
 

 

 

ABSTRACT 

LI, JIAYIN. The Evaluation of a 2D Measuring Garment for Accuracy in a Size Range and 

Customer Acceptance. (Under the direction of Dr. Andre J. West and Dr. Cynthia L. Istook). 

 

Body measurement plays an important role in the apparel industry. It is wildly used in 

apparel pattern making, sizing, and fitting for manufacturers. As for the consumer, they need 

body measurements to find the right size clothing. However, measuring their own body is not 

easy. The traditional one-dimensional manual measuring method takes a long time and has a low 

accuracy for people without training. The three-dimensional body scanning method is fast and 

relatively accurate, but the price and size of the body scanners are not suitable for daily home 

use. In this case, the two-dimensional image measuring system that can be used on a smartphone 

or smart pads is considered as a convenient and affordable way for human body measuring. 

The purpose of this research is to develop a series of garments that can be used as a 

measuring apparatus in a developed 2D image body measuring system. Base on the basic 

requirements of the 2D image body measuring system, a series of measuring garments, including 

three designs and five sizes, were developed for evaluation. To evaluate these developed 

measuring garments, a one-dimensional online survey was developed to collect basic 

demographic data for prediction model development as well as consumer preference and 

evaluation of the measuring apparatus to understand consumer acceptance of this kind of 

product. Two-dimensional image data and three-dimensional body scanning data were also 

collected to develop the prediction model, extract predicted body measurements through the 2D 

image body measuring system. The 1D, 2D, and 3D data were collected among 50 subjects for 

data analysis. The extracted prediction measurements were analyzed by comparing with the 

extracted three-dimensional body scanning data and among the three different designs to 

evaluate the impact of the fit and design of the measuring garments. 



 

 

 

Four representative measurements as bust girth, waist girth, hip girth, and inseam length 

were selected to be compared between 3D vs. 3D, 2D vs. 2D, and 2D vs. 3D measurements. The 

3D vs. 3D group compared extracted 3D body measurements among different fit of measuring 

garments on the same subject to evaluate the impact of garment fit. The paired t-test result 

suggested that the fit of measuring apparatuses has a statistically significant impact on body 

measurements but was acceptable in the apparel industry. 

To extract the 2D measurements, the prediction models of these measurements were 

developed using the 2D images. Scikit-image, OpenCV-python, Scikit-learn, and TensorFlow 

application programming interface were referred. The least absolute shrinkage and selection 

operator (LASSO) method and Akaike information criterion (AIC) were used for model selection 

to narrow down the variable amount. The result of 2D vs. 3D measurements approved that 

having both arms above head would be an acceptable pose for better 2D image body outline 

detection. The 2D vs. 2D group compared the prediction measurements among the three different 

designs. The result suggested that the design does not have a significant impact on prediction 

measurements. 

As for the consumer acceptance level, the participants were mostly college students, and 

they were interested in using these measuring apparatuses for body measuring. The feedback 

from these participants also showed that the measuring garments have some potential to be gym 

suits for future product development. 

Overall, this research has successfully developed a series of garments that work with the 

developed 2D image measuring system as a measuring apparatus. Representative body 

measurements as inseam length predicted using this measuring apparatus and 2D image 

measuring system reached was acceptable in the apparel industry.  
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CHAPTER 1. INTRODUCTION  

Clothing is a life necessity for human beings; it protects the human body, identifies job 

occupation, and represents the personal character. Sportswear, one of the most significant 

categories in the apparel industry, was first developed only for sports training and competition 

but has now become very common in daily life. In the past century, activewear has experienced 

revolutionary development, especially among women. From the cumbersome and inconvenient 

dresses to simple, lightweight sports bras and shorts, the development of womenôs activewear 

reflects not only the changes among aesthetic and material technology but also the changes of 

female social status and the rise of womenôs rights. 

