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Preface

The technological advancements and global environmental issues in our lives today

have been the inspiration behind the gist of this book taking shape in the authors’

pen. The theme of the book is technology and sustainability. Currently, the apparel

industry understands the importance of moving toward sustainable apparel product

development with technology adoption. Globally, we have been deliberating on the

impactful environmental issues that disrupt apparel product development. The dis-

tortion became worse post-Covid-19 pandemic that the apparel industry needs to

find a solution in facing the competition and economics of a changed world vision

pivoted on growth with knowledge of technology and well-being of all, especially

that of generations to come, at its heart. Thus we need to transform the apparel

industry toward technology adoption for the sustainability of the products. There is

a critical need for the apparel industry to be more efficient, more effective, and

more reliable in the future. In addition, this book also looks into the role of anthro-

pometry data in designing for sustainability. Anthropometry means the study of

body dimensions which is the first factor for apparel product development.

Producers need to understand the variations of body sizes and shapes before deter-

mining the right clothing size to fit the end-user’s body well. For this reason, we

need to include anthropometric data for better apparel product development that

adapt the sustainable design features. It is necessary to gather, organize, and trans-

form the anthropometric data into a visual body image to become precise size data

so that the clothing sizes can fit the individual body. The application of technology

has made it possible to develop a company’s size chart when going through the 3D

scanning process. Having reached the objective of fitting a person well is the ulti-

mate target of sustainable practices in the apparel industry in the future. To ensure

an efficient fit for the apparel wearer, we can target to develop body patterns that

fulfill the fit needs.

Digital Manufacturing Technology for Sustainable Anthropometric Apparel has

comprehensive content that brings to maturity the concept of technology and sus-

tainability. We begin this book by advocating sustainable fashion education and

TVET training to make fashion communities realize the importance of pedagogy in

upskilling apparel professionals. With the advent of technology, practical skills

training has been the norm for a renowned system like Telestia Technology, espe-

cially for online learning that has been practiced since a few decades ago.

Obtaining the anthropometric data is also much easier with the technology of 3D

body scanning for the sizing developments to take root in customer thought for

profitable clothing buying decisions vis-à-vis their discard in landfills so that the

customers are satisfied with the garments made for them. This book highlights the



importance of and opportunities for using ergonomic design principles and anthro-

pometric sustainable sizing systems.

To summarize this book, it contains three main topics as below:

1. Sustainable Apparel Manufacturing IR 4.0

2. Technology and Application of anthropometric data

3. Anthropometric sizing and mass customization technology

Part I details sustainable apparel manufacturing with scanning technology.

Chapter 1 underlines the importance of sustainable apparel education and technol-

ogy integration for pedagogy and production. Chapters 2 and 3 give insight into 3D

measurement anthropometric data for sustainable clothing size and social

manufacturing. Part II covers the technology and application of anthropometric

data. In Part II, Chapters 4�7 highlight the importance of anthropometric data and

the management, the usage of the data for a digital dummy, and the application of

data for digital fashion online. Lastly, Part III focuses on anthropometric sizing and

mass customization technology. Within Part III, Chapters 8�10 discuss the sustain-

ability concept and the application of technology in various apparel mass customi-

zation manufacturing, including apparel manufacturing sustainability.

This book will benefit a broad spectrum of readers that include the apparel

academia, especially the students and researchers, the apparel industry, the apparel

business, and the apparel-minded with interest in if not a passion for clothes and its

men and women. Lastly, I would like to thank all the authors for contributing their

valuable opinions and visions in making the chapters an ineluctable part of this

book. Thanks are also due to Gabriela Capille and Howell Angelo M. De Ramos of

Woodhead Publication for seeing the publication through to its logical completion.

Norsaadah Zakaria

Clotech Atelier Academy-Telestia, Malaysia Taylor’s University, Malaysia
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1Sustainable apparel technical and

vocational education and training

(TVET): integrating technology for

skills training
Norsaadah Zakaria1,2, Anastasia Vouyouka3,4 and

Wan Syazehan Ruznan5,6

1Clotech Atelier Academy-Telestia Malaysia, Selangor, Malaysia, 2Taylor’s University,

Selangor, Malaysia, 3Telestia Technology Training Methodology, Thessaloniki, Greece,
4Fashion Express Learning College, London, United Kingdom, 5School of Industrial

Technology, Universiti Teknologi MARA (UiTM), Negeri Sembilan, Malaysia,
6Textile Technology, Universiti Teknologi MARA (UiTM), Negeri Sembilan, Malaysia

1.1 Transforming towards the new sustainable apparel
industry

The word “sustainability” started to have an impact on society since its coining in

1972. After 50 years, this term has become so familiar to the community of those

favoring sustainable living that there is a crucial need to educate the larger society

in a manner consistent with its needs and the needs of the environment about the

importance of sustainability. The issues of environmental needs were discussed in

the United Nations that relate to environmental law, conversation, environmental-

ism, and environmental issues. The importance of lives of the generations to come

fed the need to secure man’s future which was already being debated, and the reali-

zation that mankind must be made to have concern for and educated on the topic of

sustainability arrived on the shoulders of sustainability education to have a bigger

scope which have already been suggested during that meeting.

In 2015, the United Nations (UN) launched its Sustainable Development Goals

(SDG). The calling was for all nations “to take action, to end poverty, to protect
the planet, and to ensure that by 2030 all people enjoy peace and prosperity” and

participate on the newly developed 17 SDGs as shown in Fig. 1.1. In the same year,

World Education Forum was organized by UNESCO in the Republic of Korea with a

gathering of 1600 important people from all over the world. This critical forum was

organized for a milestone event to sustain education by 2030 and the main objective of

the forum was to revolutionize the lives of human beings through quality education

emphasizing the agenda of SDG 4 which was in realizing the role of education as the

key driver of development and sustainability of lifelong learning.

Digital Manufacturing Technology for Sustainable Anthropometric Apparel.

DOI: https://doi.org/10.1016/B978-0-12-823969-8.00003-4
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Today, the word “sustainability” has become part of our new normal in which the set-

ting of the framework has been identified. A large number of work has been conducted

throughout the world to understand the importance of sustainability. Jose and

Ramakrishna (2021) stated that the research on sustainability should have the following

five components: social wellbeing, resource sustainability, environmental protection, cir-

cular economy, and, most importantly, knowledge integration. The relevancy of knowl-

edge integration in the context of this chapter is to state the impact of leading the future

generation of apparel education towards sustainability and adoption of technology as the

key economic policies introduced by the Industry 4.0. In the future, the course of events

will be leading all nations to move towards adopting the new IR 5.0 manufacturing that

endorses the technological implementation of products and processes embracing the sus-

tainability elements. Synchronizing both aspects of sustainability and technology will

align new opportunities for apparel industries towards innovation. According to Iannilli

et al. (2019), it is evident that with the new opportunities, there is a need to guide the

professions in the industry, begin the training processes, and identify skill sets required

for the change in the new future apparel industry. The knowledge integration environ-

ment (KIE) was identified as the solution to foster lifelong science learning (Araneo,

2019). In accordance with that, this first chapter advocates SDG 4: quality education as

the main factor to drive the industry forward.

1.2 Sustainable apparel education

The apparel industry has significant changes especially post covid-19 in the direction

of customers needs whom desire for low cost and flexibility in design, quality and

Figure 1.1 Sustainable development goals.
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speed to market. These changes have created a great challenge and strain to the apparel

market. In the education industry, the players as stakeholders of educational change

must face the challenge well by continuously attuning the curricula to the current needs

of the industry and transforming the curricula of apparel education accordingly (Abu

Bedor et al., 2021). The change is necessary for future fashion graduates to gain today’s

demand for sustainable knowledge, skills, and technological competencies. Sustainable

apparel is also known as eco-fashion, ethical fashion, re-fashion, or slow fashion.

Sustainable fashion is “clothing, shoes, and accessories manufactured, marketed and

used in the most sustainable manner possible.” The objective for sustainable apparel is

to gain a solid business model which considers the safety of the global natural environ-

ment. Many apparel industries in the world today are aggressively converting their pro-

cesses and policies towards sustainable concepts to benefit the global environment and

people (Franco et al., 2019). There are only eight more years to achieve the global

SDG goals targeted by 2030. In addition, the strength of this goal is towards the United

Nations Industrial Development Organization’s (UNIDO) vision which is to channel

the industry’s full potential to achieving lasting prosperity for all: people and environ-

ment in total.

According to Alves (2021), in her latest article “What exactly is sustainable fash-

ion and why is it so important” encapsulated eight major areas that can be adopted

by apparel companies who believe in the sustainable concept as below:

i. Conscious fashion.

ii. Eco-friendly and green.

iii. Circular fashion.

iv. Upcycled and recyclable.

v. Slow fashion.

vi. Thrifting swapping and renting.

vii. Ethical fashion.

viii. Vegan and cruelty-free.

The main element of a sustainable industry is its becoming more innovative and

highly adaptive technologies to enhance productivity and lending efficiencies

(Kennedy & Terpstra, 2017). The apparel industry is one of the world’s eminent

industries that churn out trillions of businesses in monetary worth. Clothing is

accepted as a basic human need and involves continuous manufacturing. This

implies that the industry needs to consider the impact of industrial manufacturing

on the global environment as the apparel industry is a significant contributor to

environmental and human habitat damage (Parsons et al., 2017). The apparel sector

is responsible for carbon dioxide emissions, chemical emissions, greenhouse emis-

sions, waste generated, and high water consumption. Hence, by 2030, the apparel

industry’s contribution to all these issues is slated to rise and increase global warm-

ing and many other harmful environmental impacts. Up to this date, there has been

numerous research conducted on the learning and training of sustainable practice in

higher education. The integration of sustainability into teaching and learning is seen

as the paradigm shift in education at all levels today to achieve the goal of quality

education.
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The apparel sustainability education and training are the combination of knowledge,

TVET skills, and technology as shown in Fig. 1.2—the sustainable fashion education

model. The three elements of the responsible apparel sustainability strategy are based on

the apparel education model which will have the apparel sector moving towards the new

sustainable apparel industry. Finding the right balance between the needs of the stake-

holders and the needs of the environment in a sustainable fashion education model is

very challenging and more so in the coming years since the crucial elements need to be

implemented well at the level of the institution, the industry, and the consumer. Thus, in

this first chapter of the book, the importance of TVET sustainable fashion education will

be highlighted as a significant aspect of education to be taken up for implementation in

the future. Fig. 1.3 itemizes the apparel education elements that require training integrat-

ing the sustainability concept. The advocacy is towards including new curricula in the

apparel education system for the future apparel industry and fashion students thereby

marking the commitments of three major groups: academia, industry, and students.

Figure 1.2 Sustainable apparel education model.
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1.2.1 Apparel sustainable knowledge

Apparel sustainable knowledge and skill are different and, yet, are related in

conceptual aim. In Fig. 1.2, the model shows three elements for sustainable

apparel education. Of these, sustainable knowledge is the core element to

ensure that learners are alert about the importance of sustainable practices and

achieve the targeted SDGs promoted by the UN. Sustainable knowledge is the

theoretical aspects covering topics like global environmental issues, waste

reduction design, the concept of 4Rs, the ecosystem of the supply chain, ethical

fashion issues, and industrial chemistry. This knowledge is crucial to be embed-

ded in the apparel education curriculum today as it educates about the impacts

of the environment and the surroundings on society’s wellbeing (Leerberg

et al., 2020).

The sustainable knowledge in the syllabus will drive the concept of a process,

actions, and resourceful participation towards the social, environmental, and eco-

nomic benefits. In addition, the knowledge will enhance the facts about sustainable

apparel and transmit the importance of that knowledge for change to form the mind-

set when dealing with environmental issues. A combined sustainable knowledge

curriculum with an essential knowledge curriculum is shown in Fig. 1.3 which is

highly suggested in future fashion education as it will enhance the students’ under-

standing of sustainable practices. Students must gain critical thinking and interpret

information in a meaningful way when they are aware of the sustainability impact

on the apparel industry, understand the sustainable practices, and make the right

ethical decisions for the benefit of workers and society (Shephard, 2015). Apparel

education’s role is to propel towards an ethical and sustainable fashion future

(Kennedy & Terpstra, 2017; Murzyn-Kupisz, and Holuj, 2021). The core of fashion

education lies in the knowledge acquisition achievement that opens the minds

towards sustainability adoption in every design and production field of the apparel

industry.

Figure 1.3 Sustainable apparel knowledge model.
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1.2.2 Apparel sustainable technical and vocational education
and training skills

The highlight of this chapter is on the apparel education model (Fig. 1.2) that

showed the first element on the chart: the TVET skills. Many research work today

has concluded that the TVET skill competencies are the core necessities to imple-

ment sustainable apparel approaches in professional practices and to act as the

essential tool for creating an ethical fashion system and generating social change

(Yunus et al., 2021; Leerberg et al., 2020; Murzyn-Kupisz & Hołuj, 2021).

Sustainable apparel skills, subsequently, are the teaching of the practical art of

apparel making and applying the knowledge learned to specific situations. The

TVET skills for apparel education, specifically, are emphasized in many research

works conducted as it proves the lacunae of this need for skilled mastery to produce

better sustainable apparel products (Mair, 2020). We advocate the upgrading of sus-

tainable skill practices in the TVET institution to match the skill sets needed in the

industry. We also support the sustainable knowledge that includes the curriculum of

fashion education.

According to James (2021), “fashion students lack the engagement of design and

production processes”. We need to change fashion education towards more practical

based tasks so that industry professionals should be in the system to integrate the

knowledge and skills as an immediate reflection (James, 2021). As shown from

Fig. 1.4, the technical skill competencies identified in apparel education are crea-

tive, design, technical drawing, pattern making, pattern grading, and sewing skills.

The technical skills required are the understanding of sustainable apparel knowl-

edge that correlates the impact of the environment to the way the apparel is being

produced based on the competencies. If competent in practical skills, the apparel

industry will be efficient and this will benefit the consumers and contribute to the

environment and society’s wellness. In addition, Ryder-Caddy and Vouyouka

Figure 1.4 Sustainable apparel TVET skills model. TVET, technical and vocational

education and training.
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(2016) stated that it is critical to have design skills to understand the importance of

the sustainable definition of apparel products. These skills include having pattern

cutting and technical skills like sewing, technical drawing, and pattern grading. She

emphasized that fashion technical skill is crucial to serving both industry and fash-

ion consumers.

1.2.3 Apparel sustainable technology

The apparel sustainable technology shows the adoption of technology for an inno-

vative design which has the potential to increase the demand of productivity of the

apparel products. The competitiveness of the industry relies on the efficiency and

agility of the product development cycles and lead time. Furthermore, the business

models of a company adopting sustainable technology must be well-considered

because heavy investments are needed for sustainable production processes to be

accomplished. In addition, future fashion designers must be trained to have the right

technical skills and the mind’s predilection to exploit the new textile and apparel

digital technologies as part of the creative design process (Pisani & Augier, 2021).

Sustainable technology as seen in Fig. 1.5 shows the technology digitalization adop-

tion for apparel product development in the production processes.

On the other hand, technology is also being adopted in the TVET apparel peda-

gogic training and learning. The importance of technical pedagogic training using

technology will be discussed in the next chapter. This section will be looking into

the implementation of technology for digitization and digitalization. Digitization is

defined as converting something into a digital format while digitalization means

converting processes using digital technologies. In summary, digitization refers to

information, while digitalization refers to processes. Learning to digitize the techni-

cal process into digital information has been adopted by many big apparel industries

Figure 1.5 Sustainable apparel technology model.
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worldwide (Zeike et al., 2019). Digitization advantages are yet to be penetrated by

apparel home hobbyist, micro, and SMEs apparel companies in the future. The

major objective of applying the digitization process is to adopt the sustainability

concept in totality. On the other hand, the adoption of digitalization is also seen as

another important sustainability factor to be considered in the future for competitive

business. The goal of digitalization in the apparel industry is to increase the effi-

ciencies, effectiveness, quality, and timely deliveries. According to Tareque and

Islam (2021), digitalization in apparel manufacturing gives huge sustainability and

transparency benefits.

The apparel sustainable technology consists of two elements based on Fig. 1.5:

2 The technology adoption for technical training adopting digitization;

2 The technology adoption for apparel product development adopting digitalization.

The digitization can be implemented for the process of design which happens at

the stage of product development. The conversion towards digitization will result in

better efficiency and will be more effective for the business since paper usage is

less and since it reduces the redundancy of repeating the same work process. For

example, drawing on the digital platform will permit the designer to just delete the

information or alter the drawing on the digital platform without having to take new

papers to draw on and repeat the same drawing with some alteration or corrections

(Quang et al., 2020).

On the other hand, the adoption of digitalization in apparel product development

can be seen in the usage of 3D body scanning replacing the body measurements

procedure. The usage of this technology will give the advantage of the body visuali-

zation converting from 2D format to 3D anthropometric data. The accuracy of 3D

as a tool for anthropometric data acquisition will enhance the development of the

2D garment pattern from where garment geometry originates and which garment

pattern from this format can be corrected. The application of digitization format for

apparel product development is the application of a virtual format, and this 2D pat-

tern will become the medium between design concept and garment product. Using

the technology of digital format, the 2D garment pattern can be altered and digitally

cut to finish the garment production and in this format, the accuracy of fit is deter-

mined (Quang et al., 2020). The accuracy of good fit is the most crucial part of gar-

ment development at this early design stage which is the main driver for

sustainable apparel manufacture practices. Thus, again, the emphasis of the 3D

technology application for digital clothing development is to exclude redundant

physical sampling and waste generated by pattern cutting or fittings. The other

main factor is to make sure that the TVET skills are conducted efficiently for the

process of apparel product development in the areas of technical drawing and pat-

tern making which are the most important elements to ensure good garment fit and

accurate size garments matching with the different types of body size and shapes

(Obinnim, 2018). To conclude, apparel sustainable technology is recommended for

the integration of innovation. From the view of other research conducted, the usage

of advanced tools and technology is focusing on not only the adoption of the tech-

nology itself but also the enriching of the students’ experience and learning process
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(Shafie et al., 2021). E.g., using technology to learn pattern-making skills is easier

as it gives you the space to complete it at your own pace and time.

