern pieces are generated. A sewing process is developed to 

merge a set of isolated mapping results *M into a single garment mesh 𝐺′. This is done 

by specifying seam pairs and merging the corresponding vertices one by one. Figure 

5-22 shows the sewing process presented in the work of Meng et al. (2012). Since the 

! _.,, I~ 

-= 



 

143 

distance between seam vertices is very small after the mapping process, this edge-

merged technique will not introduce much distortion in the seam point’s position. 

 

 

Figure 5-22 Virtual sewing process (left: two mapping results. Corresponding points on 

the seam line stay very close to each other; right: mesh after seam using edge-

merged technique) (Meng et al., 2012) 

 

The prototype system of Meng et al. (2012) adopted sequential sewing by 

interaction as follows: (1) specifying vertices on one seam line in order and saving the 

vertices index, illustrated in Figure 5-23; (2) selecting the vertices on the corresponding 

seam line in order; (3) computing the midpoints and setting them as the new boundary 

position for two pieces; (4) updating topology by recording the two stitching points into 

one point, and combining face record 𝑉0 − 𝑉1  and 𝑉0′ − 𝑉1
′  into one record; and (5) 

loading another seam line and repeat the steps from (1) to (4). 
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Figure 5-23 Seam pairs example  

 

The sequential sewing shown above has a number of drawbacks. First, when 

two pieces are stitched together, a new model is created, and therefore, there are many 

in-progress garment models. Second, the seam lines are manually selected in correct 

orders. The seam definition and sewing are extremely tedious and time consuming. 

Selecting vertices along the seam line on 3D garment models requires a significant 

amount of effort. Even for an experienced user, sewing a basic t-shirt can take 

approximately 30 minutes. 

 

5.3.1 Garment sewing process 

In our new virtual fitting platform, the PDM is the only module involved with 

user interactions.  In order words, algorithms are developed to automatically sew up 

related boundaries and have vertices and edges merged, based on the seam information 

from the PDM. The problem of virtual sewing is as follows: inputs to the sewing 

process are pattern mesh pieces, paired seam lines on the corresponding meshes, and 
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the output of the virtual sewing process is a completed garment model with vertices and 

edges updated.  To sew up the pattern pieces by merging vertices and edges, it is 

necessary to ensure both seam boundaries have the same number of vertices. If the 

number of vertices on the two boundaries are different, we use Algorithm 5.3 to update 

the vertex list at the seam boundary. 

Algorithm 5.3: balance vertices number along seams 

Input: mesh(es), seam line B1, seam line B2. 

If number of vertices of B1 is smaller than that of B2 

Find the largest triangle edge on B1; 

Insert a vertex on this edge; vertex position can be temporarily set as midpoint. 

Add a triangle coincides with the new vertex; 

Repeat until seam line B1 owns the same amount of vertices with B2. 

Adjust vertices position on seam line B1 as averagely dividing B1. 

Vice versa if number of vertices of B2 is smaller. 

 

When all seam pairs have an equal number of vertices, the next step is to 

combine all mapping results into a single mesh structure, 𝐺′. The vertices of 𝐺′ are 

indexed from 0 to n-1 (e.g. the vertices of original mapping result 1 are indexed from 0 

to 100, the vertices of the second mesh are indexed from 101 to 200 and so on), 

V= {𝑉0, 𝑉1, … , 𝑉𝑛−1}, with coordinates 𝑪 = {𝑐0, 𝑐1,⋯ , 𝑐𝑛−1}, where 𝑐𝑖 is a coordinate in 

a 3D space. F is the face list for mesh 𝑮′. 𝑮′ is not a closed mesh; instead 𝑮′ is with all 

pattern meshes combined into a single mesh and with vertices and faces index updated. 

Therefore, 𝑮′ has a set of boundary curves {𝐵0, 𝐵1,⋯ , 𝐵𝑚−1}, where each boundary B 

is presented by a set of connected vertices on this boundary. 



 

146 

With a combined mesh structure, the next step is to sew up the boundary curves 

according to the seam information from PDM to generate a single garment model with 

the vertices and edges merged, 𝐺′ → 𝐺𝑖𝑛 . It is noted that PDM defined the seam 

information as a list of seam lines. These seam pairs are represented by ℘ =

{𝑝0, 𝑝1,⋯ , 𝑝𝑘}, where each 𝑝𝑖 refers to a starting seam curve 𝐵𝑠 and an end seam curve 

𝐵 : 𝑝𝑖 = (𝐵𝑠, 𝐵 ). Because B itself can be represented by a vertex list, 𝑝𝑖 can also be 

represented by a paired vertices list, and ℘ is a large vertex set. We sew up the pattern 

pieces 𝐺′ into a garment model 𝐺𝑖𝑛 using the following algorithm. 

Algorithm 5.4: Mesh merge  

1.  For vertex from 𝑽𝟎 to 𝑽𝒏−𝟏 

if 𝑽 ∉ ℘ save into a new list called ‘non-influenced vertex list’; 

else 𝑽 ∈ ℘, record into a new list called ‘influenced vertex list’ 

   End loop 

2.  For each vertex 𝑽 in the influenced vertex list 

2.1 Find all corresponding seam vertices of 𝑽 in ℘  

    Replace the corresponding seam vertices index to 𝑽′  index, where 𝑽′ 

belongs to these seam vertices and has the smallest index; 

    (The relevant seam vertices are thus recorded by the smallest index) 

2.2 Update 𝒄  for 𝑽′  by averaging the 3D coordinates of the related seam 

vertices; 

2.3 Update B by replacing the related seam vertices index  to 𝑽′ 

2.4 Update F by  replacing the related seam vertices index  to 𝑽′ 

    End loop 

3.  Record the mesh vertices by removing vertex with duplicated indices. 
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5.3.2 Workload and computation speed comparison 

The normal workload of the original sewing operation includes selecting paired 

points and merging them one by one. Such repeated manual selections requires a 

significant amount of human effort and time. For example, to merge the t-shirt example 

shown in Figure , 823 vertices are non-influenced vertices and the remaining influenced 

324 seam vertices all are manually selected. A rough approximation of the time cost for 

sewing a garment is half an hour. The developed method achieves automatic sewing 

with a low time cost, as compared in Table 5-4. 

Table 5-4 Sewing speed 

 Automatic sewing Original sewing method 
with interactions 

Mesh size 1147 vertices 1147 vertices 

Seam lines 12 seam lines 12 seam lines 

Stitch point size 324 vertices 324 vertices 

Computation time 720ms 30 minutes 

Computer configuration:  Intel core i7-4770 CPU/8GB RAM 

Programming language: C++ 

 

5.3.3 Garment shape smoothing 

In our Hybrid-GS, the control mesh of the human model is used for automatic 

prepositioning and later mesh segmentation. Since the control mesh has a sparse 

structure with limited vertices and faces, the shortest path algorithm segment the control 

mesh and the garment mesh surface generated is coarse with less curvature.  An 

example of round neck t-shirt generated from the aforementioned process is shown in 

Figure 5-24. 
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Figure 5-24 Using control mesh to make a round neck shape 

 

We propose to use the Laplacian smoothing method to improve the shape of the 

garment model 𝐺𝑖𝑛: for each boundary vertex, replacing the coordinates of the vertex 

with the average coordinates of its neighbours. Assuming the current coordinate is 𝑐𝑜𝑙 , 

we adjust the vertex coordinate to 𝑐𝑛 𝑤 by iteration using 

 𝑐𝑛 𝑤 = 𝑐𝑜𝑙 + 𝜆[0.5(𝑐𝑝𝑟 + 𝑐𝑛 𝑥𝑡 − 𝑐𝑜𝑙 ], (5.3) 

where 𝜆 is adjustment ratio that 0 < 𝜆 < 1, 𝑐𝑝𝑟  and 𝑐𝑛 𝑥𝑡 represent the coordinates of 

the current vertex’s two adjacent vertices. 

This process is performed iteratively until the iteration reaches the predefined 

iterative times. Parameter 𝜆 and iterative time are discussed by experiment.  Using this 

algorithm, the garment model obtains a smoother boundary, which can represent the 

rounded curves. 

 

Adjustment ratio 𝜆 

The Laplacian smoothing method is applied only to the boundary vertices. A 

different value of 𝜆 will affect the final appearance of the resulting boundaries. When 

𝜆 is bigger, the adjacent position has a more significant influence on the current vertex. 
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An experiment was conducted to compare different 𝜆  performance after 50 iterations. 

The final garment appearance is shown in Figure . 

 

 

Figure 5-25 Boundary smoothing results of different adjustment ratio 𝝀 

 

According to the results, if a large value of 𝜆 is used, the boundary curve is more 

similar to a circle. The aim of smoothing is to slightly adjust the curve shape, and we 

use a small 𝜆 = 0.1  and increase the number of iterations to ensure a smooth result. 

 

Computation speed 

The iteration time means the number of repetition using the smoothing 

algorithm. A bigger iteration time value could generate a smoother result but cost longer 

computation time.  We conducted experiment using a fixed 𝜆 value, and recorded the 

costs of computation time.  Table 5-5 below shows the number of iterations and the 

corresponding computation time. 

Table 5-5 Computational time 

Iteration times 50 100 150 200 

Computation time (ms) 16 17 18 19 

iteration 50 times 
A.=0.025 A.=0.05 A.=0.1 A.=0.2 

Front view 

Top view 

I 
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Computer configuration: Intel® Core i7-4770 CPU/8GB RAM 

Programming language: C++ 

 

Finally, we choose a 𝜆 = 0.1  and 100 iterations to smooth the garment 

boundaries, considering the trade-off between smoothness and computation time. The 

following Figure  compares the original round neck teetop modelling result (left) and 

the result after Laplacian smoothing (right). The garment on the right shows a more 

natural appearance. 

  

Figure 5-26 Teetop result: Control mesh generated (left) and after Laplacian smoothing 

(right) 

 

5.4 Phase Three: Pop up  

Phase three is the core process of the Hybrid-GS method for garment simulation, 

in which the initial garment model is popped up from the human surface. The inputs 

are a complete 3D clothing model 𝐺𝑖𝑛 and a set of 2D pattern pieces M. The output is 

garment model 𝐺∗ such that the size is restored to its original pattern size based on both 

geometrical reconstruction and physical simulation. Three steps are involved in the 

process of the hybrid pop-up, 𝐺𝑖𝑛 → 𝐺∗. 
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5.4.1 Step1: Silhouette restoration 

In the beginning, the silhouette of the initial garment (i.e. girth measurement at 

the hem level) is adjusted to the size of the corresponding pattern pieces. 

(a) (b)  

Figure 5-27 (a) Initial garment (b) restored garment result 

 

For the initial t-shirt garment shown in Figure 5-27(a), it firstly calculates the 

length at the hem level on the 2D pattern and the hem length of the 3D garment 𝐺𝑖𝑛, 

represented as 𝐿ℎ 𝑚
2  and 𝐿ℎ 𝑚

3 , respectively. Next, we restore the hem-level silhouette 

of the garment from 𝐿ℎ 𝑚
3  to 𝐿ℎ 𝑚

2  by the following method: 

(1) calculate a hem-level centre by averaging vertices’ positions on the boundary; 

(2) increase the distance from each vertex on the hem boundary to the centre by  

 𝐿ℎ𝑒𝑚
2𝑑 −𝐿ℎ𝑒𝑚

3𝑑

2𝜋
 (5.4) 

 

5.4.2 Step 2: Physics simulation  

Step 2 performs a physical simulation along the hem-level normal direction to 

update the garment length. It calculates a displacement normal to the garment hem 

under a defined bending force and a stretching force. Let x be the displacement vector 
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calculated by physical module, N be the normal vector and 'x  be the displacement that 

is constrained to the normal direction, and therefore 

  ′ =
𝑁

|𝑁|
( ⋅ 𝑁) (5.5) 

The hem-level boundary vertex position is updated using 'x . 