1.3 Changes in sustainable apparel technical and
vocational education and training education

The twenty-first century is different as there is a movement towards adopting the

sustainability perspectives. Though the most devastating COVID-19 pandemic

struck millions of people who went through a disruptive time including the global

economy been hit by the catastrophe, still, there were a few world meets to decide

on world agenda for tackling matters of world concern, like, recently, many coun-

tries came forward to discuss on and reach an agreement to tackle climate change

and make a change while helping protect lives and livelihoods at the 26th UN

Climate Change Conference of the Parties (COP26) in Glasgow, UK. The Covid-19

pandemic and global climate change in the 21st century have forced us to think of

the best way to move forward (Mair, 2020) without losing focus on matters of

national and international importance. We need to change the way we handle

apparel education, transiting from the traditional apparel skills over to the typical

sustainability education in the TVET technological education to ensure competent

skills for future fashion designers (Syed Azman et al., 2019). The turmoil in the

sustainable environment of the future will evoke the awakening to the importance

of TVET skills education in apparel education. The aim behind sustainable TVET

education is for each fashion graduate to be well-equipped by possessing the proper

technical skills to bring the designs alive. They thus gain skills to match the skill-

sets needed in the industry.

The future is dictating to us to change the education system for the apparel

industry. At last, TVET skills shall be embedded in the curricula to make fashion

education more conducive towards apprenticeship programs. In the past, fashion

designers developed garments by thinking abstractly, cognitively, and creatively.

Today, the scenario has changed to match the demand and competitive employabil-

ity market of the apparel industry. The education stakeholders are thriving towards

imparting the extensive practical requirements of garment development and bring-

ing in direct industrial involvement where both practitioners and apprentices can

work together in the industry and gain benefits. Fashion students are looking at the

possibilities of getting information, skills, and aptitudes to be competitive and to be

prepared to gain sustainable apparel literacies.

The change will involve three different entities: the TVET institution as the skill

education provider, the industry as the skill set advisor, and the learner as the recip-

ient of the skill education. Sustainable TVET education ensures the right skills are

acquired by the learners to align with the industry’s needs. The skill gives better

opportunities for them to be employed. The success of this change can only be seen

in the loop when the practices include every skill for product development to the

retail. The skill sets required for the apparel industry are the design and technical
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drawing skills, the ability at enhancing the visual appeal of the final apparel pro-

ducts, the details of the construction, and finishing. The practical aspects of TVET

education are for completing the student’s educational process. The ideal approach

of TVET apparel education includes sustainable apparel knowledge and technical

skills combined to produce a motivated specialist in the apparel industry.

1.3.1 Adoption of pedagogical teaching using technology

The outlook of TVET fashion education today shall be geared at moving towards

pedagogical teaching using technology. The advent of technology-based teaching in

apparel TVET education is not something new. The technology to be applied has

been introduced since the late 20th century and early 21st century in many of the

First World countries. During that time, the pedagogy of apparel TVET education

started with the concept of blended learning. Blended learning principles adopted

some usage of multimedia software in the teaching besides face-to-face interactions.

Students have the opportunity to use technology to understand and learn the materi-

als that are needed in fashion education. However, applying technology-based

teaching for TVET fashion practical classes still seems impossible for many TVET

institutions as the traditional workshops or labs use methods like hands and needle

and thread instead of technology to know dressmaking. Students are used to practic-

ing their fashion skills like drawing, pattern making, pattern grading, and sewing in

the workshops (Mohd Ramly & Shaar, 2020). The advantages of using technology

in the TVET apparel education are in the ease for learning as the population of

youth now belong to the online society, and learning can happen at any time, at

their own pace, and by a mode they are familiar with, i.e., it is accessible online.

The criteria of pedagogical skills using technology for TVET education must meet

standards in terms of sustainability and fashion skill-based learning and education.

Sustainable fashion skills education signifies that the process of learning must be

easy to adapt, efficient, repeatable, and meet the purpose of practicality. Using tech-

nology in learning will enhance the capability of students to meet the criteria above

and cater to the advancement of education. Adopting full blended learning using

technology is highly beneficial to the learners as they adapt to the full program

independently. Practical learning becomes very adaptable with the time factor,

helps gain self-discipline, and increases self-motivational tendencies.

The most relevant factor in the application of technology in apparel TVET edu-

cation is to ensure that learners gain the correct skillsets matching the industrial

needs so that the outcome of the products is delivered most sustainably. The right

skill sets can be obtained efficiently using the technology, wherein it is anticipated

that the apparel products are produced better with a good fit, good quality, long-

lasting, and adhering to performance norms, accordingly and maintaining the

expected clothing lifespans. Enhancing the technical capabilities when using tech-

nology will also drive a greater rate of innovation as more time can be spent on the

creative aspects that are time-consuming while devoting less time for each other

skill set needed. The skill set gained from using the technology-based training will

ensure proper clothing fit and proper fit simulated alteration before the pieces are to
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be cut (Syed Azman et al., 2019). This is a sustainable practice as only the right

size and fit of clothing shall be produced and the pattern-making blocks can be sim-

ulated for trial on the avatar, for try-on virtual. Additionally, according to Wai Yee

et al. (2016), sustainable garments should minimize wastage and damage to nature.

Sustainable garments also do not negatively affect the environment and the clothing

designs can be used for a long time (Shafie et al., 2021). According to Klepp et al.

(2020) “the average lifespan of clothing is about 5.4 years. It was also mentioned

that some of the garments being disposed are because of unstable size and unfunc-

tional clothing”. This is proof that there is a need to cater to proper TVET training

for apparel product development, and in the next section, there is one institution

being discussed that takes TVET apparel education seriously for many decades.

Telestia Fashion School, Greece, is the only established fashion institution offer-

ing internationally accredited TVET education in fashion design programs using

multimedia and also able to offer practical classes online. Telestia is an established

learning institute whose apparel design technology and system is also applicable to

the industry and recognized by the only world professional body, the Textile

Institute, UK. The system was established in the 1970s by Ms. Anastasia

Vouyouka, who understands the importance of TVET fashion education for the

industrial application which ensures the production of sustainable clothing products.

The apparel designing system has been utilizing the pedagogies for TVET fashion

education for the last 40 years and was transformed into advanced multimedia-

based learning system using state-of-the-art technology at the beginning of the 21st.

century.

The Telestia technology is a TVET fashion education program that is very prac-

tical and comprehensive starting from the introductory level and going up to the

advanced level with its method covering all the technical aspects of product devel-

opment such as fashion design skills, pattern making, pattern grading, and sewing

skills. The system also includes the computer-aided design (CAD) technology-

based pedagogy for the learning of fashion design, pattern making, and pattern

grading. The beauty of this system is that it is 100% technology-based training

where students can access the technical practical tasks on multimedia software con-

sisting of text, multimedia video, pictures, and interactive animation of the

classroom-based training. In addition, this learning can further be adapted to use the

e-learning mode, where the software can be accessed from online platforms, for

participants to practice at any convenient space, in their preferred time. The flexi-

bility of time and technology usage will enhance the learning of Generation Z and

Generation Alpha, especially; the Glass Generation of the future. The system also

uses sophisticated tools with embedded calculated formulas to avoid mental or man-

ual calculation and to expedite the process of learning the skill of pattern making.

In addition, the process of learning is made easy using step-by-step instructions to

reach the final output. The Telestia fashion designing program consists of compre-

hensive modules of fashion design, pattern making, sewing, and grading technology

in both modes: manual and CAD. The competency skills obtained from the disci-

plines taught using the system is the most complete syllabus anybody can go

through as it covers the whole spectrum of apparel product development.
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In general, the practical lessons are very systematic and have a structured learn-

ing methodology incorporated with comprehensive learning in a step-by-step man-

ner making the learning very enjoyable and realistic. If the outcome of the learning

skills applied to fashion design is to ensure the production of a well-fitted bodice

block and style to fit each different individual and that has been tested on thousands

of fashion students from all over the world, then the application of technological

pedagogy makes the TVET fashion education a niche factor as it gives participants

the feeling of empowerment when learning, as it is a self-explanatory education

software to train self-studying, independent learners who can benefit from the mod-

ern concept of learning.

In a nutshell, the technology-based Telestia fashion designing system has pro-

vided visual media adoption and a conducive learning environment. The system

also lends experiential learning through real-time practical observation when using

multimedia software. While the learning becomes more flexible with different

teaching practices and facilitation, still TVET students become attuned to an educa-

tion that is more learner-centric and become active participants in a collaborative

student-teacher interaction environment. Furthermore, the integration of innovation

into their work in the fashion design course is applicable when there is the pairing

of the right technology with innovative tools. The apparel TVET skill education is

regarded as sustainable when it provides the right skill-adjusted work in the early

stages of the product development, namely at the design and pattern-making stage.

Manufacturing the right quality apparel products at the early production stage will

avoid the dumping of the apparel at the landfills at the post-purchase stage. The

waste and reduction of clothing in use due to non-conformance can also be avoided

as user requirements are taken care of at the early stage of design and pattern.

1.3.2 Internship collaborations between industry and academia

Another major change that the sustainable fashion design industry is looking for-

ward to in TVET education will be the alliance between the industry and academia.

With these much-awaited collaborations, both the industry and the academia can

look forward to the combined thinking synergy leading to more realistic and futuris-

tic educational programs and the growth of students’ practical learning skills for

future fashion students. The strategies for internship collaboration that can be

implemented are listed as below:

2 Industry and academia shall build a good networking base to ensure the continuous

intake of interns at the industry provided by the academia.

2 Industry and academia shall have consistent discussions to understand the changes that

occur both in knowledge and skills.

2 The duration of practical training or internship shall be longer than traditional work-

shops, where lengthening the time will introduce more realistic skill sets needed in the

industry.

2 Interns should be working closely with the industry exchanging their knowledge and

skills with the industry and that too interchangeably.
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2 Involvement from academia is crucial in imparting current knowledge of the industry to

students, and the same goes to the industry as the input about the products and the

demand from the consumers’ viewpoint must be communicated to academia.

In summary, one of the main challenges faced by the interns is the readiness to

be in the market place which should be the responsibility of sustainable TVET edu-

cation and industry. While both entities shall work very closely with interns to iden-

tify the technology skills gap and curricula profile, still it’s the responsibility of

academia and industry to expose the interns to the sustainable fashion products spe-

cifications and the impact factor of this phenomenon. Both academia and industry

must understand the importance of collaborations within the circle to make the stu-

dents work with real-life situations of the industry and have the right skillsets

needed (Syed Azman et al., 2019).

1.4 Industry changes towards ensuring the right skill set
for workers

The future of the apparel industry in the post Covid-19 foresees challenges. This sit-

uation is not new to the industry as they have faced many challenges in the last few

decades. Pisani and Augier (2021) reported on the apparel industry and said that

“the industry had come under intensifying scrutiny for being exploitative, environ-

mentally damaging, and unsustainable.” In addition, given, post Covid-19, the

industry is still dealing with the ongoing sustainability issues accelerating towards

the anticipated adverse impact, if not properly managed, it follows that there must

be plans and strategies for the industry to move forward, post Covid-19, and adopt

and adapt the circular sustainable technology as fast as possible. The change in the

industry is towards making the worker’s skillsets match the production demand so

that they can face competitiveness in the post Covid-19 situation. It is highly

recommended to practice collaboration between academia and TVET institutions

which can ensure practical training adoption interchangeably. The industry also

needs competent STEAM-based designers who have all the necessary education

background such as scientific knowledge, technical skills, and esthetics with crea-

tive skills while adapting to the innovative approach. The challenge is also in adopt-

ing technology and the sustainability concept.

1.4.1 Innovation challenge 1: digital technology with
sustainable process integrated

The first innovation challenge is to adapt to digital manufacturing practices using

technology. This challenge is to enhance the sustainable process targeting the

aspects of delivering creatively using the technology approach. This method for

products with a shorter lead time adapts to circular economies and will harness

innovative projects to reduce waste and create a sustainability impact.
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Based on some projects that have been conducted, there are two other adoptions

that we can utilize as below:

� Design and manufacture: using digital technologies to design and produce designer-led,

small volume, customized products, and cutting lead times.
� Design tools for maximizing materials utilization: developing new processes for recycling

high-value textile waste.

1.4.2 Innovation challenge 2: digital communication and data
analytics inclusivity

The second innovation challenge is towards utilizing digital communication abili-

ties to improve the design process. Some of the digital tools are: digital esthetics

design system and artificial intelligence (AI) integrated digital drawing toolbox.

The digital tools will deliver efficient communication for the work, with a better

speed to develop luxury fashion products or mass customized products. Some of the

sample projects are these two works below:

� Communication of esthetics: communicating the physical sensation of touching and feel-

ing fabric � entirely online.
� Color meaning and international customer preferences: making better use of AI and big

data analytics to forecast and interpret consumer trends around the world.

1.5 Design, technology, and fit in relation to skills

Why it is difficult to use technology for successful design? The problem of the

industry is deep vis-à-vis time, and also in substance. Covid-19 is not the cause of

the current array of difficulties in the fashion design scenario but it has proven the

social trigger to tip the balance of survival for retail and market methods. The prob-

lem is systemic and has mainly been related to “Big Retail” calling the shots of the

industrial practices. It affects the overall design, while the homogenization of style

leads to confusion and chaos of sizing and shape. This has led to a design that

appeals to the senses, but not to all the other functions that shape our demand for a

suitable outfit. Covid-19, and the environmental issues, finally triggered the big

retail image of the no-choice situation that we find ourselves in. The causes of this

though stemming deep from the 90 s when simplification and standardization of

processes led to the homogenization of styles and collections, still the fact remains

that this gradually resulted in the loss of the special skills needed to achieve good

fitting garments. Design being completely misunderstood has not been applied

properly, and exploitation of technology to serve this purpose was neglected. While

the processes of design, sampling, and manufacturing for the mass and the fast fash-

ion of the styles they market do not serve the technical details needed, still they

serve the simplicity of work required, to lower the cost. Technology that could be

groundbreaking for sizing, and many other stages of the process serve the cause of
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oversimplification, and not of fit quality. The process in relation to design is

disoriented.

In this process, size tables became blurred, and shape and fit was lost to the

convenient design. The style was repeated with minor variations, leading to com-

plete distortion of Fit and misrepresentation of Design. Solutions, like measure-

ment data collection and customization efforts based on unspecified fit needs,

have even more blurred the idea of what is needed for a good fit. All this turned

technology use, and application into an example of wrong practice and one to

avoid in the future. To apply all the suggestions and solutions of sustainability,

for the environment and fashion per se, it is necessary to focus on not only mate-

rials, and every kind of technology suggested, but also their knowledgeable use in

an inclusive holistic design process. It is necessary to make sure that there is

cooperation at all the stages needed for design and its realization. If the target is

to make the wanted/saleable garment from the first stage, (with no waste!!) then,

to take advantage of every advance, and have them serve the purpose of product

quality, it is necessary to get back and identify the basic skills of size, shape, and

fit for the design. This cooperation is vital for a holistic design approach.

However, the special skills needed to achieve this, namely, the technical skills of

design, clothing, and realization need to be respected and learned. This need is

repeatedly stressed at every possible conference or meeting for the last ten years

and beyond. It is now the time for the industry and society to decide to invest in

the young and in improving their technical skills. To manage this with success,

both social and learning cultures need to change. We should not be afraid of a dis-

ruption in the status quo, which is necessary. An example of a useful technology

that can dramatically fail if not served well. Why it is important to understand

body scanner data use in Clothing Technology!

Data use is one of the important factors that may determine outcomes in

today’s impersonal dealing with the personalized clothing design process. The

reason is that in the last few decades the industry has been designing in a

chaotic application of its size tables, which were based on past experiences.

These experiences were acquired when there was a clearer and closer contact,

understanding, and appreciation of body measurements and their role in the

good fitting of any size or shape, and, eventually, in the garment styling. They

served their purpose well during their time, but they can be confusing in today’s

approaches.

Then, there was a closer involvement and application of skills in garment fit,

both in size but also in styling and grading which are greatly influenced by size

data. This was overwhelmingly proved in all our years of research and experimenta-

tion of relevant applications, and most recently and specifically in the study below:

“An exploratory study of participants’ fit perceptions of customized garments”

(details below). The current industry trend has alienated both designers and students

of design from this relationship. It has been proved and is clear that when designing

and using this valuable data, you should always use them by understanding their

relation to their individual use and application in the clothing technology, and

pattern-making process.
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1.6 Conclusion and future direction for technical and
vocational education and training apparel
apprenticeship

With the comprehensive deliberation taking place over the TVET education as the

way forward, the apprenticeship programs seem to be the best chance of a REAL

future for the apparel industry. This apprenticeship program is highly recommended

for the future as it is a unique combination of training and career-specific work

experience in gauging both the competency and knowledge-based qualification for

the apparel industry’s skill sets. Global institutions have been delivering TVET

through apprenticeships collaborating on the schemes with the partner industry.