 

5.4.3 Step 3: Geometrical reconstruction 

 

Figure 5-28 Pyramid coordinate (Meng et al., 2012) 

The pyramid coordinate is used to update the positions of other vertices as a 

geometrical reconstruction process (Meng et al., 2012). As shown in Figure 5-28, the 

pyramid coordinate for a vertex v is defined as a convex combination of its one-ring 

neighbour vertices 𝑣𝑖 with a weight parameter 𝜔𝑖
3 , which is computed by: 

 
3 2 (1 cos )d d
i i i     (5.6) 

where 𝜔𝑖
2  is the mean value coordinate weight defined by its neighbour angle 𝛼𝑖 and 

length 𝑙𝑖 as follows: 

 
2 1tan( 2) tan( 2)d i i
i

il
 

 


 (5.7) 

 
2 2| |d d

i il v v   (5.8) 

Geometrical reconstruction process updates the angle 𝜃𝑖 by 

n 

I I 
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3 3 2 2(arcsin arcsin ) / 2

| | | |i d d d d
i i

l l
v v v v

  
   (5.9) 

where |𝑣3 − 𝑣𝑖
3 | is the length between 𝑣3  and its neighbour 𝑣𝑖

3  on the 3D shape of 

the current reconstruction iteration, |𝑣2 − 𝑣𝑖
2 | is the corresponding length on the 2D 

pattern, and 𝑙  is the length parameter value for the local coordinate of the current 

reconstruction iteration. As a result, the local curvature of the 3D garment is maintained, 

and the garment is restored to the desired size. 

 

5.5 Phase Four: Drape 

The garment models, 𝐺∗, restored from the hybrid pop-up process, are size-

faithful, but have a rigid appearance.  As a final step, we implement the drape simulation 

to obtain a final garment shape 𝐺𝐷 using the physical simulation engine Simcloth3. 

Simcloth3 is a plug-in of 3ds max cloth simulation, which can quickly model a 

variety of different types of fabrics realistically. A drape procedure usually starts with 

the definition of physical forces on each particle (vertex), then updates each particle’s 

velocity, acceleration and position at every time step using Newton’s law. Force models, 

including stretch forces, linear springs, stretch/shear models, bend forces, gravity and 

collisions, are applied in the drape simulation. Simcloth3 computes the numerical 

results quickly using a non-linear conjugate gradients method, which is stable and easy 

to execute. Figure 5-29 illustrates the result of a piece of cloth draped on a sphere. 
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Figure 5-29 Cloth draped on a sphere using Simcloth3 (Simcloth3, 2018) 

 

To obtain a more precise garment appearance, we use the fine human mesh in 

drape simulations. This is because the fine human mesh contains much more shape 

details than the control mesh, and thus the resulting garment 𝐺𝐷 has a more realistic 

surface after 𝐺∗collides with the fine mesh. The drape process takes around 20-40 

iterations for a t-shirt garment, while it takes more iterations, about 50-80 times, for a 

loose-fitting dress. 

 

5.6 Results and Discussions 

This section presents the results of the Hybrid-GS and compares our results with 

that of the prototype system of Meng et al. (2012). 

 

5.6.1 Prepositioning on control meshes 

The results of mapping 2D patterns of a t-shirt to three modified control models 

are shown in Figure 5-30. The automatic prepositioning method allows the system to 

map pattern pieces onto a human mesh within seconds. Furthermore, the modification 

of the control mesh leads to more natural garment shapes. 
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Figure 5-30 Experimental results of prepositioning 

 

5.6.2 Pop-up  

Pop-up is a size restoration process. Meng et al. (2012) evaluated the 

performance of the pop-up function by looping mesh edges and computing a parameter 

𝜒 for each edge 

 𝜒 =
𝐿3𝑑

𝐿2𝑑
 (5.10) 

where 𝐿3  the length of  3D triangle edge, and 𝐿2  is the original edge length of the 2D 

pattern. 𝐸(𝜒) is the mean value of parameter 𝜒. Meng et al. (2012) demonstrated that 

an ideal size restoration process should make the value 𝐸(𝜒) approaching 1. Table 5-6 

shows the error measures after each iteration step using the prototype system. 

Table 5-6 Error measure of each simulation step (Meng et al., 2012) 

Step 1 2 3 4 5 6 7 8 9 10 

𝐸(𝜒) 0.913 0.944 0.958 0.965 0.971 0.980 0.984 0.989 0.993 0.998 

 

This evaluation follows their approach to investigating the size restoration behaviour. 

As shown in Table 5-7, after pop-up, 𝐸(𝜒) becomes closer to 1. Hence, the original 

system’s characteristic is maintained. It is shown that Hybrid-GS has good size 

restoration ability. A possible reason is that, the Pop up step uses geometrical shape of 

original 2D pattern to control the 3D garment shape and size. Such approach is similar 

I I I I I I I I I I I 
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to the concept of close-loop systems that automatically achieves and maintains the 

desired output condition by comparing it with the actual condition. 

Table 5-7 Performance of pop-up implementation in our simulation module 

Step 1 2 3 4 5 6 7 8 9 10 

E(χ) 0.915 0.949 0.957 0.958 0.959 0.959 0.961 0.962 0.963 0.983 

 

We also record the computation time during pop-up process in Table 5-8.   

Table 5-8 Computation time 

Step 1 2 3 4 5 6 7 8 9 10 
computation 

time (s) 1.21 2.82 4.46 6.12 7.78 9.7 11.23 12.72 14.31 15.89 

 

The pop-up results on three customised human models are shown in Figure 5-31. 

 

 

Figure 5-31 Results of pop-up 

   

5.6.3 Drape  

The drape performance is shown in Figure 5-32 below. 

I I I I I I I I I I I I 

I I I I I I I I I I I I 
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Figure 5-32 Drape results 

 

5.7 Chapter Summary 

In this chapter, a hybrid garment simulator (Hybrid-GS) is presented. 

Comparing with the prototype system of Meng et al. (2012), we have made 

contributions in the following areas to removing user interactions and shortening 

computation time. 

At the outset, Hybrid-GS achieves the mapping of garments on the control mesh 

automatically with reasonably faithful shape. In order to simulate loose-fit clothing, we 

propose a shape modification algorithm to modify the control mesh by adjusting cross-

section curves. 

In the mesh segment process, a fast and efficient shortest path algorithm is 

proposed to search for a path on impacted mesh regions. The computation cost is thus 

largely reduced. 

The sewing process combines isolated pattern mapping results into a single 

mesh automatically.  The Laplacian smoothing algorithm is applied on the boundary of 

a 3D garment aiming to enhance the boundary shape. 

After sewing, the pop-up procedure updates 3D local coordinates according to 

original 2D pattern’s local coordinates. 

The most significant advantage of Hybrid-GS is that the clothing gaps formed 

in the virtual try-on results are useful for fit evaluation. However, the major limitation 
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of Hybrid-GS is that the current human model modification algorithm is not 

sophisticated enough to tackle more complex pattern designs. This will be investigated 

in the future. 
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CHAPTER 6. COMPARATIVE STUDY ON 

FEM AND HYBRID GARMENT SIMULATION 
 

6.1 Introduction 
As discussed in Chapter 4 and 5, Garment Simulation Module GSM of our 

virtual fitting platform has two simulators, namely FEM-GS and Hybrid-GS that 

simulate pattern from PDS into virtual garments on customised human models from 

HMM. In this chapter, virtual fitting experiments using these two garment simulators 

are conducted using pattern examples and a series of customised human models. A total 

of 4 styles are selected for experiment, including t-shirts of multiple sizes and trousers 

of multiple sizes for male subjects, and tee-tops of multiple sizes and one-size dress for 

female subjects. Six male subjects and six female subjects with different body sizes and 

figures are recruited for experiment.  

Before garment simulation, pattern files of the four styles were processed in 

PDM for 2D layout arrangement and seam definition. The recruited subjects had their 

photos taken for customising human models in HMM.  

A total of four groups of experiments were performed according to garment type. 

We compare and analyse the accuracy of FEM-GS and Hybrid-GS through the 

experiments. Based on the analysis results, we make recommendation for the choice of 

garment simulators for better simulation results. Figure 6-1 illustrates the comparative 

study of this Chapter. 
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Experiment preparation

6 female subjects
6 male subjects

Male t-shirt
Male trouser
Female tee-top
Female dress

Preprocessed 
by PDM

Customisation 
by HMM

FEM-GS

Hybrid-GS

1. Accuracy comparison
2. Suggestion on simulator
    selection

 
Figure 6-1 Experiment workflow 

 

6.2 Experiment protocol 
6.2.1 Pattern sample 

The pattern files include V-neck t-shirts of three sizes (s, m, l), three pairs of 

men’s trousers of size s, m and l, a standard size dress, and a tee-top of two sizes (m, l) 

for ladies. The clothing patterns were prepared or digitized by standard CAD software, 

and all pattern pieces were exported in DXF files. We firstly inputted the pattern files 

to PDM to complete seam definition, preposition and triangulation. Pattern mesh (obj), 

seam file (json) and features (json) were collected for each size of the patterns. 

 

6.2.2 Human subjects 

Six male subjects and six female subjects with different body figures and sizes 

were recruited to join the experiments. The subjects first had their body heights and 

body weights measured. Next, each subject had the front-view and side-view photos 

taken. The information of subjects are summarised in Table 6-1 and Table 6-2. 
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Table 6-1 Male subject information 

male subject  height(cm) weight(kg) BMI Suggested size 

i 169 62 21.7 s 

ii 169 53 18.6 s 

iii 170 67 23.2 m 

iv 176 68 22.0 m 

v 182 70 21.1 l 

vi 185 81 23.7 l 

 

Table 6-2 Female subject information 

female subject  height(cm) weight(kg) BMI Suggested size 

i 163 47 17.7 s 

ii 157 54 21.9 s 

iii 165 54 19.8 m 

iv 168 57 20.2 m 

v 165 73 26.8 l 

vi 172 56 18.9 l 

 

The body heights, weights and 2-view photos are input to HMM to generate 

customised models. Within seconds, two models are generated for each subject: control 

mesh with layered structure and fine mesh with detailed local characteristic, as shown 

in Figure 6-2 and Figure 6-3. Although the generated models have diverse shapes and 

different sizes, all mesh models have the same topology structure. 
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Figure 6-2 Male fine mesh (top) and control mesh (bottom) 

 

 
Figure 6-3 Female fine mesh (top) and control mesh (bottom) 

 

The control mesh models with important features aligned allow us to measure 

important locations quickly and accurately. Some important measurements including 

girth and length of the experiment subjects are shown in the tables below. Average and 

standard deviation of the body measurements are also computed and listed. 

ii Ill iv V vi 

ii iii iv V vi 
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Table 6-3 Measurements for male subjects 

Male 

subjects 

Chest girth 

(cm) 

Waist girth 

(cm) 

Hip girth 

(cm) 

Across 

shoulder 

(cm) 

Neck girth 

(cm) 

i 93.1 89 97.5 42.4 38.2 

ii 86.3 78.2 91.4 42.9 37.8 

iii 90.8 86.2 98.4 41.6 36.2 

iv 95.3 83.6 89.6 47.5 42.1 

v 95.6 86.7 102.4 45.8 38.1 

vi 102 87.3 103.2 45.5 38.7 

Average 93.85 85.17 97.08 44.28 38.52 

standard 

deviation 
5.26 3.84 5.58 2.31 1.95 

 

Table 6-4 Measurements for male subjects 

Female 

subjects 

Bust girth 

(cm) 
Waist girth 

(cm) 

Hip girth 

(cm) 

Across 

shoulder 

(cm) 

Neck girth 

(cm) 

i 83.4 67.8 92.8 41.2 32.5 

ii 87.7 72.9 93.5 38 33.5 

iii 91.9 77.9 97.3 45.3 35.5 

iv 89.8 73.6 96.6 41.6 37.2 

v 103.2 89.3 104 42.5 36.6 

vi 88.3 72 96.2 41 30.4 

Average 90.72 75.58 96.73 41.6 34.28 

standard 

deviation 
6.73 7.46 3.98 2.37 2.62 
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6.2.3 Fit classification by referencing to pattern and body 

measurements  

In pattern design, designers achieve the desired clothing fit by introducing 

different amounts of ease to the anthropometric measurements of the customers so as 

to determine the pattern shapes and measurements. By comparing the differences of 

pattern measurements and corresponding body measurements, we can determine the 

clothing fits of the garments: loose-fitting, just-fitting and tight-fitting.  

In fit classification, we often refer to areas with the largest body circumference. 

For top clothing, typically we refer to pattern measurements at chest level, while for 

bottom clothing, we refer to measurement at hip level. This is because chest and hip 

measurements are usually the largest circumference of the upper and lower body. We 

refer to pattern measurements corresponding to chest and hips of the clothing, and 

comparing these measurements to the largest circumference measurements of either 

upper body or lower body of the subject, depending on if top or bottom garments are 

being classified. If pattern measurement is 5-10 cm larger than the body measurement, 

the clothing fit is regarded as ‘just-fitting’; if the pattern measurement is over 10-12cm 

bigger than the body measurement, the clothing fit is regarded as ‘loose-fitting’; if the 

ease is less than 4-5cm, the clothing fit is regarded as ‘tight-fitting’.  