TVET apprenticeship is the workforce establishment leading to sustainable prac-

tices. Sustainable practices are possible because the apprenticeship is on the

competency-based pedagogy that increases the prospect of training on the right

skillsets to match the industry needs. Proper skillsets can be implemented at the

workplace for apprenticeship training for the future apparel industry. In addition,

the TVET apprenticeship is the best solution in gaining skills, applying learning

methodology, and gaining work experience. TVET apprenticeship is acknowledged

as the solution for future employment. The suggested application is seen below.

1.6.1 Competency work-based syllabus for apparel
apprenticeship

� Centered on the expertise and specialization of the industry coach for better assimilation

of knowledge and skills at the industry.
� Curriculum that is updated based on the needs and current trends of the industry.
� Flexible syllabus based on the competency level of the interns, alongside progressive

training.
� Training that is within the distance reach of the institution and industry.
� Far more engaged and more able to build better relationships among industry and

institution.

1.6.2 Apparel apprenticeship training integrating the
sustainability concept

� Strategic visibility upstream to downstream: from supplier to retail.
� Proximity leading to collaboration and partnership that guides the curricular requirements.
� Inclusive of workable collaboration, green talks, environmental education, and exchange

of students and industry staff.
� Experiential exchange in the different global apparel industries worldwide.
� New ecological ways for consumers in the context of design, production, and retaining

clothes.
� Re-educating fashions students towards inventing more functioning and performing

clothes that last longer and fit better.
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2The role of 3D measurement

technology and anthropometric

data for improved garment fit and

sustainable manufacturing
Emma L. Scott

Fashion Should Empower Research Group, Victoria, BC, Canada

2.1 Introduction

Twenty-first century technologies have radicalized the apparel trade. The human

form can be digitally rendered, garments virtually fitted, supply chains streamlined,

and time optimized with cyber workflows. However, the full benefits of 3D apparel

technologies remain untapped for varied reasons such as: virtual fitting platforms

struggle to define garment fit for optimal size selection; made-to-measure protocols

continue to have difficulty fitting outlier body types; and, sampling continues to

require both a physical and digital sample.

“Fit,” defining the body-to-garment relationship, is the driving force behind all

stages of apparel production. From measuring human form to apparel production,

and all the nuanced steps in between, fit remains critical to all decision-making pro-

cesses. Apparel sustainability initiatives are therefore intrinsically linked to 3D

measurement technology and anthropometric data acquisition. The relationship

between human form and garment, however, is so complex that only now, thirty-

plus years past first body mapping considerations (Heisey et al., 1988) came to the

fore, years after photogrammetry discussions (Gazzuolo et al., 1992) were first

heard, and years after early ease and fit preference discussions (Ashdown &

DeLong, 1995; DeLong et al., 1993) became known, can issues affecting garment

fit begin to be addressed.

Whether achieved in a physical or virtual-to-physical environment, the garment

design process remains mainly heuristic. To sufficiently break down intuitive pro-

cesses into detailed steps requires exhaustive detail which can seem quite unneces-

sary; it is far more intuitive to show someone how to put on a shirt than it is to

write detailed instructions for that task. The same is true with almost all aspects of

fit. Consequently, an abundance of data remains hidden within heuristic practice

waiting to be unpacked, with the widespread adoption of 3D technologies stalled as

a result. As will be discussed, 3D measurement technology will continue to play a

vital role in tracking the vast quantities of data required to mathematically define,

and track through time, the body-to-garment relationship.
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This chapter will initiate a discussion concerning the 2D application of 3D

acquired anthropometric data. Since the accuracy of 3D as a tool for anthropometric

data acquisition or visualization is indisputable, examples of 3D fit will not be pro-

vided. The focus will instead be on the 2D garment pattern from where garment

geometry originates and from where it must also be corrected. Whether discussing

a physical (paper pattern) or virtual environment (virtual pattern), the 2D pattern is

the conduit between the design concept and garment product. It is the vital link in

the garment fitting value chain driving decisions toward sustainable apparel

manufacturing practice.

2.2 Background

“Fit” encompasses a breadth of detail in stark contrast to its deceptively simple

three-letter name. At its core, fit describes how garment dimensions vary from body

dimensions. The term, however, is used both to consider a single body-to-pattern

relationship (how does this garment fit this person) and to broadly reference a spec-

trum of body-to-garment relationships across a garment size range (this jean has

been designed to have a relaxed fit while the other one has a slim fit). Fit, therefore,

encompasses a breadth of objective and subjective points of view defining numer-

ous body-to-garment relationships. It is, therefore, more precise to say fit defines

how garment dimensions vary from body dimensions within an acceptable fit intent

error range.

Scope of fit intent is best understood by contemplating three common fit sub-

groups as a spectrum of results with varying degrees of acceptable fit error:

bespoke, ready-to-wear (RTW), and made-to-measure (MTM), explained here:

� Bespoke fit takes a body-to-garment perspective on fit. Pattern geometry is directed by

the concerns of a single individual’s fixed body-shape and fit perfection is expected.
� RTW fit takes a garment-to-body perspective on fit. Initial pattern geometry is directed

for a bespoke fit and then further adapted (fit error away from bespoke fit) to have toler-

ance for other body shapes within a set dimensional size category. Fit is concerned with

how product geometry (e.g., t-shirt, skirt, trouser) interacts with a range of body morphol-

ogies (body shapes). For example, a slightly looser fit over the tummy on one individual

may permit the size to accommodate a fuller abdomen body-shape with a snugger fit. A

range of flat to full tummy shapes can thus be accommodated within the same garment

size. Fit imperfections are expected.
� MTM garment fit rests somewhere between RTW (garment-to-body) and bespoke (body-

to-garment). In general, MTM garments reflect the degree to which a brand is willing to

adapt RTW pattern geometry to suit a degree of bespoke fit. MTM fit moderately

improves a garment-to-body perspective on fit. The expectation here is that the garment-

to-body relationship will be improved (pant length corrected), not that it will be perfected

(crotch curve matched to unique morphology).

Fit is strongly directed by personal preference and interpretation. Therefore, any

available guidleins for critiquing good fit may be negated by personal preference
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and indeed made irrelevant if a design is created for “shock intent.” The dilemma

then is: how to objectively quantify that which is subjective?

2.2.1 The body as a 3D object

Just as garments are offered with a range of fit intents (bespoke to RTW) so too are

avatars (the virtual customer or fit mannequin). This is partially related to scan

device adequacy and partially related to avatar intent. Standards to define avatar

“intent” remain undefined, but it is highly likely digital presentation of human form

will be presented as a scope of intent like garments, ranging from RTW to bespoke.

For the purpose of discussion here, we will assume there is a high degree of rele-

vance between the “digital space avatar” to “physical space” person; where the dig-

ital avatar is a reasonable representation of an individual’s physical body-shape in

static virtual form and reflecting fixed body dimensions.

Avatars are offered in a range of qualities. Work toward standards to make this

quality transparent to consumers is ongoing and in-depth discussion of avatar qual-

ity is outside the scope here. The following is offered as a baseline for further

discussion:

� Synthetic or statistical avatars are the result of statistical data from demographic studies.

These are the digital equivalent of physical fit models and mannequins. In many regards,

these models are superior to physical models in that they reflect the averaged body-shape

dimensions for a particular size range. In contrast, a physical fit model reflects only one

of several body-shape variations the size was intended to accommodate. Synthetic avatars

can be resized (parametrized) for an approximation of unique morphology but degree of

accuracy is not always suitable for critical fit assessment.
� Twin avatars are the result of processed scanned body data (point clouds). Subject to

unstandardized processing methods, discussions regarding precision and accuracy are

ongoing; with need to know posture variability, landmarking discrepancy, etc. While the

accuracy of traditional booth scanners is undeniable, discussion regarding “which moment

in time” reflects the best baseline for a ground zero representation of human form remain

in discussion. Methods of averaging the body at “moments in time” have proven very suc-

cessful and the application of these methods will further our understanding of changes to

human morphology through a dynamic range of movement. Twin avatars are suitable for

critical fit assessment.

2.2.2 The garment as a 2D object

When considering garment fit, it is natural to focus on the garment as a 3D object

and not the 2D pattern that directed its production. This focus on the 3D result (gar-

ment-to-body) rather than 2D process (body-to-garment) may, however, have inhib-

ited a quantification of artisanal tailoring and fitting practice. Most garments are

morphable objects capable of near-infinite shape variation. Laying on a table a gar-

ment may appear as nothing more than heaped fabric. Hanging from a hanger the

fabric begins to take the form of familiar garment shapes. Wrapped on a body the

morphing continues as the fabric drapes from individual bumps and curves or lack
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thereof. It is therefore more correct to describe a garment with reference to its ori-

gin: 2D pattern geometry cut out from a given material. From this perspective, a

garment is 2D origami capable of morphing to the 3D object it is wrapped around.

Geometrically modeling fit from an origami perspective adds an element of clarity.

From the perspective of origami, the connection between 2D points on a flat surface

(patterns and fabric) to 2D points in 3D space is better established and an under-

standing of fit may begin.

Heisey summarized garment fitting as a process by which “fitting devices” are

used to control the wrinkling and buckling that occurs as fabric is wrapped and

draped around human form (Heisey et al., 1988; Heisey et al., 1990). Their explana-

tion of fitting as a process of either removing (darting and pleating) or adding

(flare, gathers, and/or pleats) material relevant to fabric grain remains true to the

workings of modern-day pattern-making practice.

Describing the garment as a 3D object can therefore be misleading as it
encourages one to focus on the 3D end result with little consideration for the 2D
shaping and buckling causing that result.

The process of translating 1D measures to 2D pattern geometry for subsequent

manipulation into a 3D shape is deceptively complicated. Fig 2.1 illustrates where

the nature of non-developable surfaces adds complexity to body-to-garment under-

standing. Just as a sphere cannot be flattened to a singular precise 2D shape, neither

can it be done for the human form; nor the garments wrapped around that form. To

gain a better understanding of the relationship between origami-like shaping, buck-

ling, and the heuristic skill of a master pattern-maker, understanding the connection

between the 3D garment and the 2D pattern is critical.

2.2.3 Garment and pattern geometry

The construction of pattern geometry (pattern-making) is more often than not a pro-

cess carried out in a 2D computer aided design (CAD) environment, but drawing

patterns by hand and draping fabric on human form remain common practice even

within virtual environments. Inherent in pattern-making theory is the understanding

that pattern geometry reflects an estimation of the body-to-garment relationship that

requires fine-tuning during the “draft-sample-adapt” fitting process (sampling).

Using any of the plentiful resources for 2D garment pattern development ultimately

leads to an iterative process whereby a sampled garment is found unsatisfactory,

and the pattern must be iteratively adjusted. Depending on the complexity of gar-

ment design, the properties of the material to be used, and the human form to be

clothed, the draft-sample-adapt pattern-making process may take several iterations.

The majority of garments originate from 2D geometric fabric shapes that are con-

nected (sewn) to form more complex shapes. Simple garment designs, such as seam-

less tube t-shirts, are frequently produced from single 3D geometric shapes (circular

knitting or 3D printing) but breaking the shape into sections (pattern pieces) is usually

more practical; both for reduced production costs and for customizing shaping (“fit-

ting devices”) to unique body morphology. Separating pattern geometry along shoul-

der and side seams is common practice but pattern geometry may be split anywhere.
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Through careful origami-like folding, it is technically possible to create any garment

from a single pattern shape (Demaine & Tachi, 2017) but this is not the norm. Seams

offer perimeter locations where pattern geometry may be shaped to body form. Fewer

seams translate to fewer shaping and the likelihood of fitting error (more or less ease

than desired) or internal fitting devices such as darts. As illustrated with the sphere

pattern in Fig. 2.1, direct translation of non-developable measurements to 2D pattern

is in many cases impossible given the fact that with multiple non-developable areas

the human form is exponentially more complex making shaping pattern geometry to

body form that many times more difficult.

Just as it is far easier to demonstrate putting on a shirt than to write detailed

instruction on how to do so, so too is it easier to demonstrate fitting practice than to

record intuitive procedure. Having “seen” how a sphere pattern is created, most

people could replicate the procedure through an heuristic draft-sample-adapt work-

flow. Yet writing detailed instructions for that process is considerably more diffi-

cult. Garment fit has remained largely an heuristic endeavor for similar reasons.

Figure 2.1 2D sphere pattern geometry.
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Indeed, within the time constraints of apparel production models, the sampling and

heuristic fitting practice has remained the most time effective solution.

Mapping of body morphology (non-developable areas) to pattern geometry is

further complicated by the dynamic nature of the body; the ribcage expands and

contracts with breathing, tissue swells and shrinks with fluid and gas, muscles

move limbs and alter morphology, the breast is redistributed with supporting struc-

ture (corset vs soft bra) (Wang & Zhang, 2007), and body tissue may be com-

pressed and manipulated. Mapping is largely a honed skill acquired through

experience whereby practitioners mix and match learned measuring techniques with

acquired ease practice. Accounting for the dynamic nature of measurements

between landmarks is heavily directed by the product. A cycling garment requires

substantially more ease for arm range of movement than an evening gown. A linge-

rie practitioner measures to account for specific breast morphology while a practi-

tioner concerned with outerwear measures the breasts as one with the body. The

resulting ease amounts will be a balance between design esthetic, mobility require-

ments, and fabric extensibility.

To add order to the process of mapping human form, traditional pattern-making

practice sub-categorizes body-shape variation into age and gender (men, women,

children, infants), and limited shape sub-categories (husky, plus-size, tall, petite,

maternity, portly, etc.). Variations within these specific sub-groups are accommo-

dated with a level of fit tolerance (ease). Tolerance is built in partly to accommo-

date non-developable body areas (shoulders, breasts, joints, torso curvature) and

partly to make body-to-pattern theory relevant to a broader spectrum of morpholo-

gies (body shapes) within the sub-categories (Chen et al., 2008).

Essentially, the art of creating pattern geometry relies heavily on decisions regarding

where best to allocate ease error. Understanding fit tolerance and isolating ease from

body-shape has been the subject of much research, with further study being suggested

urgent (Alrushaydan et al., 2020; Brown et al., 2012; Bye et al., 2008; HwangShin

et al., 2011; Makhanya et al., 2014; McKinney et al., 2012; Song & Ashdown, 2012;

Tama & Öndog�an, 2014; Wu et al., 2018; Xia & Istook, 2017; Zhang & Jin, 2021). As

will be discussed, only through the use of 3D technologies can the multiplicity of fac-

tors defining body-shape and ease be sufficiently tracked for quantification.

2.2.4 2D body-shape and pattern geometry

A block, reflecting a process through which body dimensions have been mapped to a

garment pattern, is the starting point for traditional pattern-making. From this founda-

tional 2D geometric shape, core principles of dart manipulation, slash and spread,

and seam relocation (Heisy’s “fitting devices”) are used for infinite variation. What is

not readily apparent in texts demonstrating these techniques is that application on dif-

ferent body shapes changes pattern geometry in very different ways. As pattern

geometry changes, ease error changes, fabric properties change (as seams angle

toward bias), style lines change, and even details such as closures must be adapted

(e.g., waist-to-hip drop can change zipper length). Without an understanding of the

foundational shape of human form (body-shape) prior to addition of style and/or

28 Digital Manufacturing Technology for Sustainable Anthropometric Apparel



material variables, the opportunity to build in error is profound and this error greatly

contributes to the costly endeavor of sampling. Fig. 2.2 illustrates how minor devia-

tions in body-shape change fitting devices, which in turn change pattern geometry,

and have further compounding effects on finished garment design.

Body-shape blocks have traditionally used standardized fitting devices because

quantifying body-shape outside of virtual environments requires a level of mathemati-

cal assessment impractical for apparel business models. Quantifying body-shape

involves assessing variation and inter-relationship in weight distribution (e.g., heavy

on top, middle or bottom), height distribution (e.g., short or long torso, upper to lower

limb length variability), morphology (e.g., shoulder slope, arm shape, limb attach-

ment shape) as well as a keen understanding of fitting non-developable areas (as

illustrated with the 2D sphere pattern). It is here that 3D technologies have, and will

continue, to radicalize apparel and fit. Flattening of avatars into 2D form has pro-

vided great insight about the relationship between shaping devices and body-shape.

Examples of body-shape origami are close to the body-fitted lingerie patterns

and patterns (blocks) for mannequin covers. They are body-blocks with bare mini-

mum ease and pattern geometry reflective of body morphology. Developing body-

blocks can be a painstaking process considering the best-compromised choice for

Figure 2.2 Body-shape drives pattern geometry.
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shaping and darting (“fitting devices”). As with all origami, a degree of error is

inevitable; so, inherent in the development of a body-block are decisions on

acceptable degree and placement of error. Complex morphologies such as those

with rounded shoulders, back curvature, asymmetry, large breasts, stooped postures,

protruding abdomen, large buttocks, bow-legs or knock-knee, scoliosis, etc. can

require several pattern iterations (draft-sample-adapt).

Methods for creating body-blocks as a “flattened layer” from a scanned body

mesh are an invaluable learning tool for contemplating body-to-garment relationships

but the resulting patterns do not always adhere to foundational principles correlating

material properties to human form. Flattened meshes, while a near-perfect mathemati-

cal reflection of human form, do not necessarily reflect a shape conducive to

origami-like folding and shaping relevant to garment materials. The resulting block

patterns have proven to be more accurate than blocks created with current body-

shape parameterization methods but, since the blocks must be used in conjunction

with stretch materials, a true definition of origami body-shape remains hidden and

intertwined with fit tolerance. A fit unique to body will result but, given it’s reliance

on fabric with stretch, a geometrically defined body-shape has not been achieved.

2.2.5 Fitting and sampling

It is very rare for a first-round body-block to fit successfully. In theory, any child pat-

tern that results from the parent pattern (block) will have the same intended fit.

Available literature presents a deceptively simple process suggesting that the fit of

the child pattern maintains that of the parent. In practice, however, the compounding

effects of design, fabric, and body-shape quickly render the fit of the child pattern

unpredictable, making the draft-sample-adapt iterative pattern-making process yet

again necessary. Virtual sampling has proved an effective tool for fitting and sam-

pling, as well as drastically reducing associated material costs, but fit optimization

continues to require both a virtual and a physical sample. With the ultimate goal of

3D CAD environments being design concept to finished pattern through virtual sam-

pling only, fit optimization continues to inhibit automation (Zangue et al., 2020).

Most 3D apparel CAD environments can entertain concept-to-pattern to one degree

or another, but its current effectiveness is limited mainly to RTW, with only some

MTM effectiveness (Istook & Guo, 2020), and very limited bespoke effectiveness.

2.2.6 Grading

Once the draft-sample-adapt garment design process has achieved a satisfactory

sample product, the pattern must be made ready for product manufacturing. If the

product is being made as a bespoke product, the process is straightforward: seam

allowances, closures and findings are finalized. For RTW and MTM manufacturing,

the pattern must be graded (resized or parameterized), both smaller and larger, into

a size range suitable for demographic reach. Traditional grading changes perimeter

pattern geometry, but not internal shaping. Without a change to internal shaping

devices, all patterns graded from the original parent pattern will have the same
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inherent body-shape. Since weight gain or loss frequently involves a change in

body-shape, bodies do not necessarily change from one size to another. For exam-

ple, an hourglass body-shape could become more oval with weight gain around the

waist or pear shaped with hip weight gain.

The infinite variations of human form driving pattern geometry in only moder-

ately related relationships which, combined with infinite and changing preferences

for fit, are impossible to assess outside a digital environment. As illustrated in

Fig. 2.2 body-shape affects pattern geometry in complex ways. Consequently, meth-

ods to evolve grading practice have been the subject of much research. Grading is

currently most effective at creating a size range for a single body-shape. Further

research into body-shape categories will continue to offer improved fit opportunities

for forward thinking apparel manufacturers.

2.2.7 Fit assessment

A fit assessment offers a spectrum of perspectives on the customer’s body-to-

garment relationships. This spectrum, outside of full discussion here, ranges from a

fit estimation (synthetic 3D model with estimation of 2D garment shaping) to a

forensic fit analysis (twinned 3D model relative to a body-block). With diligent

consideration given to the complexities concerning body-shape, ease, and pattern

geometry, it becomes clear that traditional methods of fit assessment must evolve to

better apply the wealth of digital data now available. Methods for improved appli-

cation of digital data stand to improve fit assessment, which will translate to

customer satisfaction, and thereby fewer garment returns, and lead to viable on-

demand manufacturing, ultimately driving sustainability. Fit assessment can be

summarized as follows:

� A 1D fit assessment compares tape measure to size chart dimensions or tape measure to

garment dimensions. This reflects the offering of current size prediction engines where fit

tolerance and preference are used for an estimation of fit only.
� A 2D fit assessment offers an objective quantification of both customer fit preference and

body-shape as geometric pattern dimensions. This offers the possibility for precise fit

assessment using tech pack data referencing geometric body-shape. Since customer fit

preference also has a mathematical reference (geometric dimensions beyond body-shape),

the opportunity for fit assessment to go far beyond current estimation practice is very real.
� A 3D fit assessment offers a visual representation of an avatar-to-garment relationship

where critical fit data (heat map, body-to-garment air gap, or compression) can be incor-

porated in parameterization engines to automatically drive pattern geometry. This reflects

the possibility of critical real-time fit assessment satisfying both physical and virtual fit

and sampling environments.

2.2.7.1 Challenge for 3D technology

With the body-to-garment relationship driving all decisions from design concept to

customer purchase, the need to mathematically define heuristic fit processes has

become critical. A current lack of theory regarding our geometric understanding of
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fit is inhibiting widespread use of technologies that have demonstrated much possi-

bility. The challenge for 3D technologies is twofold:

� To quantify heuristically assigned pattern adaptations that are intuitively assigned during

the design and sampling process.
� To quantify body-shape such that automated pattern blocks can be generated from any

scanned body data regardless of age, gender, or dysmorphia.

The remaining of the discussion will elaborate on the decades-long quest

(Ashdown & DeLong, 1995; Song et al., 2020) toward quantifying the decisions

that transpire during the complex draft-sample-adapt workflow to achieve

customer-defined satisfactory fit (fit preference).

2.3 Geometrically defining body-shape

Utilizing Heisy’s concept of “fitting devices” leads to an understanding that a geo-

metric representation of body-shape is possible through the use of fitting devices to

remove unwanted pattern dimension (ease). The resulting pattern block (body-

block) is therefore an origami simplification of human morphology using estab-

lished priciples darting and shaping pattern geometry to suit unique body-shape.

Fig. 2.3 illustrates how a quantification of body-shape permits an understanding of

ease as distributed values.

Establishing garment fit as body-to-garment variables (body-shape and ease) per-

mits the linear tracking of these variables through the garment production workflow

and lays the foundation for an in-depth geometric explanation of garment fit. A lin-

ear pattern-making workflow allows for a mathematical description of the com-

pounding effects of body-shape on design decisions previously estimated by an

heuristic draft-sample-adapt workflow. Fig. 2.4 illustrates a linear approach to

pattern-making provided with recognition of a geometric definition of body-shape.

The workflow does not vary from traditional practice sufficient to require “change

management,” nor does it attempt to add rules or procedures to the “art of design.”

It simply outlines a digital means of quantifying the complex body-to-garment rela-

tionship simply referred to as fit. It permits the tracking of immense volumes of fit

data through the art of design. A linear approach to pattern-making brings order

and awareness to processes hidden within the familiar practices of pattern-making,

sampling, and fitting suitable for both computer coding and the artistic endeavor of

design (set, line, balance, ease, and grain) (Ashdown et al., 2004).

2.3.1 Measuring process for body-shape using landmarks

Landmarking is the basis for measuring and the foundation for establishing the

body-to-pattern relationship. The methods used to landmark the body directly corre-

late to methods of pattern-making and human modeling. In physical measuring set-

tings, landmarks are located through palpation of bony reference points projected
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on the body surface. The process is often fraught with ambiguity, especially on

highly muscled individuals or bodies with high fat composition, and misinterpreta-

tion between practitioners is common. With computer algorithms attempting to

mimic flawed real-world processes and workflows, translating these practices to vir-

tual environments has proved equally as problematic. Further difficulties with land-

marking arise from body scanning restrictions. To avoid occluded scan areas (such

as limbs appearing as an extension of the torso), it is necessary to scan the body

Figure 2.4 Linear approach to fit.

Figure 2.3 Critical fit assessment.
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with arms and legs in a splayed position (A-pose). With even minor shifts in pos-

ture having been noted to alter measurement data, concerns regarding how a ground

truth can be defined frequently arise. Technologies that allow the study of a gar-

ment’s range of movement ease and the ability to compare static and dynamic body

anthropometry will go far to resolve these scanning obstacles.

2.3.1.1 Patch boundary landmarks

For anthropometric study, it is necessary to break up the human body into sections

by denoting critical breakpoints where body dimensions morph with movement:

arm and leg joints, or where the torso bends between the ribcage and iliac crest.

Virtual technologies frequently refer to these areas as patches. Pattern-making prac-

tice is built around geometry (pattern blocks) made to fit these sections. To divide

the body into either patches or blocks, points of reference (landmarks) must be

established. While pattern-making methodologies will differ slightly for each use

case, all methods build upon a set of common boundary landmarks for which the

International Organization for Standardization (ISO) has established guidelines.

2.3.1.2 Sub-divisional landmarks

Accounting for unique body morphology (non-developable areas) requires further

internal sub-division of the patch/block boundary areas for which direction from

standards is less clear. This lack of clarity stems from the fact that pattern-making

for non-developable areas frequently requires “product driven data.” Fig. 2.1 illus-

trated different pattern geometry for spheres. Similarly, non-developable body areas

will be fit differently depending on the garment. For example, the breasts are mea-

sured as one with the body when collecting measurement data for outerwear pro-

ducts but should be measured as separate and individual appendages when

gathering data for bra products. The waist reflects another body area greatly influ-

enced by the product and where standards for landmarking and measuring have sub-

sequently had difficulty offering one singularly clear definition. For example, a

product developed for a waistband sitting high on the body requires body dimen-

sions near the bottom of the ribcage, whereas a low-waisted pant can require body

dimensions below the navel. The waist landmark is as relevant to style (which is

the best location for a waistband relevant to dynamic movement, comfort, and body

morphology) as it is to anthropometry (where the waist is a landmark between the

lowest rib and the iliac crest) or personal fit preference (where waist shaping is

deemed aesthetically pleasing). Due to the nature of apparel design with its evolv-

ing trends, developing standards for product-driven landmarks has proved difficult.

This has resulted in compatibility issues between different scanning applications.

How physical practice can be evolved for novel practice toward methods inclusive

of gender, age, and dysmorphia is an extensively studied and highly controversial

field. The discussion here will focus on the common ground. Fig. 2.5 illustrates the

boundary landmarks that divide the human body into twelve areas for analysis. It is

worth mentioning that this simplified illustration does not begin to hint at the
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complexities of placing landmarks on complex morphologies. (e.g., highly muscled,

obesity, dysmorphia, etc.) or the intracacies of landmarking the head, neck, breasts,

hands, and feet (Fig. 2.5).

2.3.2 Body-block

With complex pattern-making being driven by dart manipulation (Fig. 2.2), the

need to begin from a block reflective of accurate and precise body morphology is

imperative. The process of mapping measured distances between body landmarks to

2D pattern landmarks is complex and may be accomplished in many ways. As illus-

trated with the sphere origami, translation is not always direct, and methods will

vary; the three-sphere patterns presented in Fig. 2.1 all do a reasonable job of repli-

cating the sphere, but each would offer a different degree of error. Similarly, there

are many methods for creating body-blocks with varying degrees of error all suited

to application (Cumming & Weaver, 2019; Kim, Han, & Shin, 2021). Standards

development in this direction will have to be sensitive to conflicting methods and

set an acceptable degree of ease error possibly offset against a test fabric buckling

factor. For example, a body-block created from a flattened mesh body scan provides

Figure 2.5 Boundary and sub-divisional landmarks.
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a block with technically zero degree of measurement error yet reveals substantial

buckling when sewn due to conflicts with fabric grain. On the other hand, a block

pattern developed through a traditional draft-test-adapt workflow will reveal mini-

mal buckling but a higher degree of ease error. The ideal would be to find the best

possible balance between block ease error and fabric buckling. In this regard, a

variety of body-block methods could be gauged against an efficiency scale.

The concept of a body-block builds on established shape theory based on rela-

tionships between key girth measurements (Carufel & Bye, 2020; Devarajan &

Istook, 2004; Simmons, Istook, & Devarajan, 2004a,b). The result of these pivotal

works suggests MTM adaptations are better achieved (customized) from a block

more closely resembling the individual’s body morphology. Fig. 2.3 illustrated the

opportunity for critical fit assessment with consideration for the body-shape within

a dimensional size. Without a body-block baseline, only a rudimentary fit assess-

ment can be offered. From a body-block ground truth, further study can consider

scope of fit tolerance needed to accommodate natural morphological change (e.g.,

gas causing swelling of waist and abdomen dimensions, lactation causing changes

in breast size) as well as dynamic change required for movement.

Study toward the placement of body-block shaping devices has inspired much

research (Carufel & Bye, 2020; Gill et al., 2018; Inui et al., 2020; Mesuda et al.,

2018; Song & Ashdown, 2012; Wu et al., 2018; Zhang & Jin, 2021). The need for

flexible body shaping rules, coupled with non-standardized sub-divisional land-

marking procedure, greatly complicates theory toward universal body-to-pattern

theory. Placement of body-shape “fitting devices” is strongly correlated to garment

design with the manipulation of internal darts being a critical component of the

design process. Darts may be revealed as a single take-up device or split into

several darts. Placement of patch perimeter lines is equally as fluid. Shoulder and

side seams may be moved forward, backward, or eliminated. Figure 3.8 illustrates

the somewhat flexible nature of body-block shaping devices. The use of caliper

body widths could help direct standards toward a universal quantification of

body-shape, with an understanding that seamlines (patch perimeter lines) are

somewhat flexible in their position and therefore mainly determined by garment

style and fit preference (Fig. 2.6).

2.4 Geometrically defined ease

A complete discussion on the complex interplay between body and garment must

consider the heterogenous nature of both the body and garment materials and is

beyond scope of the discussion here. Much effort has been dedicated to a better

understanding of the dynamic relationship between morphable body and materials

(Fung et al., 2020; Gazzuolo et al., 1992). Without the means of quantifying and

mathematically tracking ease through the complex garment design process, how-

ever, the studying of this relationship in a quantified manner has been fraught with

difficulties. Such study is made yet even more complex by large data sets resulting
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from both body and fabric being heterogenous materials. Fit will further be dis-

cussed with reference to a non-compressible body, in a static pose, and with fixed

body dimensions. This presents a baseline from which other fit scenarios may be

considered.

Ease categorization (movement ease, style ease, fabric ease etc.) is critical for

establishing theory suitable to product design and brand fit identity, but from a fit

perspective it is the tracking and quantification of ease that are of priority. Once

quantified, ease can be further broken down into categories suitable to product

design and use. Discussion here will build on a geometric definition of fit (garment

fit equals body-shap plus ease) and discuss how a linear pattern-making workflow

(Fig. 2.4) presents a means for tracking ease (any amount that varies from body

dimensions) through a virtual design process. The focus will be on quantifying fit

in a digital environment such that it becomes part of a garment’s digital identity

(digital tech pack) for further study. 3D environments will be critical for further

study related to the tracking of ease through dynamic movement.

2.4.1 Ease as tool for fit assessment

When considering simple garments, such as tube t-shirts, it is easy to discount the

relevance of isolating body-shape from ease. With consideration for Heisey’s expla-

nation of using shaping devices to mold fabric to the human form, we can under-

stand that a tube represents a geometric shape that has largely ignored the fitting

devices. In other words, there is potential to shape the tube to the body but the

“potential shaping” (revealed by buckling and wrinkling) has been ignored.

Ignoring a “fitting device”, however, does not negate its relevance to origami body-

shape and garment fit. Ignored “fitting devices” become hidden ease (Scott &

Sayem, 2018). Fig. 2.7 illustrates a t-shirt pattern which could be manufactured as a

tube (e.g., circular knit t-shirt with no side seams). From this example, we can

understand ease as a very personal experience directly related to the unique

Figure 2.6 Body-block shaping devices.
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relationship between individual body-block and garment. Most importantly, with fit

digitally attached to both digital and physical product, the assessment of fit may fol-

low a product through its lifecycle. (e.g., size prediction, MTM pattern parameteri-

zation, on-demand manufacturing, lifecycle shrinkage study, re-sizing of resale

garments). Tech packs have long been industry standard practice for breaking down

product specifications into those for procurement, manufacturing, and quality con-

trol. The evolution of tech packs to digitally include fit assessment parameters

(body-shape and ease) permits fit prediction engines to evolve to the level of criti-

cal fit assessment detailed in Fig. 2.7.

2.4.2 Body-block ease

With complex origami, it is understood that a degree of error must be introduced to

convert non-developable areas (those with curvature and not directly relevant to tri-

angulation) to 2D geometry. The same is true with pattern-making. A “degree” of

error is therefore expected in any fit scenario, but the goal is to first minimize ease

error, and second quantify unavoidable ease error. Lack of error quantification is

the flaw within traditional pattern-making that persists in virtual environments.

Without a means for tracking errors in fit, loss of fit accuracy starts very early in

Figure 2.7 Fitting devices’ effect on fit.
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the design process and is quickly exacerbated. For example, if a pattern-making

goal was to add 6 cm of ease to a particular girth, and the body-block was known

to have 2 cm of ease error in the pattern geometry, only 4 cm of ease would be

added to achieve the desired goal. While there appears to be little mathematical

complexity involved with this thought process, it must be recognized such equations

are required for multiple non-developable areas with multiple compounding effects.

Only from an established static baseline can a fit further be studied for relevance as

to how the 2D pattern must morph through a range of movements. Fig. 2.8 presents

a visual illustration of the complex tracking of ease error possible utilizing a

body-block approach in a virtual environment. With an acceptable "ground truth"

agreement on body-shape, 4D technologies present the opportunity to go beyond

simplistic static garment-to-body models (body and fabric at a single moment in

time) to more relasitic but complex dynamic garment-to-body models (body and

fabric morphing through mulitple moments in time).