With the definition, each clothing pattern can be marked with a label ‘loose-

fitting’ ‘just-fitting’ or ‘tight-fitting’ corresponding to each human model, before 

garment simulation. Such fit analysis is useful for later comparison of garment 



 

165 

simulation between FEM-GS and Hybrid-GS. 

 

6.2.4 Simulation details 

Four types of garments were simulated using FEM-GS and Hybrid-GS 

respectively on each customised human model. The algorithms were implemented 

using C++ programming language on a desktop with Intel Core i7-4770 CPU 3.4GHz, 

Ram 8G. 

For FEM simulation, patterns were positioned in relation to control mesh using 

automatic preposition settings. The garments were physically simulated by 100 

iterations. The time cost to finish sewing and drape is within one minute.  

For Hybrid simulation, segmenting human surface and generating an initial 

garment take longer time than FEM method. The pop up process is completed in 10 

iterations and the drape process is completed in 40 iterations. The total time cost of 

hybrid-GS is obviously larger than that of FEM-GS. Both methods cannot reach real 

time simulation even though all prepositions and sewing related processes are done 

automatically. 

 

6.2.5 Evaluation metrics 

As discussed in Chapter 3, defining the pattern measurements and the 

corresponding seams and boundary measurements on 3d garment can reflect 

effectiveness of the simulation, namely the shape distortion created in the simulation. 

Since our experiment is mainly concerned with fit and size accuracy, we still use the 
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same metric at key locations to determine accuracy of the try-on results.  

Given a garment model generated on a customised model. Assume an original 

2D measurement is 2DL , while the corresponding measurement on 3D garment is 3DL . 

An evaluation ratio  is defined as: 

 
3

2

D

D
L
L

   (6.1) 

The value of    reflects how well the simulation achieves. If  is smaller than 

1, the garment measurements cannot return back to the pattern measurements. If  is 

bigger than 1, the simulated garment has extended measurement comparing to 2d 

pattern. Closer the value of  to 1, more effective means the simulation. Assume a total 

number of n key measurements are defined for each clothing style, additional metrics 

are calculated to measure the overall simulation effectiveness as follows. 

(1) Average effectiveness E() and standard deviation  

Average effectiveness, E() is computed as the average ratio  over all defined 

measurements. It is used to quantify an overall effectiveness over all seams or 

boundary curves. 

 𝐸(𝜒) =
1

𝑛
∑ 𝜒𝑖
𝑛
𝑖=1  (6.2) 

Standard deviation (SD) is also computed to measure the level of dispersion 

for . Lower the SD value means that the collection of  is closer to the 

average effectiveness.  

 𝑆𝐷 =
1

𝑛
∑ (𝜒𝑖 − 𝐸(𝜒))𝑛
𝑖=1

2
 (6.3) 

(2)  Error indicator 

Error indicator (EI) is used to determine error magnitude, as  is expected to be 
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1. It is computed as the average of the absolute value of the errors. 

 𝐸𝐼 =
1

𝑛
∑ |𝜒𝑖 − 1|𝑛
𝑖=1  (6.4) 

 

6.3 Empirical Results and Discussions 
After virtual try on experiments, four types of 3D garments were obtained from 

FEM-GS and Hybrid-GS. The results of each garment type are presented in the 

following subsections.  

To present the experimental results in this section, virtual try-on garment models 

are first shown. To distinguish the results, garments generated by FEM-GS are 

displayed in green colour, pop-up results and draped results simulated by Hybrid-GS 

are shown in yellow and blue, respectively. In addition, numerical results are also listed, 

where 𝐿2𝐷 are calculated using outputs from PDM. By measuring the corresponding 

length on 3D garments, 𝐿3𝐷 are also obtained from each generated garment GD. Lastly, 

metrics defined in section 6.2.5 are calculated and compared.  

 

6.3.1 Experiment 1: Male t-shirts three sizes 

 

-
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Figure 6-4 Male t-shirt pattern with measurements numbered 

As shown in Figure 6-4, the extracted male t-shirt pattern pieces are laid out in 

appropriate 2D arrangement in PDM. Pattern measurements to be used for effectiveness 

evaluation are marked on the patterns. After simulation, a total of 36 3D garments are 

generated, with different combinations of inputs: six (6) male subjects i-vi, three (3) 

sized patterns, and two (2) simulation methods (FEM-GS and Hybrid-GS). The results 

of the t-shirt examples are given below by showing each clothing size in a subsection. 

 

I 7 

J 
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6.3.1.1 Size S  

Task 1: Try-on figures 

 

Figure 6-5 Size S t-shirt try-on six male subjects via FEM simulation 

As shown in Figure 6-5, six S t-shirt results obtained by FEM-GS are shown on 

the customised models. As shown, these clothing are successfully worn on all six male 

subject models. The simulated garment models have smooth garment surface with nice 

appearance. It is interesting to note the size S patterns can dress well on all subjects 

even some subjects (e.g. subjects (v) and (vi)) have really large body builds. Try–on 

figures show no significant differences as garments all appear to be fit to all subject 

models. 

 

Figure 6-6 Size S t-shirt try-on six male subjects via Hybrid simulation: pop-up results 

(top row) and draped results (bottom row) 

ii iii iv V vi 

ii iii iv V vi 
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Figure 6-6 shows Hybrid-GS results of size S t-shirts. The pop-up results are 

displayed on the top row, while corresponding draped t-shirts are shown in the bottom 

row. As shown, simulation results vary from subject to subject.  The pop-up results 

have reflected the garment size information as the method is designed to map pattern 

according to body figure and restore size based on 2D pattern size.  

The ideal size for subject (i)-(vi) are s, s m, m, l and l, respectively. The try-on 

figures of hybrid-GS shows observable differences. FEM results have nice appearance 

but the size differences are not obvious. Hybrid simulation results appears to be more 

size faithful, but the appearance is not as good as that of FEM. 

 

Task 2: Pattern measurement comparison between FEM and Hybrid 

In this part, measurement details are presented in table first, namely 2D, 3D 

measurement and evaluation ratio at defined pattern outline locations. T-shirt is defined 

with 9 key measurements, including hem circumstance and so forth, numbering from 

o1 to 9. The evaluation ratios are computed and shown in the last 6 columns of Table 

6-5. 
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Table 6-5 FEM simulated size S t-shirt 2D vs 3D measurements and evaluation ratio  for male subjects (i)-(vi) 

Measurement L2D L3D(unit:mm) Evaluation ratio χ 

No. Name (unit:mm) i   ii iii iv v vi i   ii iii iv v vi Average 
Standard 

Deviation  

#1 Hem Circumstance 974.10 993.14 973.67 997.16 977.73 1078.48 1099.39 1.020 1.000 1.024 1.004 1.107 1.129 1.047 0.056 

#2 Sleeve Opening 356.53 361.45 361.40 361.62 363.31 359.61 351.16 1.014 1.014 1.014 1.019 1.009 0.985 1.009 0.012 

#3 Front Center Length 550.76 598.38 584.51 594.40 581.64 587.30 589.24 1.086 1.061 1.079 1.056 1.066 1.070 1.070 0.011 

#4 Back Center Length 704.96 733.95 730.56 732.73 728.56 728.30 741.06 1.041 1.036 1.039 1.033 1.033 1.051 1.039 0.007 

#5 
Armhole 

Circumstance 
503.71 508.29 504.48 510.03 510.54 524.02 563.03 1.009 1.002 1.013 1.014 1.040 1.118 1.032 0.044 

#6 Neck Opening 560.09 796.58 727.79 808.42 735.38 750.23 895.97 1.422 1.299 1.443 1.313 1.339 1.600 1.403 0.113 

#7 Side Length 458.95 461.33 462.35 461.99 459.71 452.20 436.94 1.005 1.007 1.007 1.002 0.985 0.952 0.993 0.022 

#8 Shoulder Length 156.67 169.73 167.48 165.92 166.04 170.39 178.94 1.083 1.069 1.059 1.060 1.088 1.142 1.084 0.031 

#9 Sleeve Length 119.18 119.13 119.21 119.17 119.39 118.02 102.20 1.000 1.001 1.000 1.002 0.989 0.866 0.976 0.054 
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Garment measurements generated by FEM simulator are shown in Table 6-5. It 

is obvious that simulated garment measures (e.g. #6 neck opening), the deformations 

of the simulated garments are quite substantial. For subject (v) and subject (vi), the 

distortions of measurement #1, #6, and #8 are alarming, some with over 50% extension 

of original pattern dimensions. 

 

 
Figure 6-7 Evaluation metric  of FEM-GS against key measurements of size S t-shirt 

 

Moreover, a line chart presents the evaluation  more intuitively. Horizontal axis 

refers to measurement number, while vertical axis shows numerical value of evaluation 

ratio (L3D/L2D). Figure 6-7 shows the evaluation ratio at these key measurements 

graphically. 
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Figure 6-8 The mean value and standard deviation of key measurements 

Figure 6-8 shows the mean value and standard deviation of χ at key 

measurements of FEM simulated size s t-shirts. It can be seen that #6 has the most 

significant mean value and standard deviation.  
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Table 6-6 Hybrid simulated size S t-shirt 2D vs 3D measurements and evaluation ratio  for male subjects (i)-(vi) 

Measurement L2D L3D(unit:mm) Evaluation ratio χ 

No. Name (unit:mm) i   ii iii iv v vi i   ii iii iv v vi Average 
Standard 

Deviation  

#1 Hem Circumstance 974.10 981.51 979.93 977.24 974.08 976.36 976.48 1.008 1.006 1.003 1.000 1.002 1.002 1.004 0.003 

#2 Sleeve Opening 356.53 356.97 359.00 356.71 356.99 357.06 357.41 1.001 1.007 1.001 1.001 1.001 1.002 1.002 0.002 

#3 Front Center Length 550.76 554.09 600.21 576.44 586.32 569.22 570.24 1.006 1.090 1.047 1.065 1.034 1.035 1.046 0.029 

#4 Back Center Length 704.96 659.96 708.91 690.30 695.70 687.49 696.15 0.936 1.006 0.979 0.987 0.975 0.988 0.978 0.023 

#5 
Armhole 

Circumstance 
503.71 554.13 567.71 553.56 588.20 588.72 582.12 1.100 1.127 1.099 1.168 1.169 1.156 1.136 0.032 

#6 Neck Opening 560.09 623.37 546.26 651.36 624.14 566.27 611.75 1.113 0.975 1.163 1.114 1.011 1.092 1.078 0.071 

#7 Side Length 458.95 440.19 504.46 462.01 476.46 442.72 450.45 0.959 1.099 1.007 1.038 0.965 0.981 1.008 0.053 

#8 Shoulder Length 156.67 162.42 166.36 174.24 174.30 173.91 182.77 1.037 1.062 1.112 1.113 1.110 1.167 1.100 0.045 

#9 Sleeve Length 119.18 127.26 123.98 115.64 120.91 135.75 133.96 1.068 0.974 0.933 1.046 1.123 0.987 1.022 0.070 
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According to evaluation ratio presented in Table 6-6, hybrid simulation results 

have less deformations at neck opening. Ratios  at other locations also appear to be 

closer to 1.   

 

 
Figure 6-9 Evaluation metric  of hybrid-GS against key measurements for size S t-shirt 

As shown in Figure 6-9, hybrid-GS performs at different level of accuracy at 

measurements #1 to #8. In comparison with the results of FEM in Figure 6-7, hybrid-

GS has lower level of deformations. 
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Figure 6-10 The mean value and standard deviation of key measurements 

 

Figure 6-10 give the mean value and standard deviation of χ at key 

measurements #1~#9. Results show that at these measurements, evaluation ratios are 

closer to 1. 

 

Task 3: Comparison of performance metrics between FEM-GS and Hybrid-GS across 

subjects 

As discussed, results at key measurement shows difference. What we further 

consider is to evaluate the algorithm accuracy for subjects. Based on the error indicators 

proposed before, for each subject, accuracy is measured in average evaluation ratio, 

standard deviation and error indicator. 
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Table 6-7 Comparison between FEM and Hybrid on performance metrics across male 

subjects for size S t-shirt  

 

 

 
Figure 6-11 Comparison between FEM and Hybrid on performance metrics across male 

subjects for size S t-shirt 

 

Table 6-7 and Figure 6-11shows the average, standard deviation and error indictor of 

FEM and Hybrid method. It is clearly shown that Hybrid achieves better performance. 

The averaged error at subject 6 using FEM means there is 10.1% stretch of original 

pattern. Considering that physical clothing can only stretch limited ratio, in fact, FEM 

Garment type: Male t-shirt S

Method Metics i  ii iii iv v vi Average

E() 1.076 1.054 1.075 1.056 1.073 1.101 1.073
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t-shirts are somewhat distorted too much and have little impact for providing fit 

suggestion for customers. For hybrid garments, stretch or shrink is limited to 6% thus 

the result is credible. 

 

6.3.1.2 Size M 

Task 1 Try on figures 

 
Figure 6-12 Size M t-shirt try-on six male subjects via FEM simulation 

 

As shown in Figure 6-12, the results of FEM-GS for size M t-shirt is similar to 

the results of size S. Garment on subject (ii) starts to show loose fit. All subjects can be 

dressed in size M t-shirt by FEM-GS. 

 

ii iii iv V vi 
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Figure 6-13 Size M t-shirt try-on six male subjects via Hybrid simulation: pop-up results 

(top row) and draped results (bottom row) 

As shown, garments simulated using Hybrid-GS still achieve reasonable realism. 

Subjects (i)-(iv) can be dressed successfully. For subjects (v)–(vi), size M t-shirt is not 

fit at waist. 

 

ii i ii iv V vi 
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Task 2 Pattern measurement comparison between FEM and Hybrid 

 

Table 6-8 FEM simulated size M t-shirt 2D vs 3D measurements and evaluation ratio  for male subjects (i)-(vi) 

Measurement L2D L3D(unit:mm) Evaluation ratio χ 

No. Name (unit:mm) i   ii iii iv v vi i   ii iii iv v vi Average 
Standard 
Deviation  

#1 Hem Circumstance 1034.10 1037.71 1035.31 1040.94 1037.61 1069.86 1094.70 1.003 1.001 1.007 1.003 1.035 1.059 1.018 0.023 

#2 Sleeve Opening 366.53 373.29 370.31 372.21 375.07 369.84 367.23 1.018 1.010 1.016 1.023 1.009 1.002 1.013 0.008 

#3 Front Center Length 560.76 601.01 589.21 600.29 594.93 603.05 602.31 1.072 1.051 1.070 1.061 1.075 1.074 1.067 0.010 

#4 Back Center Length 719.96 750.32 747.43 748.35 751.22 752.91 761.10 1.042 1.038 1.039 1.043 1.046 1.057 1.044 0.007 

#5 
Armhole 
Circumstance 

527.34 530.22 526.64 527.48 532.11 532.92 582.60 1.005 0.999 1.000 1.009 1.011 1.105 1.021 0.041 

#6 Neck Opening 569.46 778.54 723.06 789.29 765.81 770.63 857.12 1.367 1.270 1.386 1.345 1.353 1.505 1.371 0.077 

#7 Side Length 463.95 465.26 464.11 467.09 467.05 467.62 451.42 1.003 1.000 1.007 1.007 1.008 0.973 1.000 0.013 

#8 Shoulder Length 166.01 177.91 177.63 173.37 176.97 181.05 186.26 1.072 1.070 1.044 1.066 1.091 1.122 1.077 0.026 

#9 Sleeve Length 130.68 130.42 130.79 130.57 130.52 130.44 118.92 0.998 1.003 0.998 1.000 0.999 0.912 0.985 0.036 
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Figure 6-14 Evaluation metric  of FEM-GS against key measurements of size M t-shirt 

 

According to Table 6-8 and Figure 6-14, the most significant increase in 

evaluation ratio  for FEM simulated garments is still at measurement #6 neck opening. 

However, the value of ratio  is respectively reduced when comparing with that of size 

S results. 
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Figure 6-15 The mean value and standard deviation of key measurements 

 

Figure 6-15 presents the mean value and standard deviation of χ at key 

measurements #1~#9. The neck opening (#6) is extended significantly, but the result is 

better than size s’s performance when concerning the offset between χ’s value and 1.  
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Table 6-9 Hybrid simulated size M t-shirt 2D vs 3D measurements and evaluation ratio  for male subjects (i)-(vi) 

Measurement L2D L3D(unit:mm) Evaluation ratio χ 

No. Name (unit:mm) i   ii iii iv v vi i   ii iii iv v vi Average 
Standard 

Deviation  

#1 Hem Circumstance 1034.10 1046.91 1036.03 1040.79 1038.78 1047.08 1040.30 1.012 1.002 1.006 1.005 1.013 1.006 1.007 0.004 

#2 Sleeve Opening 366.53 369.99 369.08 367.12 369.65 366.86 371.19 1.009 1.007 1.002 1.009 1.001 1.013 1.007 0.005 

#3 Front Center Length 560.76 596.12 636.37 570.14 597.06 575.79 563.47 1.063 1.135 1.017 1.065 1.027 1.005 1.052 0.047 

#4 Back Center Length 719.96 709.72 752.62 696.15 761.99 713.69 695.74 0.986 1.045 0.967 1.058 0.991 0.966 1.002 0.040 

#5 
Armhole 

Circumstance 
527.34 554.16 558.49 557.90 585.79 584.75 572.96 1.051 1.059 1.058 1.111 1.109 1.087 1.079 0.027 

#6 Neck Opening 569.46 638.12 551.84 650.21 639.31 565.31 611.35 1.121 0.969 1.142 1.123 0.993 1.074 1.070 0.073 

#7 Side Length 463.95 489.58 533.11 473.60 483.66 468.81 451.41 1.055 1.149 1.021 1.042 1.010 0.973 1.042 0.060 

#8 Shoulder Length 166.01 168.34 179.02 180.41 182.68 185.69 193.00 1.014 1.078 1.087 1.100 1.119 1.163 1.093 0.049 

#9 Sleeve Length 130.68 126.17 123.67 114.36 118.92 135.82 137.41 0.965 0.980 0.925 1.040 1.142 1.012 1.011 0.076 
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Figure 6-16 Evaluation metric  of hybrid-GS against at key measurements size M t-shirt 

Table 6-9 and Figure 6-16 show the evaluation metric  of hybrid-GS varies 

from 1.163 to 0.925. The evaluation ratio  still does not show a standard pattern, but 

in several critical locations such as hem circumstance the metric ratio is very close to 

1. 

 

Figure 6-17 The mean value and standard deviation of key measurements 

Figure 6-17 shows the mean value and standard deviation of χ. Hybrid still 

performs well at the mean value, but the difference is significant. 
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Task 3: Comparison of performance metrics between FEM-GS and Hybrid-GS across 

subjects  

Table 6-10 Comparison between FEM and Hybrid on performance metrics across male 

subjects for size M t-shirt  

 

 

 
Figure 6-18 Comparison between FEM and Hybrid on performance metrics across male 

subjects for size M t-shirt 

A comparison between FEM and hybrid simulation results reveals that hybrid-

GS has average effectiveness E() closer to the expected value 1. The EI values of 

subject iii~vi also consistent with E() results. 

Garment type: Male t-shirt M

Method Metics i  ii iii iv v vi Average

E() 1.065 1.049 1.063 1.062 1.070 1.090 1.066

FEM SD 0.117 0.087 0.124 0.109 0.111 0.169 0.119

EI 0.018 0.049 0.063 0.062 0.070 0.115 0.063

E() 1.031 1.047 1.025 1.061 1.045 1.033 1.040

Hybrid SD 0.047 0.065 0.064 0.043 0.060 0.063 0.057

EI 0.042 0.058 0.049 0.061 0.048 0.047 0.051
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6.3.1.3 Size L 

Task 1: Try on figures 

 

Figure 6-19 Size L t-shirt try-on six male subjects via FEM simulation 

The results of size L t-shirt garments generated by FEM-GS show loose-fit for 

subject (i)- (iii), and tight-fit for subject (iv)-(vi), as shown in Figure 6-19. 

   

Figure 6-20 Size L t-shirt try-on six male subjects via Hybrid simulation: pop-up results 

(top row) and draped results (bottom row) 

With reference to the try-on results generated by Hybrid-GS, clothing shows 

different appearances on subjects. On subject (i)-(iv), the garments appear to be loose-

fit, while for subject (v)-(vi) the t-shirt results obtained are just-fitting. 

ii iii iv V vi 

ii iii iv V vi 
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Task 2: Pattern measurement comparison between FEM and Hybrid 

 

Table 6-11 FEM simulated size L t-shirt 2D vs 3D measurements and evaluation ratio  for male subjects (i)-(vi) 

Measurement L2D L3D(unit:mm) Evaluation ratio χ 

No. Name (unit:mm) i   ii iii iv v vi i   ii iii iv v vi Average 
Standard 

Deviation  

#1 Hem Circumstance 1094.10 1098.73 1095.80 1098.97 1098.08 1105.51 1102.01 1.004 1.002 1.004 1.004 1.010 1.007 1.005 0.003 

#2 Sleeve Opening 376.53 381.37 380.50 378.87 382.24 381.77 378.09 1.013 1.011 1.006 1.015 1.014 1.004 1.010 0.004 

#3 Front Center Length 570.76 604.90 602.11 604.34 606.87 604.44 610.28 1.060 1.055 1.059 1.063 1.059 1.069 1.061 0.005 

#4 Back Center Length 734.96 765.45 760.17 767.83 766.21 766.81 772.96 1.041 1.034 1.045 1.043 1.043 1.052 1.043 0.006 

#5 
Armhole 

Circumstance 
551.55 551.60 547.95 550.83 548.32 554.06 590.37 1.000 0.993 0.999 0.994 1.005 1.070 1.010 0.030 

#6 Neck Opening 578.89 767.33 717.47 780.20 760.80 757.98 835.92 1.326 1.239 1.348 1.314 1.309 1.444 1.330 0.067 

#7 Side Length 468.96 469.58 471.42 470.46 470.40 469.41 461.97 1.001 1.005 1.003 1.003 1.001 0.985 1.000 0.007 

#8 Shoulder Length 175.44 186.07 186.96 182.08 185.36 190.39 193.82 1.061 1.066 1.038 1.057 1.085 1.105 1.068 0.023 

#9 Sleeve Length 142.55 142.22 142.16 142.41 142.26 141.54 133.17 0.998 1.000 1.002 0.999 0.995 0.941 0.989 0.024 
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Figure 6-21 Evaluation metric  of FEM-GS against key measurements of size L t-shirt  

 

As shown in Table 6-11 and Figure 6-21, for size L T-shirt, except measurement 

#6 neck opening, FEM-GS performs more satisfactorily in terms of measurement 

preservation than the simulation results of size S and M. 
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Figure 6-22 The mean value and standard deviation of key measurements 

Figure 6-22 displays the mean value and standard deviation of χ. The results 

reflect similar trend over nine measurements. The biggest evaluation ratio appears to 

locate at #6, and it is decreased when comparing to size s and m’s simulation results. 

Evaluation ratios at other measurements are acceptable and the standard deviation is 

small. 
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Table 6-12 Hybrid simulated size L t-shirt 2D vs 3D measurements and evaluation ratio  for male subjects (i)-(vi) 

Measurement L2D L3D(unit:mm) Evaluation ratio χ 

No. Name (unit:mm) i   ii iii iv v vi i   ii iii iv v vi Average 
Standard 

Deviation  

#1 Hem Circumstance 1094.10 1095.03 1095.84 1098.19 1095.24 1096.17 1119.36 1.001 1.002 1.004 1.001 1.002 1.023 1.005 0.009 

#2 Sleeve Opening 376.53 379.63 379.32 382.12 381.06 380.38 379.76 1.008 1.007 1.015 1.012 1.010 1.009 1.010 0.003 

#3 Front Center Length 570.76 620.02 648.44 602.32 610.17 597.48 587.49 1.086 1.136 1.055 1.069 1.047 1.029 1.070 0.038 

#4 Back Center Length 734.96 711.01 729.87 690.03 705.13 702.99 686.61 0.967 0.993 0.939 0.959 0.956 0.934 0.958 0.021 

#5 
Armhole 

Circumstance 
551.55 546.46 543.84 555.78 579.70 576.74 561.88 0.991 0.986 1.008 1.051 1.046 1.019 1.017 0.027 

#6 Neck Opening 578.89 644.85 545.05 662.89 640.35 586.99 621.31 1.114 0.942 1.145 1.106 1.014 1.073 1.066 0.075 

#7 Side Length 468.96 483.84 542.72 491.10 469.68 465.30 459.75 1.032 1.157 1.047 1.002 0.992 0.980 1.035 0.065 

#8 Shoulder Length 175.44 170.39 169.77 184.26 179.09 178.43 188.34 0.971 0.968 1.050 1.021 1.017 1.074 1.017 0.042 

#9 Sleeve Length 142.55 123.49 123.24 114.19 117.68 129.71 134.10 0.866 0.998 0.927 1.031 1.102 1.034 0.993 0.084 
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Figure 6-23 Evaluation metric  of hybrid-GS against key measurements of size L t-shirt 

Hybrid method exhibits acceptable results in size L t-shirt simulation. Again, 

the evaluation metric  vary across measurements from subject to subject without an 

obvious pattern. The largest variations are observed in the simulation results of subject 

(ii), who is supposed to be assigned with size S t-shirt.  