2.4.3 Template block ease

In both physical and virtual environments, template blocks provide control para-

meters to design teams. Sometimes referred to as a garment or fit blocks, the tem-

plate block is the starting point for garment design with a geometrically defined fit

(body-shape plus ease). They reflect a pre-defined “body-to-garment fit relation-

ship” geometrically explained relevant to a chosen fit model. Template blocks are

the parent blocks from which infinite child iterations may be birthed. Iterations on

these blocks (changes to seamlines, findings, fabrications, etc.) permit infinite style

derivatives from a single template. The template block, therefore, references pattern

geometry suitable for a “type” of product line with a geometrically defined fit

(body-shape plus ease); where the desired change in fit requires a new template

Figure 2.8 Body-block ease error quantification.
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block. For example, a slim-fit pair of jeans would have a different template block

from a relaxed-fit pair of jeans.

Ease simply as a linear amount added or subtracted from a side-seam does not

adequately define fit, explain a customer’s desired fit preference, or direct how fit

may be corrected. As illustrated in Fig. 2.9, critical analysis of fit must consider

how ease is distributed relative to body-shape.

2.4.4 Material ease

The properties of the material used greatly affect the template block. The effects of

fabric on pattern geometry can be so drastic that best practice dictates a newly

defined template. For example, a pair of pants from stretch and non-stretch fabrics

will require different template blocks. Fig. 2.10 illustrates how a garment made from

three different fabrics “technically” requires three different patterns. In traditional

manufacturing environments, time constraints often make the practice of creating

multiple patterns for a single design simply impractical. Utilizing a linear pattern-

making workflow within digital environments, however, makes it possible for multi-

ple “child” template blocks to be adapted from the base template quickly. The user

works on one pattern, knowing ease attributed to material properties is being man-

aged in the background. Current practice, lack ing a means for critical fit analysis,

neccessitates the labour intensive heurisitic draft-sample-adapt production workflow.

Dimensional changes to pattern geometry to adjust for material properties are

extensive and there is much opportunity for 3D environments to reduce heuristic

practice with regard to material driven pattern geometry. Fig. 3.11 offers an

Figure 2.9 Ease distribution
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example of where material property feedback can direct improved pattern geometry

prior to any sampling and fitting session. There is much opportunity for 3D envir-

onments to manage substantial fit data, leaving the user to focus on design

(Fig. 2.11). The material property feedback can improve pattern geometry in situa-

tions where:

� Fabric cut on an angle away from the horizontal or vertical grain can stretch to the point

of requiring pattern alteration, or at the very least easing during the construction process.
� Dye lot changes within the same fabric category have been known to change fabric exten-

sibility (Hasan, 2015).
� A pattern made for 30% stretch fabric will “work” with a 20% stretch fabric, in that it is

possible to stretch the fabric beyond its recommended use, but only at the expense of

integrity of wear (over-stretched fabric breaks down quicker).
� Some fabrics require dimensional support from another material underlayer causing radial

changes to body dimensions due to underlayer thickness.
� Negative ease suitable for stretch fabric usage requires adaptation (Tsai et al., 2002).
� The compounding effects of fabric on both body-shape and pattern geometry must some-

times be considered as is the case with compression garments where body tissue is redis-

tributed causing changes to body dimensions.

2.4.5 Style ease

The opportunity for virtual environments to guide physical space practitioners

through decision processes that would otherwise require a sampling and fitting ses-

sion is tremendous. Efficiencies in traditional pattern-making practice frequently

rely on reusing patterns, digitizing hand-drafted patterns, and reverse engineering

finished garments. All of these shortcuts run the risk of compounding fit error, or,

at the very least, create an environment where loss of fit quantification is inevitable.

In a physical environment, data regarding the originating body-shape from which

the pattern geometry was conceived will have long been lost making sampling an

expected part of the design process. In a digital environment, fit data can be

Figure 2.10 Parameterization for materials.
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retained as part of the 3D garment’s digital identity (tech pack). This permits a geo-

metric quantification of the heuristic decisions that transpired during pattern pro-

duction such that a style may be more effectively reused. For example, a suit jacket

pattern could be reused for a stretch or woven fabric by simply updating (parame-

terization) material properties relevant to pattern geometry. Similarly, the suit jacket

pattern could be further parameterized to accommodate an underlayer thickness and

reused as an outerwear garment.

Algorithmic support from 3D environments will be invaluable for quantifying

and recording heuristic decisions (unconscious math regarding ease, grain, set, line,

and balance) to the 2D pattern. As illustrated in Fig. 2.12 this will ultimately drive

more effective MTM parameterization with patterns being updated for body mor-

phology (driven by the body-block) and not just 1D girths and lengths.

2.5 Garment fit as a driver for sustainability

On-demand manufacturing is an important production model for sustainability

initiatives. Such models demonstrate how the draft-sample-adapt pattern-making

process can be optimized for direct-to-consumer distribution, but have lacked wide-

spread application despite “3D washing” (Gerald Ruderman, 2019) claiming other-

wise. A lack of ability to quantify fit preference is likely an inhibiting factor.

Regardless of speed of access, choice of color, or design desirability, a garment

must, above all else, satisfy a customer’s preference for fit.

The term “forensic fit analysis” describes a reverse engineering approach to gar-

ment fit assessment that is only possible with recognition of a geometrically defined

body-shape (body-block) and only practical through the use of 3D technologies for

parsing vast volumes of fit data. The body-block offers an advanced study of ease

as it relates to the customer experience. It provides a baseline from which decisions

regarding ease and fit may be managed in a less heuristic manner.

Figure 2.11 Material effect on pattern geometry.

42 Digital Manufacturing Technology for Sustainable Anthropometric Apparel



2.5.1 Improved application of fit preference data

From a sales perspective, ease added to suit design esthetic is only relevant as to how it

captures a customers’ attention and, most importantly, how it drives sales. Beyond all

effort on the draft-sample-adapt sampling process and all resources aimed at production,

a brand’s fit intent becomes irrelevant against the customers’ fit preference. In other

words, a brand or retailer has no control over how their product is used; therefore, fit

preference ultimately trumps any available principle identifying suitable proportions or

sizing. Since any derived fit rule is made obsolete by a wearers’ preference, fit prediction

engines must be able to analyze and translate customer fit preference requests to pattern

geometry. For example, a garment with 10 cm of hip ease may be worn loose by one

person and form fitting by another. With an account of the body-block it can be under-

stood that the first season’s product had sufficient tolerance to accommodate the desired

fit preference while second season’s product no longer fulfilled the customer’s desire.

Similarly, fit prediction engines must be able to direct a person desiring a snug waist

toward a smaller size and a person desiring a loose waist to a larger size, while also

weighing such decision against the compounding effects on other body dimensions.

Figure 2.12 Body-shape driven pattern geometry.
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2.5.2 Improved garment fit

Considering the discussed complexities regarding garment fit, it is reasonable to pon-

der how RTW garment fit has found any success at all. A very lucrative apparel mar-

ket, using mainly fit tolerance for accommodating a breadth of body morphologies,

speaks to the robustness of current RTW sizing strategies. It also speaks to the poten-

tial for improved fit. Just because it is possible to create a “precise fit” does not mean

it is always the best option; the option for flexibility of fit, to accommodate dynamic

and normal changes in individual morphology (changes to breasts with lactation, ribc-

age expanding with breathing, waist area swelling over course of day, unique effects

of normal body weight fluctuation), is essential. It may very well be the case that the

ability to quantify garment fit leads to less of a desire for bespoke fit, leaving one to

ponder not on the difficulties with traditional sizing strategies but rather the possibil-

ity for improvement with a geometric understanding fit. As sizing lines evolve spe-

cific to body-shape categories (Devarajan & Istook, 2004), the possibility for forensic

fit analysis strategies to improve the fit of RTW such that bespoke product is no lon-

ger desired is tremendous. Body-shape sizing strategies hold much potential.

2.5.3 Driving circular production models

Sustainability models rely on decreased sales. To supplement these “lost sales,” and

capitalize on product lifecycle data (shrinkage and product wear), foreword thinking

brands are embracing circular production models and the resale of used goods. Without

fit data however, this critical aspect of circular production models will inevitably face

the same “customer dissatisfaction and high return rates” that have plagued online

sales. The 3D environment and a linear perspective on the pattern-making workflow

make the tracking of fit variables through a product’s full lifecycle a natural extension

of the digital environment. This serves customer desire for improved fit recommenda-

tion, directs improved product development, and drives sustainability models.

2.5.4 Bridging virtual-to-physical practice

The further bridging of physical space pattern-making to virtual space pattern-making

will require a critical analysis of heuristic practice drawing on a large expanse of dis-

ciplines. The discussion, here, has focused on the required application of 3D acquired

data as it relates to quantified garment fit. Further study must now illustrate success-

ful 3D application of the 2D body-to-garment theory presented here.

2.6 Conclusion and future trends

Directly “sketching” style lines on 3D avatars has provided a glimpse into the pos-

sibility of fully automated design-for-body-shape 3D-to-2D environments but “3D-

washing” has quite simply overstated the current state of size and fit prediction.

Traditional methods of 1D fit assessment, even from a very accurate 3D source, are
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sufficient for only a rudimentary estimation of fit. 1D fit defines how garment

dimensions vary from body dimensions within an acceptable tolerance but only

from a 2D perspective is the opportunity to quantify garment fit and fit preference

translated to actionable solutions. The use of 3D technologies for acquiring fit data

is critical but equally as important is correct application of this data.

Media discussion lamenting high volumes of garment returns and discussions

pondering on the slow adoption of 3D technologies rest as evidence the nuances of

garment fit that have yet to be digitally quantified; and, as a result, garments that fit

don’t get returned and technology that addresses user need is readily adopted. The

current state of apparel digitization is perhaps best summed up by Gill’s comment

“there may be insufficient recognition of the complexities inherent within the cur-

rent art of clothing product development” (Gill, 2015).

As 3D environments evolve to quantify fitting techniques leading to pattern

geometry, machine-learned heuristic practice will be coded for the automated

design environments of the future. Where this theory exists within current practice

and how technologies can be used to access and apply this data rest with a recogni-

tion that the 2D process (pattern) is as important as the 3D result (garment). The

standards promoting this are critical for apparel digitization movement to move for-

ward (digital tech pack data). Recognition of a body-block presents:

� a means by which the wealth of data coming from 3D environments may be better applied

for critical fit assessment.
� a “forensic fit analysis” perspective to “see” beyond size chart data to address customer

fit preference, suggest nuanced sizing, and reduce garment returns.
� a quantification of heuristic practice suitable for fourth industrial revolution thinking.
� an understanding of the body-to-garment relationship as a series of 2D linear pattern deci-

sions toward a 3D model.

With the use of 3D data driving pattern-making, the possibility for 3D acquired

demographic data to drive customer fit satisfaction within traditional sizing systems

is very real: size inclusivity, application of fit preference to product, accurate size

prediction, and even tailoring of resale goods. Fit understanding will gradually blur

the lines between RTW, MTM, and bespoke product categories, making the oppor-

tunity for near-bespoke fit from RTW very real. For the numerous body types ostra-

cized from traditional sizing this simply means inclusion. For others, it means

garments offering a level of comfort unavailable with traditional fit or simply a cus-

tomized design esthetic. For manufacturers, it means fewer returns, more efficient

manufacturing, and less waste. Collectively, it translates to a more sustainable prac-

tice driving urgent global change.
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3.1 Introduction

One of the basic principles of fashion is that it is in a constant state of evolution

and rarely is it revolutionary, unless the micro- and/or macroenvironmental factors

necessitate it to go into a revolution. As Amanda Hallay states “Fashion is not an

island but it’s a response”; hence, it cannot be understood in a vacuum. It is

extremely dynamic and constantly changing. We, as fashion innovators, influencers,

designers, and consumers, have moved through from manual to technological and

digital ages, from doing business locally to catering to the global consumers. We

have moved away from looking inside and outside of our businesses as today we

engage in internal and external partnerships between various constituencies of busi-

ness for effective quality management. Success of a fashion business today has

become multifaceted and multichanneled with diverse directional approaches. It

thrives on innovation and its application to blend functionality with esthetics.

3.2 Paradigm shifts in the evolution of fashion business

In the times of fast fashion, it’s quick response, timeliness, and agility that continue

to be key approaches to quality management. Philosophy and concepts of Right First

Time, Just In Time, Six Sigma, Juran’s Quality System, etc. continue to drive busi-

ness of value with innovation and excellence. To compete with multiple brands, and

with e-commerce penetrating through many layers of supply chain along with diver-

sity in consumerism, computers, and information technologies, sound enterprise

resource planning systems have become vital for any type of business to survive.

At last, with an understanding and by deep diving into these profound relevant

subjects, one comes to realize that, finally, it is a matter of choice and one chooses

between alternatives from the multiple ones available and from those which are
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accessible. The approaches as deemed fit and convenient to one’s culture and belief

need to be adopted and these will be time-, context-, and people-specific. In India,

we drive with all of this to being vocal for local upholding great value for the ear-

lier propounded theories of quality enhancement, value creation, and societal wel-

fare. The choice is ours and so is our future!

The fashion industry is a multibillion-dollar industry and the revenue is expected

to show an annual growth rate of 7.18% with a projected market volume of

1,002,215 m US dollars by 2025. Fashion thus has a great impact and, in turn, is

impacted by several factors. The traditional definition of fashion is that when a

style is adopted by the masses it can be termed as fashion, and directional flow is

observed according to the theory of fashion adoption propounded by Thorstein

Veblen in 1889. However, one theory that does not completely explain the adoption

of style is that there are many diverse factors including technological advancement

and globalization that explain the mass adoption of a style as fashion. Dynamism

with the fashion business indicates that the adoption of style can be understood as

360-degree impact and whose epicenter is rarely identifiable.

Fashion being a dynamic ever-changing field of expertise, skill, and knowledge

is constantly influenced by social media and in which celebrities and leading fash-

ion icons feature prominently. For example, Queen Elizabeth I, (1533�1603),

Charles II (1630�85), Louis XIV (1638�1715), Marie Antoinette (1755�93),

Empress Eugenie (1826�1920), Coco Chanel (1883�1971), Audrey Hepburn

(1929�93), Steve McQueen (1930�80), Diana Ross (1944-present), Prince

(1958�2016) and many more have added grace, class, and glamour to the world of

fashion. Being world leaders in their own capacities is not sufficient for creating an

impression on the minds of consumers, and their biographies have shown that they

had a sense of where social upheavals are going, where their affluence along with

their concern for society majorly led to them to move the fashion scenario to what

it is today. Fashion icons, and their relation with social manufacturing, are signifi-

cantly known for their concern for societal welfare which has prompted them to

work in teams with a sense of their own proactiveness for the betterment of the

weaker sections of the society.

The question that arises is that “Is social manufacturing a recent phenomenon?”

Looking at the history of fashion, it does not seem so. Social manufacturing is a

form of social and economic transformation in the way that people organized them-

selves and their communities to produce what one needs as human society. It’s

man’s nature to move with the times for man throughout the history of the evolu-

tion of society has always explored his environment and has been in quest of inno-

vative ideas and opportunities to make living better by the wise utilization of

indigenous resources that have been known to exist in abundance in his habitat.

Social manufacturing is an impact on human society of technological revolution.

Currently, worldwide national economies have taken to the philosophy of producing

native resources, skills, and knowledge by producing goods and devising services

that affect the small to large scales, from households to laboratories and from small

plants to industries. Thus social manufacturing requires creating a new ecology of

production and consumption.
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3.3 Some directions for developing and implementing a
social manufacturing ecosystem

1. Steps to blur the lines between production and consumption

2. Hitting new kinds of crowd phenomena with new patterns of funding and remuneration

3. Inculcating democratic systems of production to engage more diverse actors at different

levels

4. Leveraging open-source systems, online, and physical for sharing resources necessitating

balanced interactive and collaborative working thereby creating new value

5. Stimulating innovation by fusing and adapting ideas, processes, and products

6. Thinking maker cliques and mobs with online presence visibility and expansive reach

Organizations of all sorts need to work in the field of social manufacturing and

construct a map of paths to develop social manufacturing set-ups. It will need thor-

ough longitudinal studies, ethnographic interviews, and foresight workshops in

maker communities. It will involve gathering ideas from experts with the visioning

process; identification of communities in different countries at different levels of

development within and across economies; devising fabricating and social produc-

tion networks; crowd-based forecasting to anticipate future paths to development;

and, creating a graphic recording, game, and narrative scenarios. The ultimate aim

is matchmaking, relating the producers-consumers toward hybridization, better

understood as prosumers. It is time that new business models identify and harness

the power to lead and strengths to commune of individuals and develop digital con-

tent production. Hence, a deep SWOC analysis is the requirement for establishing

and sustaining a business.

How can this be done? It will involve:

1. Identifying individuals who practice arts and crafts as hobbies

2. Identifying people and groups of persons driven by nonmonetary benefits

3. Investigating the nature of the firm-individual collaboration

4. Focusing on the role of individuals and responsibilities of companies/firms

5. Identifying and developing community networks

3.4 What is the advantage of engaging in social
manufacturing?

Social manufacturing in fashion can potentially reap multiple benefits including

becoming a repository of fresh ideas, extending broader design support, with exten-

sive networking ensuring quick delivery times that are extremely critical in the

fashion business, and value creation. Social manufacturing may be described as a

disruptive business model as one needs to break through the conventional business

systems and move from centralized to centerless technologies, processes, and sys-

tems. It has to exploit the rapid technological development in information and com-

munications where it makes appropriate use of social media applications, brings
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IoT and Cyber Physical Systems (CPS) into real operation, adopts additive

manufacturing along with digital fabrication, 3D Printing, CAD-CAM technologies,

and quick response to meet everchanging demands of consumers. These technolo-

gies are becoming inexpensive, with increased accessibility, rapid advancement,

and deeper penetration to different levels of individuals and communities simulta-

neously. Service production is revolutionized by employing diffused private agents

and multiple stakeholders resulting out of an intricate web of people and multifunc-

tional groups. Household work and consumer goods can be recycled, and personal

financing can be merged with corporate financing. This brings us to the concept of

a shared economy by sharing excess resources and liabilities. Thus central to the

concept is a collaboration between different business heads, participants in the pro-

cess of sharing, and beneficiaries of economic wellbeing by collapsing the gap

between producers and consumers known as prosumers.