 

Figure 6-24 The mean value and standard deviation of Hybrid simulated size l t-shirts 

Figure 6-24 depicts the mean and standard deviation of χ.  It can be seen that 
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the line fluctuates around 1, and the difference is similar. 

 

Task 3: Comparison of performance metrics between FEM-GS and Hybrid-GS across 

subjects 

Table 6-13 Comparison between FEM and Hybrid on performance metrics across male 

subjects for size L t-shirt 

Garment type: Male t-shirt S Subjects  

Method Metrics i   ii iii iv v vi Average 

  E() 1.056 1.045 1.056 1.055 1.058 1.075 1.057 

FEM SD 0.104 0.077 0.112 0.101 0.099 0.147 0.107 

  EI 0.013 0.047 0.056 0.056 0.059 0.092 0.054 

  E() 1.004 1.021 1.021 1.028 1.021 1.019 1.019 

Hybrid SD 0.072 0.074 0.065 0.043 0.041 0.043 0.056 

 EI 0.049 0.046 0.051 0.037 0.032 0.038 0.042 

 

 

Figure 6-25 Comparison between FEM and Hybrid on performance metrics across male 

subjects for size L t-shirt 
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As shown in Table 6-13, the values of average effectiveness E(), standard 

deviation (SD) and error indicator(EI) consistently demonstrate that Hybrid –GS 

performs better at maintaining pattern sizes, while FEM-GS has the tendency to stretch 

the garment even the pattern sizes are too small for certain subjects. 

 

6.3.2 Experiment 2: Male trousers 

#1. Crotch Length Front
#2. Crotch Length Back
#3. Inseam Length
#4. Outseam Length
#5. Waist Girth
#6. Hem Circumstance

#1#1

#2 #2

#3#3

#3 #3 #4

#5

#6#6

#6 #6

#4

#4 #4

#5

#5 #5

 
Figure 6-26 Male trouser pattern with measurements numbered 
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This section presents the results of trousers experiment. Figure 6-26 shows 

trousers patterns and the six measurements defined to evaluate the simulation.  Size s, 

m and l trousers patterns are simulated on six subjects using FEM-GS and Hybrid-GS 

respectively, therefore a total of 36 simulation results are obtained. 

 

6.3.2.1 Size S  

Task 1: Try on figures 

 

Figure 6-27 Size s trousers try-on six male subjects via FEM simulation 

 

Figure 6-27 demonstrates six male subjects together with the simulated trousers 

generated by FEM-GS. The simulated results show that the trousers appear to be 

suitable for the whole group of 6 subjects. 

 

ii iii iv V vi 
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Figure 6-28 Size s trousers try-on six male subjects via Hybrid simulation: pop-up results 

(top row) and draped results (bottom row) 

 

In hybrid simulation results, pop-up results differ depending on the subject’s 

body size. For subjects (i) and (ii) who can wear the trousers, garments are 

approximatively tight-fitting to the human surfaces, as shown in Figure 6-28. Other 

garments are shown to be too small for subjects (iii), (v),(vi). 

 

 

ii iii iv V vi 
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Task 2: Pattern measurement comparison between FEM and Hybrid 

 

Table 6-14 FEM simulated trousers 2D vs 3D measurements and evaluation ratio  for male subjects (i)-(vi) 

Measurement L2D L3D(unit:mm) Evaluation ratio χ 

No. Name (unit:mm) i   ii iii iv v vi i   ii iii iv v vi Average 
Standard 

Deviation  

#1 
Crotch Length 
Front 

239.00 280.21 266.01 275.98 265.00 277.11 274.20 1.172 1.113 1.155 1.109 1.159 1.147 1.143 0.026 

#2 
Crotch Length 
Back 

357.53 401.76 391.26 408.41 389.22 401.57 400.65 1.124 1.094 1.142 1.089 1.123 1.121 1.115 0.020 

#3 Inseam Length 719.10 701.89 706.59 701.35 708.96 719.96 719.12 0.976 0.983 0.975 0.986 1.001 1.000 0.987 0.011 

#4 Outseam Length 956.48 949.83 949.52 954.81 955.40 969.22 980.58 0.993 0.993 0.998 0.999 1.013 1.025 1.004 0.013 

#5 Waist Girth 981.48 978.29 952.57 974.77 955.31 991.37 1041.28 0.997 0.971 0.993 0.973 1.010 1.061 1.001 0.033 

#6 Hem Circumstance 441.66 444.11 452.10 440.36 437.86 436.01 439.33 1.006 1.024 0.997 0.991 0.987 0.995 1.000 0.013 
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Figure 6-29 Evaluation metric  of FEM-GS against at key measurements of trousers 

 

 
Figure 6-30 The mean value and standard deviation of key measurements 

 

Table 6-14, Figure 6-29 and Figure 6-30 suggest that 3D crotch length (#1, #2) 

has the largest simulation errors in FEM results. Besides, the trouser simulated on 

subject (vi) has the largest simulation errors (distortions).  
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Table 6-15 Hybrid simulated trousers 2D vs 3D measurements and evaluation ratio  for male subjects (i)-(vi) 

Measurement L2D L3D(unit:mm) Evaluation ratio χ 

No. Name (unit:mm) i   ii iii iv v vi i   ii iii iv v vi Average 
Standard 

Deviation  

#1 Crotch Length Front 239.00 265.67 251.84 269.01 259.56 267.05 272.29 1.112 1.054 1.126 1.086 1.117 1.139 1.106 0.031 

#2 Crotch Length Back 357.53 370.41 370.43 378.62 372.98 371.39 385.49 1.036 1.036 1.059 1.043 1.039 1.078 1.049 0.017 

#3 Inseam Length 719.10 742.48 722.09 748.78 754.47 723.70 764.79 1.033 1.004 1.041 1.049 1.006 1.064 1.033 0.024 

#4 Outseam Length 956.48 989.05 951.21 1005.89 989.06 979.61 1031.61 1.034 0.994 1.052 1.034 1.024 1.079 1.036 0.028 

#5 Waist Girth 981.48 973.29 951.79 969.45 950.54 952.55 952.77 0.992 0.970 0.988 0.968 0.971 0.971 0.976 0.010 

#6 Hem Circumstance 441.66 441.99 443.50 444.49 441.62 441.46 441.66 1.001 1.004 1.006 1.000 1.000 1.000 1.002 0.003 
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Figure 6-31 Evaluation metric  of hybrid-GS against at key measurements of trousers 

 

 
Figure 6-32 The mean value and standard deviation of key measurements 

  

In Hybrid-GS results, the deformations (elongation) shown in Figure 6-31 and 

Figure 6-32 at crotch length measurement are smaller than that of FEM-GS results. For 

the rest measurements, Hybrid-GS achieves better accuracy. 
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Task 3: Comparison of performance metrics between FEM-GS and Hybrid-GS across 

subjects 

Table 6-16 Comparison between FEM and Hybrid on performance metrics across male 

subjects for trousers 

 

 

 
Figure 6-33 Comparison between FEM and Hybrid on performance metrics across male 

subjects for trousers 

Table 6-16 and Figure 6-33 shows the performance metrics involving average 

effectiveness E(), standard deviation (SD) and error indicator (EI). It shows that both 

methods all stretch the original patterns, where hybrid-GS has smaller distortion at 

subject (i),(ii),(iii) and (v) in terms of error indicator and average effectiveness. .  
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6.3.2.2 Size M 

Task 1: Try on figures 

 

Figure 6-34 Size m trousers try-on six male subjects via FEM simulation 

As shown in Figure 6-34, virtual try-on results of subject (i), and (ii) seem to be 

loose-fit. Subject (iii), (iv) looks just-fit, and subject (v) and (vi) are tight-fit. 

 

Figure 6-35 Size m trousers try-on six male subjects via Hybrid simulation 

Figure 6-35 shows the results of size m trousers on six male subjects. It can be 

seen from the figure that size m trousers are loose-fit for subject (i), (ii) and (iii), just-

fit for subject (iv), and not fit for subject (v) and (vi).  

ii iii iv V vi 

ii iii iv \I vi 
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Task 2: Pattern measurement comparison between FEM and Hybrid 

 

Table 6-17 FEM simulated trousers 2D vs 3D measurements and evaluation ratio χ for male subjects (i)-(vi) 

Measurement L2D L3D(unit:mm) Evaluation ratio χ 

No. Name (unit:mm) i   ii iii iv v vi i   ii iii iv v vi Average 
Standard 

Deviation  

#1 Crotch Length Front 239.09 255.39 247.11 271.60 268.66 273.89 273.75 1.068 1.034 1.136 1.124 1.146 1.145 1.109 0.047 

#2 Crotch Length Back 357.60 379.79 359.96 410.39 393.26 412.68 401.27 1.062 1.007 1.148 1.100 1.154 1.122 1.099 0.056 

#3 Inseam Length 747.49 739.59 743.82 718.87 714.34 739.47 741.95 0.989 0.995 0.962 0.956 0.989 0.993 0.981 0.017 

#4 Outseam Length 984.92 980.52 982.19 979.07 982.42 996.28 1006.20 0.996 0.997 0.994 0.997 1.012 1.022 1.003 0.011 

#5 Waist Girth 1001.36 981.08 1003.09 990.29 964.59 997.08 1029.42 0.980 1.002 0.989 0.963 0.996 1.028 0.993 0.022 

#6 Hem Circumstance 441.66 454.85 453.08 453.44 440.37 438.80 442.02 1.030 1.026 1.027 0.997 0.994 1.001 1.012 0.017 
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Figure 6-36 Evaluation metric χ of FEM-GS against at key measurements of trousers 

 

 
Figure 6-37 The mean value and standard deviation of key measurements 

 

Table 6-17 , Figure 6-36 and Figure 6-37 illustrate the mean and standard 

deviation of evaluation χ. Comparing with size s results, size m trousers are extended a 

smaller ratio. 
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Table 6-18 Hybrid simulated trousers 2D vs 3D measurements and evaluation ratio χ for male subjects (i)-(vi) 

Measurement L2D L3D(unit:mm) Evaluation ratio χ 

No. Name (unit:mm) i   ii iii iv v vi i   ii iii iv v vi Average 
Standard 

Deviation  

#1 Crotch Length Front 239.09 267.68 259.97 273.33 254.34 268.13 273.31 1.120 1.087 1.143 1.064 1.121 1.143 1.113 0.032 

#2 Crotch Length Back 357.60 372.19 373.93 377.61 383.37 376.27 392.53 1.041 1.046 1.056 1.072 1.052 1.098 1.061 0.021 

#3 Inseam Length 747.49 737.71 724.93 746.38 735.95 720.11 781.16 0.987 0.970 0.999 0.985 0.963 1.045 0.991 0.029 

#4 Outseam Length 984.92 1013.67 967.93 1017.84 1010.87 1011.27 1078.72 1.029 0.983 1.033 1.026 1.027 1.095 1.032 0.036 

#5 Waist Girth 1001.36 987.15 964.69 983.98 972.84 991.45 999.79 0.986 0.963 0.983 0.972 0.990 0.998 0.982 0.013 

#6 Hem Circumstance 441.66 443.81 444.09 443.08 441.39 441.28 441.33 1.005 1.006 1.003 0.999 0.999 0.999 1.002 0.003 
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Figure 6-38 Evaluation metric χ of Hybrid-GS against at key measurements of trousers 

 

 
Figure 6-39 The mean value and standard deviation of key measurements 

 

Table 6-18, Figure 6-38 and Figure 6-39 describe the performance of Hybrid-

GS. The results show crotch length (#1 and #2) has the most significant metric value. 

When comparing with FEM-GS, FEM-GS is more accurate. 
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Task 3: Comparison of performance metrics between FEM-GS and Hybrid-GS across 

subjects 

Table 6-19 Comparison between FEM and Hybrid on performance metrics across male 

subjects for size M trousers 

 

 

 
Figure 6-40 Comparison between FEM and Hybrid on performance metrics across male 

subjects for size M trousers 

Table 6-19 and Figure 6-40 illustrate the evaluation ratio on subject (i)~(vi). As 

can be seen, χ is larger than 1, which means 3D garment is extended when comparing 

with 2D pattern. In general, FEM-GS and Hybrid-GS obtain equivalent results at 

subject (ii), (iii) and (iv). 

Garment type: Male trousers M

Method Metics i  ii iii iv v vi Average
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6.3.2.3 Size L 

Task 1: Try on figures 

 

Figure 6-41 Size l trousers try-on six male subjects via FEM simulation 

Figure 6-41 displays the try-on results of size l trousers. The figure shows the 

trousers are too large for subjects (i), (ii) and (iii), tight-fit for subjects (iv), (v) and (vi).  

 

Figure 6-42 Size l trousers try-on six male subjects via Hybrid simulation 

Figure 6-42 shows size l trousers are loose-fit for subjects (i) ~(iv), and just-fit 

for subjects (v) and (vi). 
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Task 2: Pattern measurement comparison between FEM and Hybrid 

 

Table 6-20 FEM simulated trousers 2D vs 3D measurements and evaluation ratio χ for male subjects (i)-(vi) 

Measurement L2D L3D(unit:mm) Evaluation ratio χ 

No. Name (unit:mm) i   ii iii iv v vi i   ii iii iv v vi Average 
Standard 
Deviation  

#1 
Crotch Length 
Front 

252.24 261.49 265.34 255.64 273.44 282.02 272.13 1.037 1.052 1.014 1.084 1.118 1.079 1.064 0.037 

#2 
Crotch Length 
Back 

377.71 395.96 387.42 382.02 398.12 426.39 409.20 1.048 1.026 1.011 1.054 1.129 1.083 1.059 0.042 

#3 Inseam Length 788.12 786.63 787.39 781.23 777.48 781.35 797.75 0.998 0.999 0.991 0.986 0.991 1.012 0.996 0.009 

#4 Outseam Length 1037.83 1033.96 1034.30 1036.70 1026.84 1037.84 1051.45 0.996 0.997 0.999 0.989 1.000 1.013 0.999 0.008 

#5 Waist Girth 1031.43 1028.36 1033.37 1046.46 985.75 1015.09 1029.99 0.997 1.002 1.015 0.956 0.984 0.999 0.992 0.020 

#6 
Hem 
Circumstance 

461.62 477.02 470.43 472.64 483.85 466.62 484.32 1.033 1.019 1.024 1.048 1.011 1.049 1.031 0.016 
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Figure 6-43 Evaluation metric χ of FEM-GS against at key measurements of trousers 

 

  
Figure 6-44 The mean value and standard deviation of key measurements 

 

Table 6-20, Figure 6-43 and Figure 6-44 show that FEM-GS performs 

satisfactorily at inseam length (#3), outseam length (#4) and waist girth (#5). At other 

measurements, the trousers are extended. 
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Table 6-21 Hybrid simulated trousers 2D vs 3D measurements and evaluation ratio χ for male subjects (i)-(vi) 

Measurement L2D L3D(unit:mm) Evaluation ratio χ 

No. Name (unit:mm) i   ii iii iv v vi i   ii iii iv v vi Average 
Standard 

Deviation  

#1 Crotch Length Front 252.24 281.99 277.97 277.38 263.76 276.60 278.04 1.118 1.102 1.100 1.046 1.097 1.102 1.094 0.025 

#2 Crotch Length Back 377.71 399.35 394.08 389.63 384.22 377.65 390.54 1.057 1.043 1.032 1.017 1.000 1.034 1.031 0.020 

#3 Inseam Length 788.12 795.95 762.25 806.45 840.24 819.17 873.30 1.010 0.967 1.023 1.066 1.039 1.108 1.036 0.048 

#4 Outseam Length 1037.83 1037.17 1035.84 1046.56 1068.06 1056.81 1110.78 0.999 0.998 1.008 1.029 1.018 1.070 1.021 0.027 

#5 Waist Girth 1821.42 1833.12 1798.08 1853.00 1908.30 1875.98 1984.08 1.006 0.987 1.017 1.048 1.030 1.089 1.030 0.036 

#6 Hem Circumstance 461.62 463.62 464.75 465.23 464.59 463.52 465.04 1.004 1.007 1.008 1.006 1.004 1.007 1.006 0.002 
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Figure 6-45 Evaluation metric χ of Hybrid-GS against at key measurements of trousers 

 
Figure 6-46 The mean value and standard deviation of key measurements 

 

Table 6-20, Figure 6-45 and Figure 6-46 illustrate Hybrid-GS perform good at 

hem circumstance (#6). The overall performance of Hybrid-GS at size L trousers is not 

satisfactory as FEM-GS. 
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Task 3: Comparison of performance metrics between FEM-GS and Hybrid-GS across 

subjects 

Table 6-22 Comparison between FEM and Hybrid on performance metrics across male 

subjects for size L trousers 

 

 

 
Figure 6-47 Comparison between FEM and Hybrid on performance metrics across male 

subjects for size L trousers 

As can be seen from Table 6-22 and Figure 6-47, FEM-GS performs better at 

simulating size L trousers at subject (i), (ii) , (iii), (iv) and (vi). In general the 3D size L 

trousers are extended.  

 

Garment type: Male trousers L

Method Metics i  ii iii iv v vi Average

E() 1.018 1.016 1.009 1.020 1.039 1.039 1.023

FEM SD 0.024 0.021 0.012 0.049 0.066 0.037 0.035

EI 0.048 0.017 0.012 0.042 0.047 0.040 0.034

E() 1.033 1.017 1.031 1.035 1.031 1.069 1.036
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6.3.3 Experiment 3: Female teetop 

#1
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#2. Sleeve Opening
#3. Front Center Length
#4. Back Center Length
#5. Armhole Circumstance
#6.  Neck Opening
#7.  Side Length
#8.  Shoulder Length
#9.  Sleeve Length

#5

#7#7

 
Figure 6-48 Female tee-top pattern with measurements numbered 

 

The patterns of tee-top experiment are shown in Figure 6-48. A total of 9 key 

measurements are selected to evaluate the simulation effectiveness, as depicted on the 

patterns in Figure 6-48. For each simulation, we compare measurements before and 

after simulation, 3D
iL  and 2D

iL . We also compute 𝜒𝑖 and other performance metrics 

for evaluation and analysis. 
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6.3.3.1 Size M 

Task 1: Try on figures 

 
Figure 6-49 Size M tee-top try-on six female subjects via FEM simulation 

Figure 6-49 illustrates the try-on effects of FEM-GS. The simulated size M tee-

top is appeared to fit the tested subjects with similar fitting effects. 

 

Figure 6-50 Size M tee-top try-on six female subjects via Hybrid simulation: pop-up 

results (top row) and draped results (bottom row) 

Figure 6-50 shows that subjects (iv)-(vi) have fit problem at waist level when 

wearing size M tee-top. In contrast to FEM simulation results in Figure 6-49, where 

size M tee-top fits to all subjects with acceptable level of realism. 

ii iii iv V vi 

iv 
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Task 2: Pattern measurement comparison between FEM and Hybrid 

 

Table 6-23 FEM simulated size M tee-top 2D vs 3D measurements and evaluation ratio  for female subjects (i)-(vi) 

Measurement L2D L3D(unit:mm) Evaluation ratio χ 

No. Name (unit:mm) i   ii iii iv v vi i   ii iii iv v vi Average 
Standard 

Deviation  

#1 Hem Circumstance 932.81 999.40 1008.95 1001.94 1034.80 1121.07 1030.40 1.071 1.082 1.074 1.109 1.202 1.105 1.107 0.049 

#2 Sleeve Opening 295.60 308.40 308.33 309.15 310.65 333.70 313.28 1.043 1.043 1.046 1.051 1.129 1.060 1.062 0.033 

#3 Front Center Length 439.36 438.26 438.87 439.72 432.33 425.85 436.05 0.997 0.999 1.001 0.984 0.969 0.992 0.990 0.012 

#4 Back Center Length 589.39 586.64 576.78 586.15 576.40 575.16 579.78 0.995 0.979 0.995 0.978 0.976 0.984 0.984 0.009 

#5 
Armhole 

Circumstance 
454.68 498.19 496.81 497.78 525.88 504.18 490.20 1.096 1.093 1.095 1.157 1.109 1.078 1.104 0.027 

#6 Neck Opening 709.00 804.50 841.70 862.68 842.72 882.55 825.12 1.135 1.187 1.217 1.189 1.245 1.164 1.189 0.039 

#7 Side Length 393.21 385.22 371.99 376.53 352.75 358.10 370.99 0.980 0.946 0.958 0.897 0.911 0.943 0.939 0.030 

#8 Shoulder Length 67.36 68.38 70.71 68.84 69.99 69.38 68.30 1.015 1.050 1.022 1.039 1.030 1.014 1.028 0.014 

#9 Sleeve Length 57.46 52.64 50.39 50.79 51.87 51.18 49.18 0.916 0.957 1.008 1.021 0.987 0.961 0.975 0.038 
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Figure 6-51 Evaluation metric  of FEM-GS against key measurements of size M tee-top 

 

 
Figure 6-52 The mean value and standard deviation of key measurements 

The change of evaluation ratio  shows similar stretch or shrink behaviours at 

key measurements, as illustrated in Figure 6-51. Similar to t-shirt in section 6.3.1, the 

deformation at #6 measurement of neck opening is significant in all subjects. Besides, 

size M tee-top simulated on subject (v) showed the largest deformation, and subject (v) 

has the largest body circumference among all models. 
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Table 6-24 Hybrid simulated size M tee-top 2D vs 3D measurements and evaluation ratio  for female subjects (i)-(vi) 

Measurement L2D L3D(unit:mm) Evaluation ratio χ 

No. Name (unit:mm) i   ii iii iv v vi i   ii iii iv v vi Average 
Standard 

Deviation  

#1 Hem Circumstance 932.81 944.82 947.05 939.74 937.41 933.21 935.67 1.013 1.015 1.007 1.005 1.000 1.003 1.007 0.006 

#2 Sleeve Opening 295.60 295.53 295.50 295.87 295.75 297.23 295.47 1.000 1.000 1.001 1.001 1.006 1.000 1.001 0.002 

#3 Front Center Length 439.36 458.46 464.37 453.16 443.22 487.22 445.72 1.043 1.057 1.031 1.009 1.109 1.014 1.044 0.036 

#4 Back Center Length 589.39 563.58 544.63 553.79 542.17 570.89 563.22 0.956 0.924 0.940 0.920 0.969 0.956 0.944 0.019 

#5 
Armhole 

Circumstance 
454.68 488.85 496.68 494.60 482.62 496.68 506.86 1.075 1.092 1.088 1.061 1.092 1.115 1.087 0.018 

#6 Neck Opening 709.00 722.47 717.42 725.59 712.14 711.17 716.80 1.019 1.012 1.023 1.004 1.003 1.011 1.012 0.008 

#7 Side Length 393.21 347.58 331.52 323.61 349.87 344.24 328.35 0.884 0.843 0.823 0.890 0.875 0.835 0.858 0.028 

#8 Shoulder Length 67.36 65.50 70.19 76.05 78.32 79.91 78.30 0.972 1.042 1.129 1.163 1.186 1.162 1.109 0.084 

#9 Sleeve Length 57.46 48.33 41.61 43.31 46.81 48.07 48.84 0.841 0.861 1.041 1.081 1.027 1.016 0.978 0.101 
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Figure 6-53 Evaluation metric  of hybrid-GS against key measurements of size M tee-

top 

 

 
Figure 6-54 The mean value and standard deviation of key measurements 

As shown in Table 6-24, Figure 6-53 and Figure 6-54, deformations of hybrid 

simulated garments at #8 measurement of shoulder length is most significant for all 

subjects. Evaluation ratio  shows a similar pattern for these subjects. 
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Task 3: Comparison of performance metrics between FEM-GS and Hybrid-GS across 

subjects 

Table 6-25 Comparison between FEM and Hybrid on performance metrics across 

female subjects for size M tee-top 

 

 

 
Figure 6-55 Comparison between FEM and Hybrid on performance metrics across 

female subjects for size M tee-top 

Among the performance metrics defined, Hybrid-GS shows a better 

performance at subject (i) to (vi).  