A prosumer is an individual who consumes and produces as well. It is a port-

manteau of the words producer and consumer. Research has identified six types of

prosumers: DIY prosumers, self-service prosumers, customizing prosumers, collab-

orative prosumers, monetized prosumers, and economic prosumers. The terms pro-

sumer and presumption were coined in 1980 by American futurist Alvin Toffler

and were widely used by many technology writers of the time. A technological

breakthrough and a rise in user participation blur the line between production and

consumption activities, with the consumer becoming a prosumer.

The review of literature delineates the vision of and the promise in social

manufacturing in the fashion business as the predominant way of running the fash-

ion business in the future and has a special WOW factor attached to it. The profun-

dity in the subject is enormous and various models, theories, and algorithms have

been proposed and employed that have been described in different articles and

books. However, there is no clear definition of how social manufacturing for fash-

ion business can be undertaken with an outlining of the concrete steps to its accom-

plishment, given the fact that it is a subject that grows out of the specific times,

contexts, and people to which it relates. Qualitative approaches will lead to more

understanding of this phenomenon. The aim is to empower individual entrepre-

neurs, and small and medium-sized firms by being firm-centric or in phase with

being individual-centric, thus diffusing the discrete classification blur.

Manufacturing covers different domains of knowledge from idea generation to

resource identification and allocation, operations research, optimized use of the

resources and their management, capitalization on resources, and a system approach

with input-process-output. Production is streamlined with steps of design develop-

ment starting from doodling-design illustration-preparation of technical specifica-

tion sheets with tech packs, prototype making, and samples at all levels of product

manufacturing. Equal emphasis on quality control systems and checkpoints and

mechanisms, quality assurance, packaging, distribution and rapid-time marketing,

retailing on e-platforms, and social media will be of importance. It is claimed that

e-commerce in the fashion industry will increase by 1 trillion US dollars by 2025.

At all times, fashion businesses, whether individual, SME, or MSME, must try

and integrate social manufacturing to whatever extent possible while exercising
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intellectual property rights and abiding by business ethics and ecoconsciousness in

fashion. Social manufacturing will be beneficial, one, due to the elements of ease in

running the business, speed with flexibility, fast prototyping, and product making,

and two, due to its tapping on lower cost with shared resource utilization and design

support through the effective academia-industry interfacing with communities for a

stronger nexus.

The core of any social manufacturing system will have to be an active

Innovation Incubation Council (IIC) that will be constituted with robust network

between academicians, researchers, industries (private or public), government orga-

nizations and nongovernmental organizations, people working at the grassroot

levels including cultivators, manufacturers (fiber, yarn, and fabric), converters,

chemical manufacturers, garment manufacturers, packaging industry and market

analysts and professionals, ecological and environmental professionals, certification

bodies, designers, fashion trend forecasters, trend analysts, life-cycle assessment

experts, hardware and software professionals, business developers, and investors.

These stakeholders of the fashion world will use the cyber physical space and net-

work closely in the form of consortia for every sector of fashion, for example

womenswear, menswear, kids wear, contemporary unisex fashions, home décor and

lifestyle, fashion accessories, cosmetics, leather and fur industry, smart technologies

and ecofashions, and allied fields, with the core goal toward maintaining sustain-

ability in design, production, packaging, marketing, retailing, servicing, and recy-

cling and, thus maintain end-to-end perspective of and intervention in industry.

Vertical growth is going to be seen in fashion apparel. Vertical building and work-

ing in effectively managed teams will be the “mantra” for success. Hence it is a

process of co-creation and value enhancement. The complete life cycle of fashion

products designed and proposed for commercialization will be framed and brought

into the purview by each of these consortia. The paradigm shift is from PDCA

(Plan-Do-Check-Act Cycle) to DCIC (Do-Create-Innovate-Change).

Against eMarketer’s 19% YoY change, statistics show slight declines in 2020

versus 2019. Vertical by vertical examination in the US reveals marked disparities,

with luxury products and accessories (i.e., watches, jewelry, luggage, and bags)

bearing the brunt of losses accessories: -12.69%, Luxury: -11.11%, Footwear:

-5.54%, Eyewear: -4.9%, and Apparel: -2.88%. Such trend analysis can be fruitfully

used to direct potentials and resources in the more prospective areas of business.

Refer to Fig. 3.1, which gives the pictorial representation of the theory describ-

ing the role of IIC in social manufacturing. The dynamic consortia for social

manufacturing in the fashion business toward value creation need smart thinkers

and smart team workers with deep imagination rather than shallow cleverness who

can build on strengths. It needs all members to share, listen, and learn from each

other with curiosity and quest for opportunities to facilitate growth and enrichment.

By executing responsibilities fast and embracing competition while being realistic

at the same time and engaging with people who enjoy the manufacturing work with

innate passion are the driving forces to greater social manufacturing.

It is proposed here by the authors that this needs to be executed with mass crowd-

funding from the corporate sector who could think of investing (approximately 1.0%
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of their annual budget and/or turnover) in fashion design and encourage innovation

that stems from social manufacturing, wherein fashion businesses that run on social

manufacturing basis are given the push forward as well as those that show potential

for meeting customers’ needs with personalized and customized products are patron-

ized. The customer is looked upon as the fulfiller rather than an end to earn profits.

Fashion design and innovations have to see the light of commercialization; hence,

there is the need for making it cost-effective, economically and technologically viable

in the given context, apt to its time and amongst the given people and their culture

that will have to be prioritized. This will be the core of social manufacturing in

fashion business.

Kumar and Rajeev (2016) in their article have quoted “Barbon (1969) stated that

“By value, is to be understod as the price of things; that is what anything is worth

to be sold at that time’s value"; but Coyle et al. (1996) stated “An important consid-

eration is that value must be viewed from the customer’s perspective, because it is

value to the customer that is most important. The value is the condition which moti-

vates people across cultures and which emphasizes needs, requirement, wishes and

ultimate demands of the consumer.” Michael E. Porter was the first to have intro-

duced the value chain model and the Five Forces Model that many companies and

businesses use to figure out how well they can perform in the existing marketplace.

Figure 3.1 Innovation Incubation Council: Hub for Social Manufacturing A Conceptual

Model Framework.
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Value chain analysis relies on the economic principle of advantage, that is, businesses

are best served by operating in areas/sectors where they can have a relative productive

advantage over their competitor companies. At the same time, businesses should also

ask themselves where they can provide the best value to their customers. This is in com-

plete alignment with the crux of social manufacturing. Hence, social manufacturing is

best seen as a strategic system for value creation in the fashion business. After having

understood the meaning of value, value creation is integral to the manufacturing of fash-

ion as it revolves around consumers and their fast-changing preferences. Since fashion

has a global influence and is understood best as a global phenomenon, the theory of the

smile curve with its relevance to the global value chain becomes pertinent.

3.5 The smile curve in the global value chain in the
world of fashion

The fashion business with internationalization in retailing, and due to the impact of

social media and its role in business, and due to the ubiquitous use of computer and

cyber systems for manufacturing and marketing, the value creation in fashion busi-

ness has to be on this plane of global value chain. The smiling curve is extensively

discussed in literature in the context of global value chain.

Stan Shih propounded the phenomenon of the smile curve in the early 1990s to

explain the phenomenon of where the value is generated in the manufacturing indus-

try. The central part of the curve that is the lowest point of value creation is where

the actual manufacturing takes place. The highest points of value creation are located

at the rising ends with R&D at the beginning and customer service at the other end.

The Smile Curve Manufacturing Value Theory states that the ends of the product

value chain—R&D/Design and Marketing/Support—command and drive higher

financial value to the product than the middle (manufacturing part of the value chain)

Refer to graphical representation below in Fig. 3.2 wherein the description of the

smile curve in relation to social manufacturing is elucidated. With social manufactur-

ing, the value creation process is siphoned and centralized to the manufacturing base

as R&D and customer satisfaction result in maximization of output and optimization

of resources invested by the entire global team engaged in social manufacturing.

Thus challenging the smile curve is to complete a full circle with a closed feedback

looping system.

3.6 Big data and IoT will impact the fashion
manufacturing industry

A collection of functions is performed to design, produce, market, deliver, and sup-

port fashion products. All these activities can be represented using a value chain,

and there are specific steps or procedures to be followed. An organization’s value
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creation is empowered by the firm’s value chain that is how it performs individual

functions. The functions are governed by the personality of the organization which

is reflected in the vision, mission goals, standards, and policies of that organization.

It is also a reflection of its history and provides a lens into the future. It is the cul-

tural ethos of the organization.

Big data, POS data, and IoT along with the digital twin which is the virtual pro-

totype allow the company to visualize the status and condition of an apparel product

that is physically distant, providing insights into how products can be better

designed, manufactured, operated, and serviced. The powerful new data available to

companies, together with new configurations and capabilities of smart and con-

nected products, is restructuring the traditional functions of business, and that too

radically. This transformation started with product value chain; and, as it spreads,

functional boundaries tend to shift, and new functions are always getting created

(Figs. 3.3 and 3.4), (Table 3.1).

3.7 Social cloud manufacturing

The fashion manufacturing industry is essentially a buying-sourcing industry with

intricate networking, partnerships, and alliances. A general overview of the fashion

CUSTOMER
Usage

Tendencies
Patterns &

Product
Performance

Behaviors

Support

Marketing

Sales

Distribution

DISTRIBUTIONCOMPONENTS ASSEMBLY

SOCIAL
MANUFACTURING

R&D GLOBAL
COMPETITION

MARKETING AREA
COMPETITION

Smile Curve:   Creating a Collaborative Value Creation Hub

R&D

Design

Branding

Supply Chain

E
X

T
R

A
 V

A
L

U
E

PR
O

SU
M

E
R

(Patent & Technology) (Brand & Service)

PRODUCER
Manufacturing

Figure 3.2 Smile Curve: Creating a Collaborative Value Creation Hub.

56 Digital Manufacturing Technology for Sustainable Anthropometric Apparel



business across places and people, and B2B and B2C supply chains have shown an

astronomical rise. B2B or B2C relations are nonlinear and complex. Hence provid-

ing an excellent timely purchasing experience becomes a prerogative for fashion

business houses. Wholesalers and retailers are embracing e-marketplaces more than

ever these days wherein using cloud-based systems expands and strengthens the

manufacturing and commerce systems. It creates opportunities for creating market-

places with immediate visibility, standardized delivery, meeting compliances, and

maximizing overall sales and distribution strategy. Information technology enables

the maximization of machine resources and improves production efficiency in the

fashion manufacturing industry. Cloud computing technology provides a hardware

environment enabled with cloud servers, cloud databases, and cloud memory along

with internet and intranet networks. Thus it calls for the integration of

Infrastructure as a Service (IaaS) and Software as a Service (SaaS) where these
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have become must-haves for modern fashion businesses. SaaS is expected to grow

to $220.21 billion at a compound annual growth rate (CAGR) of 13.1% through

2022. Betterbuys report reveals that the specific expenditure in the US SaaS indus-

try is forecasted to reach $55 billion by 2026. In the current times, 64% of SMBs

depend on cloud-based SaaS and 88% of companies are considering investing in

new SaaS applications within the next 2�3 years.

Artificial Intelligence (AI)-based SaaS improves personalization and responsive-

ness throughout the processes of manufacturing and selling. AI facilitates compa-

nies to address customer service operations promptly. Micro-SaaS is explained as a

cloud-based system integration that targets a niche market run by one person or a

small team with small costs and a dedicated user-base. Hence integrating micro-

SaaS into social manufacturing seems most relevant as a starting point for social

manufacturing models.

Social manufacturing needs to capitalize on the ever-rising trend of mobile-first

mindset. Amongst the world’s population, 72.6% will use their mobile devices to

browse the internet. Hence, it is time for fashion businesses to invest in developing

ICT and e-tools by creating and exploring dynamic mobile interfaces to workload

dashboards. Platform unbundling is another trend wherein there is a new breed of

start-ups that do not offer full-featured SaaS products but package their core service

as an Application Programming Interface (API) and a suite of small tools. Platform

bundling works well for customers whose needs have to do with having a more cus-

tomized experience. Vertical SaaS is a trend that is more cost-effective and offers

effective customer intelligence and improved data governance with predefined

metrics and key performance indicators.

In 2021, with the global annual cellular data usage on the rise, the use of data

was projected to reach roughly 650 thousand petabytes (PB), with approximately

639 thousand PB coming from the use of mobile handsets, in other words, mobile
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Table 3.1 Application of IoT in Fashion Business in relation to the Smile Curve.

Fashion business

manufacturing functions

Application of IoT

R&D testing and quality

assurance

Customer psychographics and buying behavior aligned

with decisions of improvising products and their

features validating their performance, new products, and

processes and identifying opportunities of novelty

through experimentation and research.

Designing and development Integrating design thinking in fashion creation process to

align product development to customer preferences

witnessed in market demands for and the willingness of

customers to purchase and use new products,

preparation of design sheets and use of CPS to develop

products postanalysis with Electronic Data Interchange

and Point of Sale data. Use of computer hardware and

software for rapid manufacturing cycles maintaining

versatility and flexibility of the production runs.

Manufacturing and

Production

Labeling and branding Quantifying the sale and usage of products by customers,

shopping behavior, using RFID tags, and NFC

technologies to track fashion products and their usage.

Supply chain IoT data and supplier analytics are explored to lower cost

increase efficiency, reliability, and agility enabling

quick response to changes in market demands with

changes in customer requirements, consumer taste,

leveraging component, and material availability and

accessibility.

Manufacturing IoT sensor data real-time tracking and enterprise resource

planning, with the analytics helping reduce the costs of

manufacturing processes, maintenance contracts

tenures, and process time scheduling which can be well

planned and implemented, together with inventory

management, planning model stock, and assortment

variety and volume. All of this can be well factored

with sales ratios for reducing excess and obsolete or

dead stock.

Distribution IoT data can be synchronized with external data sources,

namely weather forecasts, traffic status, and special

events, thus saving on costs in case of unforeseen

circumstances, improving on-time delivery, and

electronic article surveillance.

Sales and marketing Identifying and establishing revenue opportunities,

targeting existing while penetrating new markets, larger

audiences, multichannel retailing and marketing in

diverse modes, analyzing social and current trends, and

exploiting market segmentation data.

(Continued)
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phones. Tablets and cellular IoT devices currently do not compare to mobile phones

in terms of data usage, but they are expected to grow in the upcoming years. Thus

the way forward is to network far and wide and make use of social cloud

manufacturing through smart mobile apps and smart home ecosystems.

3.8 Social platform manufacturing

Social media and digital manufacturing platforms have to be synchronized to create,

generate, develop, and diffuse knowledge, skills, and resources to people and com-

munities at different levels. Digital manufacturing is integrated manufacturing that

is centered around computer integrated manufacturing, flexible and lean

manufacturing, and closely relates to design for manufacturability (DFM). Additive

and rapid manufacturing facilitates 3D modeling and adds to the flexibility in cus-

tomized production. Social media platforms increase access to customers and pro-

ducers as these widen accessibility and availability of the customer base.

Diversification and penetration into different market levels are magnified exponen-

tially. LinkedIn for B2B clients, boosting posts on Facebook, YouTube videos on

the company and product profiles, and many more with the help of content blogs/

vlogs, product comparison guides are meant to maintain an expanding reach to cus-

tomers. There are also several specialized services as “solution providers” who

make social manufacturing more impactful through social platforms. Seeking

momentum to manufacturing business by appropriate use of social cloud and social

platform manufacturing is one of the goals for businesses.

The world is witnessing a parallel evolution of the social movement. Social net-

working sites LinkedIn, Facebook, WeChat, Twitter, and Instagram and the likes

are not limited to the purpose of communication and interaction but are also turning

out to be professional platforms for business networking. Fashion is to do with

glamour and, hence, imagery and visibility of brands can be heightened through the

effective use of social media, and reaching out and expanding into unknown mar-

kets and unknown people in this virtual world.

Table 3.1 (Continued)

Fashion business

manufacturing functions

Application of IoT

Support and services Care and brand labeling, customer buying and usage

behavior, problems with regard to use care and

maintenance, realizing that customers do not purchase

products for the product alone but for what the product

does to him/her. Personal gratification of consumers

and customer satisfaction, net promotion value, and

advocacy of customers for the provision of good quality

products and services thereafter.
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New manufacturing opportunities through social manufacturing can be explored

as value creation through the generation of collaborative hubs. Manufacturing in

the fashion business cannot happen overnight. It undergoes phases of growth and

digital transformation moving from business monitoring to business insights, busi-

ness optimization, insights into monetization, and finally business metamorphosis

with complete integration of IoT.

3.9 Gaining edge with social manufacturing for green
fashions

With social manufacturing on the march, the initiatives are directed toward identify-

ing indigenous resources and capabilities, to maximize their utilization and to co-

exist and progress. Most individual people’s passion, skills, and talents stem from

traditions and culture. Cooperative working brings to the limelight these native

resources and provides opportunities for larger enterprises to capitalize on them.

Going back to roots indirectly brings with it the philosophy of sustenance with min-

imal resources that are essentially natural and renewable; thus adding value to pro-

ducts and processes. Sustainable practices, processes, and methods need to be

recognized and concretized for growth and development. Green fashions essentially

involve making the right choices of resources, processes, and products for utiliza-

tion and manufacturing. It is the vital responsibility of all stakeholders in the busi-

ness of social manufacturing to place importance on the impact on their lives of the

choices they make right from selection of raw materials to the endpoint of the prod-

uct with an end-of-life cycle approach. Zero wastage or minimal wastage must be

the focus at all levels of manufacturing, including packaging and distribution.

Environmental impact needs to be assessed using appropriate tools and equations.

The carbon footprint of social manufacturing and user footprints have to be well

studied, and life-cycle evaluation has to be the focus all along.

3.10 Global trend for fast fashion to slow down

The global fashion market is expected to grow from $25.09 billion in 2020 to

$30.58 billion in 2021 at a CAGR of 21.9%. The growth is mainly due to the com-

panies resuming their operations and adapting to the new normal while recovering

from the COVID-19 impact, which had earlier led to restrictive containment mea-

sures involving social distancing, remote working, and the closure of commercial

activities that resulted in operational challenges. The market is expected to reach

$39.84 billion in 2025 at a CAGR of 7%.

At the same time, there are communities of manufacturers and ecoconscious con-

sumers who realize the importance of slowing down fashions. Slow down fashion

describes the process of manufacturing clothing ethically, taking into consideration

the workers and environment. Postpandemic, people as consumers and makers have
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realized value for resources, people, and the environment reemphasizing the need

for sustainable resources and ethical practices. Businesses ensure that the workers

are paid fair wages and are provided a safe working environment. Ethical

manufacturing methods are mostly costly, resulting in more expensive clothes.

Concepts of reduce, reuse, recycle, and remodel are making themselves heard in

conversation amongst environmentalists and sustainable fashionistas.

3.11 Some key policies, strategies, and goals to maintain
sustainability in the fashion industry

1. Develop standards and practices for designing garments that can be easily reused or

recycled. The Sustainable Apparel Coalition has created an index for measuring the full

life-cycle impact of clothing and footwear products.

2. Devise systems that are analyzed with the help of life-cycle assessment models and deri-

vations thereof.

3. Invest in the development of new fibers that will lower the environmental effects of pro-

duction and garment making.

4. Support research on improving the sustainability and efficiency of fashion manufacturing.

5. Encourage consumers to appreciate the value of fashion products and to care for their

clothes in low-impact ways.

6. Steer consumers toward clothing-care practices that have a smaller environmental toll

and keep garments in good shape for longer.

7. Incentivize manufacturing of products that adopt social manufacturing set-ups that will

have higher sustainability value.

8. Support the development of mechanical- and chemical-recycling technologies.

9. Establish higher labor and environmental standards for suppliers and set-up mechanisms

to make supply chains more transparent and ethical.

10. Provide suppliers with guidance and resources for meeting new labor and environmental

standards and hold them accountable for performance shortfalls.

11. Provide solutions to develop and strengthen social manufacturing systems with ICT.

12. Increase visibility access and boost social media presence to be instrumental in contribut-

ing to the social manufacturing set-up.

3.12 Conclusion—social manufacturing with synergy for
sustainability

The term “Social Manufacturing” was coined as recently as 2015, but the concept

may be older in most communities and civilizations. In every village in the olden

days, each family practiced a particular craft and their livelihood depended on all

the others who approached them to fulfill their needs as and when needed or during

festivals and celebrations. Here, the keywords are “as and when needed.” The arti-

sans, or maybe we could call them the “manufacturers”, had a small collection of

ready-to-sell stuff, and thus not a lot of “unsold inventory” would be left with them.
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The limited and careful use of natural resources; and raw material or energy sources

for manufacturing these goods made it easy to dispose of the “unsold inventory,” if

and when the time arose. Each family in the society would be a producer as well as

a consumer, and goods or services would be made or provided according to the

exact need; that is, each consumer would be able to get exactly what he wanted, by

conveying the same to the producer. This brings us to the next important word in

the concept of social manufacturing—the “prosumer”—a proactive consumer who

also doubles up as a producer because of his involvement in the designing or cus-

tomizing the product to suit his needs, which is not much different from a consu-

mer’s role of the yesteryears.

The advent of mechanization after the industrial revolution changed the complete

scenario, slowly but surely. The machines increased production manifold. But this

was not the only development; there were increased mechanization, decreased

demand for handmade goods, and rendering of the traditional manufacturers to

those with lesser business leading to migration of employment to factories. The

increased production made goods available at lower rates, increased income led to

higher consumption capacity, and a whole new section of consumers emerged who

would buy goods, not because they needed these products, but because they desired

to and could afford to buy them. Increased exploitation of natural resources for

untamed production led to their depletion, and a new problem of increased disposal

raised its head. The ecological and health problems faced today are a result of this

extremely consumerist society.

However, every dark cloud has a silver lining, and the realization that untamed

production, consumption, and disposal have very frightening consequences was

assimilated into a shift toward conscious consumerism. This coupled with the power

of communication technology has given today’s consumer a wide choice from

whom and from where to buy, and that too to suit every detail of his liking.

Harnessing the power of communication technology has made it possible to contact

anyone across the globe in a matter of a few seconds. Just like consumers now have

this facility, manufacturers too have used technology to provide customized pro-

ducts to their consumers. It may be creating single customized products at their fac-

tories or outlets or getting it outsourced from willing individuals in the society from

across the globe. The bottom line here is that production is done exactly according

to the preference of the consumer; thus going back to what happened in the earlier

days, where there was never a problem of plenty. It will not be wrong to say that

social media that has harnessed this immense power of communication technology,

has shrunk the globe to literally “fit into one’s” fists, and the power of social media

can be taken advantage of to extend the concept of social manufacturing to the

masses. What is needed is the ability to contact the right person at the right time,

may it be the producer or the consumer.

This is where the next challenge lies. The buzzword today is data, and here, too,

creating effective databases is the key to getting the ball of social manufacturing

rolling. Just like LinkedIn is a database of professionals, it is very important that

common databases be created for people in different professions. The possibility of

showcasing pictures or videos in these also has to be explored to make them an
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effective mode of advertising. The use of social media to advertise these databases

can help in getting good publicity for business. The fact that most of us on this

earth are consumers and that each one, therefore can also be a producer is the big-

gest advantage of the concept of social manufacturing. The impact of social

manufacturing will have far-reaching effects on each one of us and, thus on the

environment. Producing as and when required and exactly in the manner that a

product is needed will prevent huge amounts of wastage as saving in terms of natu-

ral resources used for production, packaging, transportation, warehousing and pro-

motion is realized. This will, in turn, make a huge difference to the consumption

and disposal patterns. The synergy between educational institutions, government

and nongovernment organizations, and the industry can help make this concept a

reality quickly and effectively. Just like there is vertical integration in industries,

there is a possibility of having a virtual vertical integration or network model in

social manufacturing too through this synergy.

This vertical integration or network creation can be very advantageous, especially, in

the Indian context. The deep-rooted Indian culture of using hand-me-downs, that is, reus-

ing old stuff, helps in decreasing disposed waste. Also, the waste collectors who separate

the disposed of matter into recyclable and nonrecyclable items have their importance

in this whole network. The availability of recyclable material that can be plowed back

into the production system makes it possible to use lesser virgin raw material from the

already depleting and exploited environment. The academia can then play their part, as

the creativity of students and faculty can be put together for product development to cre-

ate innovative products and put their thinking caps on to bring into use methods of con-

verting this “waste” into useful products. The rich native traditional craft that is practiced

by many artisans all over the country—be it in textiles, metal works, or numerous types

of handicrafts—can also be harnessed to create value addition in these products.

2021 is earmarked as the International Year of Creative Economy for

Sustainable Development by UNESCO. Today, increasingly people are venturing

out to translate their ideas and imaginations into innovative products and services,

and turning these into livelihoods. One of the world’s most rapidly growing sectors

of the creative economy contributes 3% of the global GDP. Creativity is seen as a

resource that is infinite, sustainable, and renewable being ubiquitous. With the pan-

demic crisis unfolding, people have realized the importance of the value of

resources and have directed their abilities in creative pursuits. Business is becoming

human-centric and all-inclusive. The professionals in the industry, the financial

institutions, and investors play their part by adapting their methods and processes

with creativity, or funding innovations so that every effort that has the potential of

creative use can be encouraged to thrive. Legislations and laws by the government

can then in the final step in a creativity-generating value chain help in giving a

legal form to all these efforts. Thus vertical integration or rather a network created

can help provide a level playing ground for all these various players. A model so

created can be sustainable in itself and can help each stakeholder remain relevant,

whether as a consumer, a producer, or as a prosumer. The future of manufacturing

is indeed “social manufacturing” described as the third revolution characterized by

enterprise collaboration.
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Social manufacturing is, thus definitely a workable option and the way forward

to a more inclusive type of growth and development of each individual in a civi-

lized society that will have far-reaching benefits for the individual, at a micro level,

and the planet, at the macro level.

Sustainability does not always imply resorting to rudimentary materials and pro-

cesses, hand-made over machine made/digitally made, or shifting completely to nat-

ural over the synthetic which is quite unthinkable. Maintaining the balance is the

trick of the trade and making the choices judiciously is imperative. Similarly, the

social manufacturing model cannot completely replace the current business scenario

with manufacturing, at one end, and consumption, at the other end. Social

manufacturing as a concept has to be integrated not as a replacement of the existing

manufacturing organizational structure but as a collaborative solution toward sus-

tainability in the fashion business. That is the proclamation put forth herein in this

chapter. On a lighter note a few words of lyrical wisdom are here:

“Equiponderance”

Why should something only be this and not that?

If it’s this then it can’t be that?

Why so? Just let it be.

Natural or manmade fibres should it be?

Organic or chemical/artificial substances should they be?

Natural or synthetic colors should they be?

White or red should it be?

If it’s a food source,

should it be a textile resource?

Why so, just let it be.

Research into finding the unknown and not losing what is known?

Duality or dichotomy is perplexing.

Nothing and we mean nothing is a substitute for anything????

Nothing is indispensable and

Nothing is completely sustainable?

Can I hear “Suntulan” as in Hindi meaning Balance.
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4.1 Introduction

With current scanning technologies, a body scanner holds the key to body measure-

ment problems. The scanner can expedite the measurement process, and also, the

customers can easily measure themselves (Durá-gil et al., 2019). Three-dimensional

(3D) body scanning technology has emerged as a potential replacement for the con-

ventional measuring tape method of collecting body measurements. 3D body scan-

ners are quick, effective, highly reproducible, and virtually error-free in human

intervention. The earliest 3D body scanning technology was a shadow scanning

method named the Loughborough Anthropometric Shadow Scanner developed by

Loughborough University, UK (Jones & Rioux, 1997).

Over the last few decades, scanning technology advancement enables the body

to be scanned in a few seconds (Alemany et al., 2019). The 3D body scanner can

save time and be relatively less expensive for numerous data collection (Liu et al.,

2012; Rissiek & Trieb, 2010). The 3D body scanning technology is currently uti-

lized in various disciplines, mainly in the ergonomics, engineering, biomedical, and

apparel industries (Ballester et al., 2015; Lerch et al., 2007). While the capacity for

revolutionization of industrial and science practices in this technology has been

developed, its reliability in recognized allowable error has not been adequately

addressed. At the same time, ethical issues also need to be taken into consideration.

An important aspect that underlies the application of 3D Body Scanning is its

ability to produce accurate measurements within the confidence range of manufac-

turers or designers as a manual measurement method. This is in alignment with

Istook and Hwang (2001) who opined that fit apparel depends on a comprehensive

and accurate set of measurements. The measurement error must be avoided for a

product, particularly apparel, to fulfill the requirements of body dimensions. Park

et al. (2009) suggested 3D erroneous data detection for data inspection before

the data can be used to design any product development. The 3D body scanning

enables subjects to measure themselves, but it often leads to an inaccurate measure
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(Liu et al., 2017; Wang et al., 2019). The scanning process also requires the sub-

jects to stay in a specific position for scanning; having said that, it is not easy to

control the position, especially for children (Agha & Alnahhal, 2012).

With the advent of 3D body scanning technology, there is a greater emphasis

on ethics in conducting anthropometric research. Since anthropometric research

involves direct or indirect human participation, it is necessary to consider the ethi-

cal implications of their study. All possible aspects of risk should be minimized to

avoid any harm to subjects (Gelling, 2016). Even though the 3D body scanners cap-

ture the outside body surface image without physical contact (Istook, 2008), there

are still privacy and ethical issues. The scanning process requires subjects to be

naked or to wear tight-fitting clothing to get the exact point of the body for correct

measurement, about which some people may feel uncomfortable (Wang et al.,

2019). At the same time, the image captured involving sensitive data of personal

bodies that are improperly stored can be potentially misused by irresponsible people

(Bragança et al., 2016).

4.2 Importance of anthropometric research in the
apparel industry

The importance of anthropometric research cannot be denied. Anthropometric

research is an important aspect of ergonomic approaches to the use of technology,

for instance. Proper anthropometric layouts, items, and work tools can affect safety,

comfort, and health. Particularly in the apparel industry, anthropometric research is

very important, especially in designing apparel that fits individual body dimensions

(Istook & Hwang, 2001).

The variation of body dimensions encourages anthropometric research to resolve

the apparel “misfit” (Dianat et al., 2018). Each body dimension is unique, varying

from one person to another. The uniqueness is influenced by various factors such as

ethnicities (Karmegam et al., 2011; Shan & Bohn, 2003; Widyanti et al., 2017; Yap

et al., 2001), gender and age groups (Bari et al., 2015; Dawal et al., 2012; Shan &

Bohn, 2003; Yuhaniz et al., 2016), as well as countries (Abd Rahman et al., 2018;

Ball et al., 2010; Ran et al., 2018).

Anthropometric research requires anthropometric data which include measure-

ments of body dimensions, such as height, arm length, hip-width, hip circumfer-

ence, and thigh circumference (Attwood et al., 2004; Marshall & Summerskill,

2019). The complex characteristics of the data make anthropometric research more

challenging and exciting to be explored. The lack of anthropometric research results

in a lack of standardization of sizing systems across retailers and brands, which cre-

ates problems for customers to carry out apparel size selection. Different brands use

various attributes (i.e., height, weight, waist) as an indicator of the size reference

chart (Saaludin et al., 2020) as different countries use different sizing systems

(Song et al., 2017). The differences in sizing codes (such as age, numbering, and

alphabets) in classifying the apparel size can be misleading (Laitala et al., 2009).
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The main reason for fitting issues is that the sizing system was not created or

derived from empirical data of body types and dimensions (Zakaria, 2011). Body

measurement is the precursor process in designing apparel (Abu Bakar, 2012;

Carufel & Bye, 2020; Gupta, 2014). In the ready-to-wear segment, anthropometric

data is very important to profile body dimensions and categorize them according to

apparel sizes (Liu et al., 2016, 2017; Wang et al., 2019; Wren & Gill, 2010;

Zakaria, 2016).

4.3 The 3D body scanning technology and
anthropometric sizing surveys

The progressive advancement of technology has resulted in bigger innovative ideas

of manufacturing higher-quality products than its predecessors being generated,

positively impacting the community. Being aware of the importance and uniqueness

of the data, many countries, such as the United States, United Kingdom, Japan,

France, Germany, Portugal, Italy, Korea, Spain, China, Romania, Brazil, India, and

Thailand, have developed their anthropometric database as shown in Table 4.1.

4.3.1 The 3D anthropometric sizing surveys

Anthropometric research has been conducted extensively worldwide using 3D

body scanning technology, mostly to address the assembly problems of the apparel

industry. The related anthropometric surveys are the Civil American and

European Anthropometry Surface Resource (CAESAR) project, SizeUSA, SizeUK,

SizeGermany, France Sizing Survey, SizeKorea, SizeThailand, SizeIndia, Spain

Survey, SizePortugal, SizeItaly, Smartfit and SizeBR, Romanian Survey, SizeChina,

and SizeNorthAmerica.

The CAESAR project was the first large-scale 3D scanning technologies anthro-

pometric survey (Bragança et al., 2016) conducted by Air Force Research

Laboratory. The survey involved the population of three North Atlantic Treaty

Organization (NATO) countries: the United States, the Netherlands, and Italy. The

data collected were for research related to workstations and cockpit design, body-

fitting apparel, and facial equipment (Cheng et al., 2007).

SizeUSA was the major player in measuring the American population accurately.

The subjects were scanned across the country in 12 cities, leading to a database of

10,000 subjects scanned (TC2, 2020). The SizeUK was conducted by the British

government in collaboration with major UK apparel companies, academic institu-

tions, and several technology companies such as the non-profit Textile Apparel

Technology Corporation (Treleaven, 2004).

In a separate anthropometric survey, SizeGermany was carried out by Hohenstein

Institute, and Human Solutions GmbH in collaboration with industry partners (Staff,

2014). The Spain survey was conducted to characterize the body measurements of

the Spanish population to solve the issue of fit in the apparel industry. The survey
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Table 4.1 Summary of 3D anthropometric surveys conducted worldwide.