 

Garment type: Female teetop M

Method Metics i  ii iii iv v vi Average

E() 1.028 1.037 1.046 1.047 1.062 1.033 1.042

FEM SD 0.066 0.077 0.077 0.092 0.115 0.073 0.083

EI 0.043 0.064 0.057 0.079 0.097 0.060 0.067

E() 0.978 0.983 1.009 1.015 1.030 1.012 1.005
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6.3.3.2 Size L 

Task 1: Try on figures 

 
Figure 6-56 Size L tee-top try-on six female subjects via FEM simulation 

The FEM simulated try-on results of size L tee-top on subjects show similar 

appearance. FEM can put clothes on human models of whatever sizes. 

 

 

Figure 6-57 Size L tee-top try-on six female subjects via Hybrid simulation: pop-up results 

(top row) and draped results (bottom row) 
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As shown in hybrid simulated results in Figure 6-57, the size L tee-top appears 

to be loose-fitting to small sized subjects (i) and (ii) and be tight-fitting to large sized 

subjects (v) and (vi).  The hybrid simulated garments are different depending on 

underlying size of the subjects 

 

Task 2: Pattern measurement comparison between FEM and Hybrid 
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Table 6-26 FEM simulated size L tee-top 2D vs 3D measurements and evaluation ratio χ for female subjects (i)-(vi) 

Measurement L2D L3D(unit:mm) Evaluation ratio χ 

No. Name (unit:mm) i   ii iii iv v vi i   ii iii iv v vi Average 
Standard 

Deviation  

#1 Hem Circumstance 1012.76 1025.99 1034.45 1035.08 1057.01 1117.21 1043.47 1.013 1.021 1.022 1.044 1.103 1.030 1.039 0.033 

#2 Sleeve Opening 316.54 320.58 313.03 318.06 326.54 338.10 326.20 1.013 0.989 1.005 1.032 1.068 1.031 1.023 0.027 

#3 Front Center Length 449.36 453.58 453.79 448.94 447.18 444.44 450.05 1.009 1.010 0.999 0.995 0.989 1.002 1.001 0.008 

#4 Back Center Length 599.39 602.11 594.36 601.71 593.25 595.39 597.90 1.005 0.992 1.004 0.990 0.993 0.998 0.997 0.006 

#5 
Armhole 

Circumstance 
489.88 513.86 502.13 509.75 549.92 511.81 500.18 1.049 1.025 1.041 1.123 1.045 1.021 1.050 0.037 

#6 Neck Opening 726.40 811.44 834.61 840.53 829.03 859.75 821.06 1.117 1.149 1.157 1.141 1.184 1.130 1.146 0.023 

#7 Side Length 392.97 396.68 382.78 386.15 356.21 374.74 385.93 1.009 0.974 0.983 0.906 0.954 0.982 0.968 0.035 

#8 Shoulder Length 72.70 73.76 75.48 73.69 74.27 74.25 73.62 1.015 1.038 1.014 1.022 1.021 1.013 1.020 0.010 

#9 Sleeve Length 58.34 56.86 48.71 54.83 47.06 56.05 49.97 0.975 0.857 1.126 0.858 1.191 0.891 0.983 0.144 
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Figure 6-58 Evaluation metric  of FEM-GS against key measurements of size L tee-top 

 

 
Figure 6-59 The mean value and standard deviation of key measurements 

According to Table 6-26, Figure 6-58 and Figure 6-59 , FEM-GS simulated 

size L tee-top with an evaluation ratio  ranging from 0.857 to around 1.184. 
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Table 6-27 Hybrid simulated size L tee-top 2D vs 3D measurements and evaluation ratio χ for female subjects (i)-(vi) 

Measurement L2D L3D(unit:mm) Evaluation ratio χ 

No. Name (unit:mm) i   ii iii iv v vi i   ii iii iv v vi Average 
Standard 

Deviation  

#1 Hem Circumstance 1012.76 1014.43 1020.15 1015.68 1016.49 1020.15 1012.77 1.002 1.007 1.003 1.004 1.007 1.000 1.004 0.003 

#2 Sleeve Opening 316.54 316.34 316.88 317.63 316.82 316.88 316.50 0.999 1.001 1.003 1.001 1.001 1.000 1.001 0.001 

#3 Front Center Length 449.36 475.58 488.16 469.84 462.19 488.16 466.54 1.058 1.086 1.046 1.029 1.086 1.038 1.057 0.025 

#4 Back Center Length 599.39 586.03 574.14 582.58 580.53 574.14 599.49 0.978 0.958 0.972 0.969 0.958 1.000 0.972 0.016 

#5 
Armhole 

Circumstance 
489.88 533.25 522.23 538.67 528.68 522.23 587.47 1.089 1.066 1.100 1.079 1.066 1.199 1.100 0.050 

#6 Neck Opening 726.40 734.10 733.21 740.35 732.91 733.21 726.87 1.011 1.009 1.019 1.009 1.009 1.001 1.010 0.006 

#7 Side Length 392.97 424.43 398.92 407.95 400.77 398.92 413.28 1.080 1.015 1.038 1.020 1.015 1.052 1.037 0.026 

#8 Shoulder Length 74.42 84.02 83.67 86.05 92.19 83.67 88.24 1.129 1.124 1.156 1.239 1.124 1.186 1.160 0.046 

#9 Sleeve Length 58.82 64.02 67.78 68.05 63.23 67.78 67.38 1.088 1.059 1.004 0.929 1.072 0.994 1.024 0.060 
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Figure 6-60 Evaluation metric  of hybrid-GS against key measurements of size L tee-top 

 

 
Figure 6-61 The mean value and standard deviation of key measurements 

Table 6-27and Figure 6-60 proved that the deformation at measurement #8 

shoulder length is still large for size L tee-top.  
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Task 3: Comparison of performance metrics between FEM-GS and Hybrid-GS across 

subjects 

Table 6-28 Comparison between FEM and Hybrid on performance metrics across 

female subjects for size L teetop 

Garment type: Female 
teetop L Subjects   

Method Metrics i   ii iii iv v vi Averag
e 

  E() 1.023 1.006 1.039 1.012 1.061 1.011 1.025 

FEM SD 0.040 0.076 0.061 0.091 0.084 0.062 0.069 

  EI 0.013 0.048 0.043 0.068 0.075 0.039 0.048 

  E() 1.048 1.036 1.038 1.031 1.038 1.052 1.041 

Hybrid SD 0.052 0.051 0.057 0.088 0.052 0.082 0.064 

  EI 0.053 0.046 0.044 0.054 0.047 0.054 0.050 

 

 
Figure 6-62 Comparison between FEM and Hybrid on performance metrics across 

As shown in Table 6-28, FEM-GS outperforms Hybrid-GS in terms of average 

effectiveness for subject (i), (ii) (iv) and (vi) . However, in terms of EI, Hybrid 

outperforms for subject (ii), (iv) and (v). 

0.90

0.95

1.00

1.05

1.10

1.15

1.20

1.25

1.30

1.35

i ii iii iv v vi

E(


)

Subjects

FEM

Hybrid



 

227 

 

6.3.4 Experiment 4: Female dress 

#1. Hem Circumstance
#2. Waist Circumstance
#3. Center Front Length
#4. Armhole
#5. Neck Opening
#6. Shoulder Length
#7. Center Back Length
#8. Side Length
#9. Skirt Side Length
#10. Skirt Center Front Length
#11. Skirt Center Back Length

 
Figure 6-63 Female dress pattern with measurements numbered 
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Task 1: Try on figures 

 

Figure 6-64 Single-size dress try-on six female subjects via FEM simulation 

 

 
Figure 6-65 Single-sized dress try-on six female subjects via Hybrid simulation: pop-up 

results (top row) and draped results (bottom row) 

 

Comparing FEM results in Figure 6-64 with the results of hybrid in Figure 6-65, 

FEM generates garment models with nice appearance for all subjects. Similar to FEM-

GS, Hybrid- GS can successfully simulate the dress on all subjects, however, the overall 

appearance is quite difference and inferior. 
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Task 2: Pattern measurement comparison between FEM and Hybrid 

Table 6-29 FEM simulated dress 2D vs 3D measurements and evaluation ratio χ for female subjects (i)-(vi) 

Measurement L2D L3D(unit:mm) Evaluation ratio χ 

No. Name (unit:mm) i   ii iii iv v vi i   ii iii iv v vi Average 
Standard 

Deviation  

#1 Hem Circumference 1036.40 1030.51 1026.49 1031.45 1033.58 1033.28 1034.79 0.994 0.990 0.995 0.997 0.997 0.998 0.995 0.003 

#2 Waist Circumference 1104.24 1106.96 1092.75 1092.78 1101.53 1092.74 1094.27 1.002 0.990 0.990 0.998 0.990 0.991 0.993 0.005 

#3 Center Front Length 722.84 732.76 726.09 738.40 729.61 735.71 722.79 1.014 1.004 1.022 1.009 1.018 1.000 1.011 0.008 

#4  Armhole 437.95 511.93 528.29 538.94 530.30 524.42 519.01 1.169 1.206 1.231 1.211 1.197 1.185 1.200 0.021 

#5 Neck Opening 600.22 646.10 655.41 666.10 653.09 643.31 651.56 1.076 1.092 1.110 1.088 1.072 1.086 1.087 0.013 

#6 Shoulder Length 58.41 57.54 57.44 56.66 57.31 57.55 57.00 0.985 0.983 0.970 0.981 0.985 0.976 0.980 0.006 

#7 Center Back Length 768.79 765.70 754.22 767.62 753.51 746.02 760.62 0.996 0.981 0.998 0.980 0.970 0.989 0.986 0.011 

#8 Side Length 605.61 593.32 581.70 605.57 579.91 595.97 602.08 0.980 0.961 1.000 0.958 0.984 0.994 0.979 0.017 

#9 Skirt Side Length 180.44 176.14 175.97 177.45 178.76 178.43 178.32 0.976 0.975 0.983 0.991 0.989 0.988 0.984 0.007 

#10 Skirt Center Front Length 179.35 178.83 179.12 179.82 180.37 181.10 180.38 0.997 0.999 1.003 1.006 1.010 1.006 1.003 0.005 

#11 Skirt Center Back Length 179.35 178.71 180.32 178.89 180.42 180.60 180.62 0.996 1.005 0.997 1.006 1.007 1.007 1.003 0.005 
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Figure 6-66 Evaluation metric  of FEM-GS against key measurements of single-sized 

dress 

 

Figure 6-67 The mean value and standard deviation of key measurements 

Figure 6-29, Figure 6-66 and Figure 6-67 reveal that at armhole (#4) and neck 

opening (#5), FEM-GS has substantially stretched.  
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Table 6-30 Hybrid simulated dress 2D vs 3D measurements and evaluation ratio  for female subjects (i)-(vi) 

Measurement L2D L3D(unit:mm) Evaluation ratio χ 

No. Name (unit:mm) i   ii iii iv v vi i   ii iii iv v vi Average 
Standard 

Deviation  

#1 Hem Circumference 1036.40 1037.82 1043.69 1037.34 1039.16 1127.71 1040.34 1.001 1.007 1.001 1.003 1.088 1.004 1.017 0.035 

#2 Waist Circumference 1104.24 1092.27 1152.83 1123.66 1133.86 1260.97 1155.25 0.989 1.044 1.018 1.027 1.142 1.046 1.044 0.052 

#3 Center Front Length 722.84 760.30 778.11 767.89 782.84 803.84 794.46 1.052 1.076 1.062 1.083 1.112 1.099 1.081 0.022 

#4  Armhole 437.95 452.67 475.41 458.31 468.11 487.07 479.00 1.034 1.086 1.046 1.069 1.112 1.094 1.073 0.030 

#5 Neck Opening 600.22 610.99 625.03 605.76 614.29 669.47 608.97 1.018 1.041 1.009 1.023 1.115 1.015 1.037 0.040 

#6 Shoulder Length 58.41 56.58 53.31 64.35 51.76 58.88 55.49 0.969 0.913 1.102 0.886 1.008 0.950 0.971 0.077 

#7 Center Back Length 768.79 754.74 764.08 769.28 776.69 790.70 797.57 0.982 0.994 1.001 1.010 1.029 1.037 1.009 0.021 

#8 Side Length 605.61 647.62 657.90 635.98 660.80 674.22 663.59 1.069 1.086 1.050 1.091 1.113 1.096 1.084 0.022 

#9 Skirt Side Length 180.44 159.68 158.30 159.68 171.22 165.98 173.49 0.885 0.877 0.885 0.949 0.920 0.961 0.913 0.036 

#10 Skirt Center Front Length 179.35 166.59 168.80 172.80 180.71 180.24 185.48 0.929 0.941 0.964 1.008 1.005 1.034 0.980 0.042 

#11 Skirt Center Back Length 179.35 161.32 161.61 166.00 173.82 172.58 178.70 0.899 0.901 0.926 0.969 0.962 0.996 0.942 0.040 
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Figure 6-68 Evaluation metric  of hybrid-GS against key measurements of dress 

 

Figure 6-69 The mean value and standard deviation of key measurements 

As can be shown in Table 6-30, Figure 6-68 and Figure 6-69, Hybrid-GS 

achieves an average effectiveness ranging from 0.913 to 1.084.   
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Task 3: Comparison of performance metrics between FEM-GS and Hybrid-GS across 

subjects 

Table 6-31 Comparison between FEM and Hybrid on performance metrics across 

female subjects for dress 

 

 

Figure 6-70 Comparison between FEM and Hybrid on performance metrics across 

female subjects for dress 

Table 6-31 and Figure 6-70 suggest that Hybrid-GS performs a higher level of 

accuracy for subjects (i) –(iv) when comparing average effectiveness. 