Project References Year Sample

size

Country Age range Body scanner

company

CAESAR Suikerbuik et al. (2004) 2000 2500 The United States

and Canada

18�65 Cyberware

2000 2500 The Netherlands and

Italy

18�65 Human solutions—

Vitus Pro

SizeUK Bougourd and Treleaven

(2010)

2001�02 10,000 The United Kingdom 16�65 TC2

SizeUSA TC2 (2020) 2002�03 10,800 The United States 20�65 TC2

SizeGermany Staff (2014) 2007�09 13,362 Germany 6�87 Human solutions—

Vitus Smart

France Sizing

Survey

Kennedy and Vic (2008) 2003�04 11,562 France 5�70 Human solutions—

Vitus Smart

Spain Survey Ballester et al. (2015) 2007�15 12,000 Spain 3�70 Human solutions—

Vitus Smart

SizePortugal Ramoa et al. (2018) 2014 1864 Portugal 17�75 TC2

SizeIndia Kulkarni et al. (2011) 2009�10 5028 India 18�45 Human solutions—

Vitus Smart

SizeItaly Stampfli et al. (2012) 2012�13 6000 Italy 18�75

6�17

Human solutions—

Vitus Smart

SizeThailand Charoensiriwath and

Tanprasert (2010)

2007�08 13,442 Thailand 16�601 TC2

6th Korean

Survey

Lee (2010) 2010 14,016 Korea 7�69 Hamamatsu

SmartFit Cools et al. (2014) 2013 2500 Belgium 3�70 Telmat SYMCAD II

and TC2

Romanian

Survey

Niculescu and Ionescu-

tirgoviste (2012)

2009�10 4000 Romania 20�65 Human solutions—

Vitus Smart



SizeChina Ball (2011) 2008 2000 China 18�701 Cyberware

SizeBR Ferreira Bastos et al. (2013) 2014 6941 Brazil 18�651
(women)

TC2

SizeIndia II Wright (2018) 2018 (in

progress)

25,000 India 15�65 N/A

SizeNorth

America

Kuebler et al. (2019) 2019 (completed) 18,000 The United States

and Canada

6�651 Human solutions—

Vitus Smart



was conducted with the cooperation of the Spanish Clothing sectors, the national

association (FEDECON), and the regional association (ATEXGA).

The government of Thailand, through the Thai Industrial Standards Institute,

National Statistical Office, the Federation of Thai Industries, and the National

Science and Technology Development Agency, developed an anthropometric sur-

vey named SizeThailand. The success of the project was attributed to the coopera-

tion between the Thai government with textile organizations, clothing retailers,

academia, and automotive sectors, which jointly funded the anthropometric data-

base for Thailand called SizeThailand. Details of other studies can be referred using

Table 4.1, which shows that anthropometric surveys were conducted primarily for

the establishment of apparel sizing for their respective population.

4.3.2 The 3D body scanning technology for anthropometric
surveys

There are four types of body scanning technologies: Laser-based system, structured

Light-based system, multiview camera system, and radio-wave linear-array image

capture, also known as millimeter-wave.

4.3.2.1 Laser-based system

The scanner works on the principle of triangulation (Treleaven & Wells, 2007) pro-

jected laser line on the body from different sides and viewed by the camera under a

fixed angle (Daanen & Ter Haar, 2013). A single line has the advantage of being

easily detected by the sensor and is calculated precisely based on how the projected

2D line is deformed on a 3D surface. The 3D line will then form the entire 3D

image (Bragança et al., 2015). The manufacturers of laser-based scanners are

Hamamatsu and Human Solutions.

4.3.2.2 Structured light-based system

The 3D scanners project patterns of light on the body. The video projector gener-

ates the pattern, and the cameras record the distorted pattern (Treleaven & Wells,

2007). The structured light scanner’s advantage is its speed. The fast characteristics

of structured light scanning make it suitable to be used for 4D scanning, that is,

real-time 3D scanning at 200 Hz. It provides good possibilities for registering

movement with 3D form (Mochimaru & Kouchi, 2011). Manufacturers of this type

of scanner include TC2, and Wicks and Wilson.

4.3.2.3 Multiview camera system

To create 3D images, this system uses two or more cameras. The stereo camera

takes two views from different points at the same time. The body depth can be mea-

sured and transformed into a compact 3D image in real-time based on the quality of

the two images. The advantage of a stereo camera system is that there are no laser

lines or light patterns transmitted, so sunlight cannot interfere with the pattern.
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However, using lines or patterns allows for higher resolution and precision in

3D images.

4.3.2.4 Radio-wave linear-array image capture, also known as
millimeter-wave

This 3D scanner uses linear linear-array radio-wave technology. The scanning

can be done through clothing. The company using this kind of 3D is Intellifit

(Treleaven & Wells, 2007).

The 3D body scanner manufactured by Human Solutions and Textile Clothing

Technology Corporation (TC2) is among the most popular brands used for anthro-

pometric surveys. The 3D body scanners system produced by these two manufac-

turers is integrated with computer-aided design, which can be used not only to

collect databases but also for designing furniture, and workplaces and, most impor-

tantly, to design apparel (Istook & Hwang, 2001). It is important to test its reliabil-

ity and validity when using anthropometric data as these factors can affect both the

measurement and the interpretation of results obtained. The next section will dis-

cuss reliability issues and concerns related to 3D scanning technology.

4.4 The 3D body scanning technology: types and
reliability

The development of a 3D whole-body scanner opens up opportunities for measuring

the human body more efficiently. Based on Kouchi and Mochimaru (2011), the

main source of error in measuring the human body can be traced to the devices

used and the person involved in the anthropometric survey. According to Wang

et al. (2007), the fundamental issues in data reliability were landmark identification

and data measurements; and they suggested the marker placement on the human

body to be all-important in facilitating the correct correspondence between the

subjects, on one hand, and across scans for anatomical locations before scanning,

on the other. The procedure of placing markers is very tedious. Landmarks can

be placed manually with a traditional coloring marker because scanners can sense

color differentiation (Bragança et al., 2016), but it will tend to human errors

(Bragança et al., 2019). However, with the current advancement of the 3D scanners,

the tedious process of marking which are the points of interest on the body for gar-

ment fitting can be considered as a thing of the past. Several automated landmark-

ing have been proposed. Buxton et al. proposed silhouette or body surface image to

identify the points (Buxton et al., 2000). The body surface can be used to extract

body landmark features and anthropometric information. In a different proposal,

Allen et al. suggested a template mapping approach, which utilized the 3D scanning

data to identify the proximity of the transformation vertices to the data range of the

template surface that resulted in the sparse marker distance appropriate locations on

the template target body surfaces (Allen et al., 2003).
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Furthermore, a 3D Scanner reduces the repetitive manual measurement to be

done by a measurer. It also reduces the time spent by the measurer to interact with

the specimen. Two questions arise on the use of manual or automation using the 3D

scanner: firstly, which would give more reliable data? Second, how can we give

evidence of reliability and validity of the collected data regardless of the methods?

Quantitative research is the process of collecting and analyzing numerical data,

in which an anthropometric survey produces numerical data. Quantitative research

can be used to find patterns in data and deduce averages to understand the nature of

data collected, make predictions, define causal test relationships, and generalize

results to broader populations. Hence, there are higher chances that researchers

would conduct quantitative research to get anthropometric data.

When conducting quantitative research, one must consider the reliability and

validity of his research methods and measurement instruments. Reliability shows

how consistently a method measures something. It is expected that when applying

the same method to the sample under the same conditions, one should get the same

results. If not, the method of measurement may be unreliable. The validity, on the

other hand, describes the accuracy of a measure. For this research, the focus is on

reliability instead of data accuracy, even though the latter is as important.

Nevertheless, it is essential to consider both reliability and validity during

research design, planning methods, and writing up results, especially in quantitative

research. The reliability and validity of research methods depend on how one col-

lects, measures, and analyzes and interprets data. The inconsistency in the data can

be caused by several factors such as the apparatus used, the measurer’s skill in con-

ducting the procedure, the collection method or process, and the environment and

time of the day. Three assays can be made to evaluate the measurements of the 3D

body scanner: (1) compare the 3D body scanning measurements with manual mea-

surements (Abu Bakar, 2012), (2) repeat the scan-derived measurements (Robinette

& Daanen, 2006); and (3) repeat the scan-derived of the landmark, the location

from the same object image (Kouchi & Mochimaru, 2011).

There are four different types of reliability measurements mentioned by Middleton

(2019), as shown in Table 4.2. They can be used to measure the consistency of

results due to time, people, different versions of the instrument used, or internal

consistency.

Choosing the correct reliability measurements would ensure that fewer errors

crop up in the data sample. For example, when the consistency of the results over

the same sample is weighed, one should repeat the same test over the same sample

size a few times but at different points in time. The process would eliminate other

influences over the sample. The researcher should use interrater reliability measure-

ment to rule out the possibility of the measurer influencing the result of the measur-

ing data; again, parallel forms reliability measurements are used when two different

assessment tools or sets of questions are designed to measure the same thing; lastly,

to measure the internal consistency, a researcher can calculate internal consistency

without repeating the test or involving other researchers. The correlation between

multiple items in a test that intended to measure the same construct can be mea-

sured. Besides testing the validity and reliability of the anthropometric data, the
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protocol before and after the survey must be taken into account, where the protocols

must be clear so that the survey can be conducted smoothly to avoid any distraction

during the implementation of the survey, which can impact data, subjects, and the

team who handle the survey.

Table 4.2 Type of reliability to measure consistency (Middleton, 2019).

No. Type of reliability Description Measures the 3D

consistency

i. Test�retest Test�retest reliability measures the

consistency of results when one

repeats the same test on the same

sample at a different point in

time. A researcher uses it when he

measures something that he

expects to stay constant in his

sample selection

The same test

over time

ii. Interrater Interrater reliability measures the

degree of agreement between

different people observing or

assessing the same thing.

Researchers use it when the

collected data require assigning

ratings, scores, or categories to

one or more variables whereby

the variable is an attribute to the

object of study. Interrater is also

known as interobserver reliability

The same test

conducted by

different

peoplea

iii. Parallel forms Parallel form reliability measures the

correlation between two

equivalent versions of a test. A

researcher uses it when two

different assessment tools or sets

of questions are designed to

measure the same thing

Different versions

of a test are

designed to be

equivalent

iv. Internal consistency Internal consistency assesses the

correlation between multiple

items in a test intended to

measure the same construct. A

researcher can calculate internal

consistency without repeating the

test or involving other researchers,

so it is a good way of assessing

reliability when there is only one

data set

The individual

items of a test

aIn 3D scanning, data are usually collected by one measurer. To enhance the reliability, it is advised that a pilot test
be conducted.
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4.5 The 3D body scanning: test of validity

Other than reliability issues, it is also important to focus on data accuracy. Data

accuracy relates to data validity which determines the accuracy of the components

of a measure. If a method measures what it claims to measure and the output

closely corresponds to real-world values, then the data can be considered valid.

There are four types of validity tests to be considered: construct, contents, face, and

criterion validities (Middleton, 2019). First, construct validity ensures that the

method of measurement matches the construct to be measured, where a construct is

a concept or characteristic that cannot be directly observed but can be measured by

observing other associated indicators. It can be (almost) anything. Simple constructs

include height, weight, and IQ.

More complicated constructs include characteristics of individuals, such as intel-

ligence, obesity, job satisfaction, or depression, which can also be broader concepts

applied to organizations or social groups, such as gender equality, corporate social

responsibility, or freedom of speech. Second, content validity assesses whether an

instrument is representative of all aspects of the construct. It uses a formal, statistics-

based approach, usually with experts in the field, and these experts judge the instru-

ment on how well they cover the material. Third, face validity is like content validity

but is a more informal and subjective assessment given it checks for validity at face

value only. Finally, criterion validity evaluates how closely the results of one test

correspond to the results of a different test, where the criterion is an external mea-

surement of the same thing and the test is usually an established or widely used test

that is already considered valid. For an anthropometric survey using a 3D body scan-

ner, we suggest that criterion validity is applied to ensure data accuracy.

4.6 The 3D body scanning anthropometric survey
protocols

As of now, there are no standard protocols for the 3D body scanning anthropomet-

ric survey, especially in capturing body scan data, resulting in discrepancies and

issues in a scientific field (Gill et al., 2016). Two studies have been reviewed to

develop 3D body scanning anthropometric survey protocols. The anthropometric

survey protocols proposed by Zakaria (2016) and Gill et al. (2016) have covered

procedures before and after the survey was conducted, as shown in Tables 4.3 and

4.4, respectively. However, by 2019, the WHO and UNICEF (2019) had produced

a guide for anthropometric surveys for children below 4 years old.

Based on the review of both protocols mentioned earlier, approval from the ethi-

cal committee is a must before conducting the anthropometric survey. Research

ethics govern the codes of conduct for scientific researchers. To protect the integ-

rity, freedom, and health of the subjects researched, it is important to follow the

ethical guidelines of the World Health Organization [World Health Organization

(WHO), 2011a]. All research involving human-related research must get approval
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Table 4.3 The 3D body scanning protocol for anthropometric data collection (Zakaria,

2016).

No. Procedure Description

A Ethical committee

approval

� The university ethical committee approval is a must.
� Several issues that need to be addressed to get

approval are:
� Nature of digital image.
� Confidentiality issue.
� Digital image storage issue.
� The use of data.
� The outcomes of data can benefit the research

overall.

B Medical doctor as

consultant

� Appoint a medical doctor as a consultant to ensure

that children undergoing the scanning procedure will

not have any negative physical and psychological

effects.

C Consent letter � The form must contain comprehensive information

such as:
� Purpose of study.
� Steps before and after the scanning procedure.
� Details about the 3D body scanner will be used

for surveying, including the scanner and scanning

procedure, which will not harm children

physically.
� Research expected outcomes.

� The form must be written in layman’s terms; this

enables the public to understand the research.
� The form must clearly state:

� Data confidentiality.
� Open to withdrawal from being a subject term.
� The research is not for commercialization

purposes.

D Step-by-step procedure

D1 Registration of

subjects

� Each subject will be provided with a barcode

number.
� The barcode will be a reference for the team to

identify the subject, such as filling out questionnaires

and body scanning.

D2 Weight and height

measurements

� Weight and height will be measured.

D3 Explanation about the

body scanning

process

� The subjects must be explained the scanning

procedure from beginning to end, including the attire

they need to wear during the procedure.
� Subjects will view the video demonstration.

D4 Changing clothes to

tight-fitting

� Subjects will use a private changing room to undress.
� Change clothes to tight-fitting.

(Continued)
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Table 4.3 (Continued)

No. Procedure Description

D5 Body scanning in

booth

� Subjects will be assisted in a suitable position for

scanning.
� Subjects will hold the hand railing in the scanning

both and stay at that position for about 10 seconds

for the camera to scan the whole body.

D6 Changing clothes to

school uniform

� Subjects will return to changing cubicle for getting

dressed in the uniform.

Table 4.4 The 3D body scanning protocol for anthropometric data collection (Gill et al.,

2016).

No. Procedure Description

A Ethical committee � The university ethical committee approval is a

must, and any deviations from the scanning

procedure require the ethics committee for their

consideration.

B Step-by-step procedure

B1 The subjects’ recruitment � The subjects are invited to be scanned OR.
� Use social media, posters, and word of mouth to

invite subjects to be scanned. The invitation

confirmation is made through the online booking

system located on the university website.

B2 Explanation about the

body scanning process

� The subjects have been explained the scanning

procedure from beginning to end, including the

attire they need to wear during the procedure.
� Scanning will be taken by the trained scanning

personnel, whose names are listed in the consent

form.
� The scanning procedures will be under scanning

personnel responsibilities who are among

university staff. The details of their contact

numbers must be clearly stated in the consent

form.

B3 Subjects fill in the details

in the database

� Subjects will fill in the details such as gender,

ethnicity, and age directly to the encrypted PC.

The database is equipped with being password-

protected. This data must be separated from

scanned data.
� Each participant will be assigned a unique code

to name the scan file and retain the anonymity of

the scan participant whilst linking it to the

database.

(Continued)
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Table 4.4 (Continued)

No. Procedure Description

B4 Print and sign the

consent form

� Subjects must read the signed consent form

before proceeding with the scanning procedure.
� A copy of the consent form will be kept and

stored properly.
� The blank copy is available on the website for

scrutiny by subjects.

B5 Manual measurements

before the scanning

� Several manual measurements will be taken

before scanning so that subjects will understand

the purpose of measurements, such as:
� Height � no shoes allowed during height

measurement
� Head Circumference � for clothing opening

requirements
� Min Max hand � for clothing opening

requirements
� Hand length � for clothing opening

requirements
� Measurements are taken manually to illustrate

taking measurements for the subject’s view

before giving consent and during the process.

B6 Provide a private

changing cubicle to

change into underwear

and record weight

� Subjects will use a private changing cubicle for

getting undressed, and appropriate underwear is

provided if they do not have tight-fitting

underwear.
� Subjects will remotely be helped to take their

weight from the private changing cubicle.
� A particular gown will be provided for subjects to

move from changing cubicle to the scanner booth.

B7 Enter the scanner booth

and stay with the right

body posture

� The scan body position and posture will be

explained to the subjects before their entering the

scanning booth.
� Subjects will key in the unique personnel code

from the consent form to name the scan file

before scanning.
� The participant must remain in a standing

position until the procedure of scanning is

completed (estimation duration of scanning

approximately one minute).
� The team will check the image captured through

the screen, and the repeat process will be

requested (if necessary).

B8 Leave scanner booth and

proceed to the changing

cubicle for dressed

� Once the scanning process is done, the participant

will return to the changing cubicle for getting

dressed.

(Continued)
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