 

Garment type: Female dress

Method Metics i  ii iii iv v vi Average

E() 1.017 1.017 1.027 1.020 1.020 1.020 1.020

FEM SD 0.057 0.071 0.077 0.071 0.065 0.062 0.067

EI 0.002 0.010 0.010 0.002 0.010 0.009 0.008

E() 0.984 0.997 1.006 1.011 1.055 1.030 1.014

Hybrid SD 0.273 0.078 0.062 0.061 0.074 0.052 0.100

EI 0.521 0.715 0.515 0.510 0.842 0.517 0.603
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6.4 Findings and Suggestions 
The major contribution of the proposed virtual fitting platform is to streamline 

garment simulation and make possible of automated simulation on customised human 

models. Automatic prepositioning algorithms are developed for both FEM-GS and 

Hybrid-GS method so that garment simulation is no longer rely on user interactions to 

arrange clothing patterns around human models of various sizes and shapes. The 

robustness and effectiveness of the garment simulators are examined by experiment 

involving different garment types and a number of human models.  

6.4.1 Quality and effectiveness of garment simulation 

In this comparative study, a set of experiments involving four types of garment 

are conducted. A qualitative comparison is shown below in Table 6-32. 

 

Table 6-32 Qualitative comparison between FEM-GS and Hybrid-GS 

  FEM Hybrid 

Data input pattern, control mesh, fine mesh pattern, control mesh, fine mesh 

Theory Physics Geometric and physics 

Tim cost Within 1 minute 2-3 minutes  

Realism Good Acceptable 

 

We analysed the simulation accuracy of the two algorithms. The results show 

that Hybrid-GS is more promising in size restoration. The garment try-on figures, 

despite of less appealing realism, can provide more meaningful references on the 

garment fit for subjects.  
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FEM-GS has remarkable performance in realism and generates appealing 

garment shapes. FEM-GS can dress up any customers with a given clothing’s 2D 

patterns, even the patterns are far smaller to the subjects. On the other hand, the 

simulated garments do now show explicit differences in terms of clothing fitting. In 

other words, loose-fitting and tight-fitting garment models look very similar in 

appearance. The empirical results show that accuracy of FEM-GS is better if the 

garment is loose-fitting to the subject. In addition, some measurements, such as the 

neck opening for male t-shirts and female teetop, have significant extension of original 

pattern dimensions. A possible explanation for this might be that there is no seam force 

acting on the related pattern edges, hence in the simulation process, these edges deform 

freely and the resulting measurements are over-stretched. 

With reference to the simulation results of Hybrid-GS, it has better accuracy if 

garments are tight-fitting or just-fitting to the subjects. However, for loose-fit clothing, 

human shape approximation (as discussed in section 5.2.4 of Chapter 5) is required, 

thus we cannot estimate how accurate after shape adjustment. It is also observed that 

the deformation is uncontrollable at seams far from the parametric control of pop-up 

simulation. Currently, single horizontal measurement (hem measurement) and vertical 

measurements (garment length) are used in pop-up restoration. It is attractive to use all 

defined measurements (e.g. neck opening and armhole measurements) as simulation 

control in the pop-up restoration. This will be a worthy extension of the current work 

on hybrid-GS. 
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6.4.2 Suggestion on the choice of garment simulators 

With an observation from the comparative study that FEM and Hybrid 

approaches perform differently for loose-fitting and tight-fitting clothing, it is therefore 

suggested to make choice between the two simulators based on the dimensional 

difference of 2D patterns and human models for maximizing simulation accuracy. 

Since real-time garment simulation cannot be achieved, we propose to have 

detailed shape and size classifications on human models. We will generate a large set 

of human models with various size and shapes. For every style of garment, we carry 

out garment simulations using both FEM-GS and Hybrid-GS at the server end. With 

the consideration that output should has a size representation abiding with the original 

size of the 2D patterns, we selected the simulated results on most similar human models 

to show as follows: 

If 2D pattern has large size, FEM simulation results will be visually displayed 

to the customer as the results is more realistic. 

If 2D pattern is small, which means clothing cannot fit the tested human body, 

hybrid results are more suitable to show as the results deliver accurate fitting 

information for customers. 

 

6.5 Chapter Summary 
A comparative study has been presented in this chapter to evaluate the 

effectiveness of the garment simulators when simulating different garment types. With 

the evaluation metrics defined, the accuracy between 2D pattern and 3D garment model 
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is measured quantitatively. 

A total of six female and six male subjects are selected to attend the experiment. 

These subjects with different body figures are suggested to wear size s (subject i,ii), 

size m (subject iii,iv) and size l (subject v,vi). Male v-neck t-shirt and trousers, and 

female teetop and dress patterns are prepared. By using HMM and PDM, human models 

and pattern mesh are obtained. 

 FEM-GS and Hybrid-GS are used to simulate the 2D patterns on each subject. 

The result shows that, for most tight-fit clothing, Hybrid-GS performs higher accuracy, 

while for most loose-fit clothing FEM-GS outperforms. FEM Garment try-on figures 

have more realistic appearance.  

Hence, by conducting the comparative study on FEM-GS and Hybrid-GS, it is 

concluded that when simulating loose-fit style clothing, FEM-GS can be used to 

maximize accuracy; in contrast, for tight-fit clothing, Hybrid-GS can be applied in the 

system. 
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CHAPTER7. CONCLUSIONS AND 

RECOMMENDATIONS FOR FUTURE WORK 
 

7.1 Conclusions 

Virtual fitting technology simulating garments on 3D human models plays 

an important role in the fashion industry. Although some important results have 

been obtained in virtual fitting, several known issues were still not well addressed 

in existing systems. On one hand, virtual fitting systems usually simulate garments 

against a standard mannequin or parametric human model that has average shape. 

This leads to the fact that individual customers cannot get too much cues on the 

fitting of these garments on their bodies. On the other hand, the complex operations 

involved in the existing systems, in particular to preposition pattern pieces 

correctly around human models, require skilled professionals.  

The aim of this study is to develop an integrated virtual fitting (IVF) system 

by incorporating and optimising garment simulation with human modelling.  A 

total of four modules are included in the system: the human modelling module 

(HMM), the pattern design module (PDM), the garment simulation module (GSM) 

and the garment rendering module (GRM).  As shown in Figure 7-1, these 

modules have addressed the ten defined research objectives. 
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Figure 7-1 The framework of IVF 

First, the human modelling module (HMM) is developed based on intelligent 

photo-based human model customisation method, which can generate human models 

with accurate measurements for individual subjects. Specifically, a layered-structure 

control mesh is defined as a standard human model representation. The systematic 

human features and skeletons specified on the control mesh can assist preposition.   

Second, the pattern design module (PDM) provides an interactive tool to analyse 

industrial patterns and define seam. As the only module that requires users’ interactions, 

the workflow is designed to include minimised operations. The module reads in 2D 

industrial patterns in DXF format, then analyses features on the pattern. In addition, the 

module also achieves 2D preposition and pattern triangulation. PDM is proved to be a 

useful tool that can efficiently link with garment simulation module.  

Third, the garment simulation module (GSM) is presented. We have developed 

two garment simulators in this module, based on finite element method and hybrid 
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method. Besides, automatic preposition methods have been developed for each garment 

simulator to automatically place 2D pattern pieces around customised human models. 

In addition to automatic preposition methods, improvements are proposed to the 

original prototype systems to construct our two garment simulators, FEM-GS and 

Hybrid-GS.  

Fourth, the garment rendering module (GRM) is developed to display virtual 

garment and virtual human model. By studying texture mapping technique, the system 

achieves rendering different fabric textures. 

Finally, we have introduced a quantitative metric to measure simulation 

accuracy, which compares all seam and outline measurements on 2D patterns and the 

resulting 3D garment. The proportion between 3D length and 2D length is meaningful 

to represent simulation accuracy. We have conducted a set of systematic experiment to 

evaluate and compare simulator accuracy objectively. After experimenting on selected 

styles and subjects, initial evidences have shown that for different types and sized 

clothing, FEM-GS performs better at loose-fitting styles, while Hybrid-GS can 

maintain more accurate size for tight-fitting clothing. We have proposed way to select 

garment simulators to maximise the simulation accuracy. 

We propose to apply the developed prototype IVF to a mobile internet 

application. The details are shown in Figure 7-2. For every brand, we can analyse 

and classify their target customers’ body shapes and categorize into a number of 

shape representative models, such as 100 shape models. For every style of multiple 

sizes, we process the patterns in PDM, and the outputs are simulated on all shape 
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representative models automatically. All 3D simulations are automatically 

processed offline and recorded in the garment database. For every individual user, 

the customized shape can be obtained on front-line in real time by HMM. The 

resulting shape is mapped the most similar shape model in human database. When 

user selects a style, the corresponding garment simulation results are retrieved from 

the database and displayed on front-end, in which users can view different texture 

using GRM. 

 

 

Figure 7-2 Proposal using IVF 

In conclusion, this study has attempted to provide an integrated virtual fitting 

solution with automatic preposition methods. The streamlined process is time saving 

and can generate a large number of garment simulation results on different human 

models automatically. This system has potential value to apply in e-commerce, such as 
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providing fitting suggestions to customers, and allowing non-professional users to 

simulate garments. 

 

7.2 Recommendations for Future Work 

7.2.1 Improvement on GSM 

We believe the current methods for garment simulation have large room for 

improvement in terms of accuracy and realism. As simulation is an imitation of clothing 

behaviour and is strongly related to the mathematical model adopted in the modelling 

its nonlinear deformation behaviour. It is suggested to improve the garment simulation 

model by developing more in-depth understanding on its formulation. 

FEM-GS at the current stage excludes discussion on material and dynamic 

behaviour.  Although the accuracy at some detailed measurements is less satisfying 

and still worth further research. Besides, a controlling scheme which stops the 

simulation when the garment distortion exceeds a certain level should be developed. In 

this way, the over stretch situation in tight-fit clothing simulation could be imrpoved. 

Hybrid-GS faces many possible factors which might influence final accuracy. 

Firstly, the cross-parameterization step is designed to ensure that, a complex human 

surface can keep locally manifold and map to the 2D patterns. However, the insertion 

of auxiliary points adds complexity to the process. It is worthy to extend the current 

work to investigate more flexible way of 3D-to-2D mapping. To be more specific, 

surface parameterisation method with complex boundary conditions should be further 

explored. 
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7.2.2 Improvement on control mesh quality  

Additional research is also recommended to study the control mesh’s quality. 

We have founded that Hybrid method relies on the control mesh heavily. Human 

modification has important value for enriching garment shape. If a finer control mesh 

with more shape detailed is used, the garment simulation result will be improved. 

However, it might also slow down the process. It is worthy to explore the relationship 

of fineness of mesh structure and the simulation quality in the future. 

 

7.2.3 Investigation on more garment types 

This study have investigated only limited garment types in experiment (Chapter 

6). Further experiment with more complex patterns are suggested. 

 

7.2.4 Investigation on animated virtual garment try-on process 

Another possible area of future research is to investigate a more vivid virtual 

try-on process. It is appealing if the human models can be deformed into different poses, 

or even show to customers in an animated form. Simulating clothing behaviours on an 

animated human models of customised shape is also valuable to the fashion industry on 

better product development. 
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Appendix 1 – Human subjects front-view and side-view photos 

Six male subjects 

 

Six female subjects 

 

Subj ect l Subject 2 Subject 3 

Subject 4 Subject 5 Subject 6 

Subject I Suhject 2 Subject 3 

Subject 4 Subject 5 Subject 6 
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Appendix 2 – Experiment Patterns 

(1) Male t-shirt 
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(2) Male trousers 
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(3) Female teetop 
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(4) Female dress 
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