 In modern society, sportswear has been widely accepted for casual/everyday use instead 

of limited to gyms and playgrounds (NPD Group, 2014; Rugolo, 2013). This change in consumer 

lifestyle has dramatically influenced the apparel market. Activewear has become a staple 

primarily for the U.S. apparel market over the past ten years, and womenôs spending has 

dramatically contributed to the sales growth of the sportswear market (NPD Group, 2013; 

OôSullivan, Hanlon, Spaaij, & Westerbeek, 2017). Meanwhile, e-commerce has proliferated 

since the beginning of the 21st century, and the online sales of sporting goods have reached 13.4 

billion U.S. dollars, up from 9.3 billion U.S. dollars in 2014 (Statista, 2018).  

The growth of online sales brought a great opportunity to the apparel industry, but it also 

brought challenges. Clothing returns are one of the biggest headaches for online apparel retailers 

as the return rates are significantly higher for e-retail fashion companies comparing to in-store 

sales. About twenty to fifty percent of online clothing sales are returned after purchase (Pulga, 

2015). Apparel retailers are haunted by returns caused by sizing issues, with $62.4 billion in 

returns attributed to poor choices by the consumer (Cheng, 2015). However, over the next five 
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years, online sales of apparel, footwear, and accessories are predicted to continue to grow more 

than $40 billion, compounding the problem exponentially (Statista, 2018).  

Combinations of strategic body measurements determine the size of clothing. Most 

consumers do not know their body measurements when attempting to determine the size of a 

garment they want to purchase when shopping online. Also, customers have significant difficulty 

in attempting to take their measurements. Many customers even buy a style in two sizes and 

return one adding to cost and waste. In 2015, $62.4 billion of returns were caused simply due to 

the wrong-size problem, occupying 0.5% of total sales (IHL Group, 2015). To cut costs and 

alleviate the headaches and frustrations of online shopping, a convenient, cost-efficient, and 

accurate body measuring tool is urgently needed for both consumers and apparel companies. 

It is necessary to understand what to measure and how to measure the human body before 

developing this body measuring tool. Human body measurements are widely used in the apparel 

industry for designing, pattern making, sizing, grading, mass customization, 3D model 

recreation, and virtualization (Gupta, 2014; Lu, Wang, Chen, & Wu, 2010; Schofield & LaBat, 

2005;). For apparel design and sizing system development, the most important human body 

measurements are summarized as primary and secondary measurements and listed in global and 

national standards (ASTM International, 2015; ISO, 2017c). 

There are several different ways to collect human body measurement data. The most 

traditional method is manual measuring with a weight scale, camera, measuring tape, 

anthropometer, spreading caliper, and head spanner (Kouchi, 2014; Simmons, & Istook, 2003). 

Three-dimensional (3D) body scanning technology is a popular and modern method that is 

widely used in recent years. It collects human body measurements and creates digital data to 

generate the human form in point-cloud (a set of data points on an external surface) (ISO,2017c). 
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Three-dimensional body scanning technology has promoted the development of 3D modeling 

and virtualization technology, which primarily benefit designers and manufacturers. Compared 

to the traditional manual measuring method, the measurement collected by 3D body scanning is 

more accurate and takes much less time. However, the cost of 3D whole-body scanners is usually 

too expensive for consumers to afford for daily use, which limited the use of 3D body scanning 

in academic research and industry only (Xia, Guo, & Li, 2018).  

A 2D image body measuring method, in this case, is considered as a potential solution for 

low-cost and reliable human body measuring method. This human body measuring method uses 

2D images collected by a standard camera or smartphone to rebuild the 3D model based on the 

silhouette information. To reduce the influencing factors and protect privacy for users, measuring 

garments are required for the 2D body measuring method (Grogan et al., 2017; Seo et al., 2006). 

With a potential market calling for a reliable and low-cost solution for human body measuring, it 

would be a valuable asset to develop an aesthetically acceptable measuring garment and 2D body 

measuring system for consumers to use in their daily life.  

 

1.1. Purpose of Research 

Based on the background information, there is an urgent demand for a convenient, 

accurate, and low-cost body measuring method. This method needs to be easy to use in daily life 

and adopted by society. A negative example is Google glasses. The privacy concern among 

consumers brought a negative perception on market acceptance. Thus, the adoption of the 

technology has not been realized (Rauschnabel et al., 2015). The purpose of this research was to 

develop a series of garments as a measuring apparatus for a human body measuring system using 

2D images based on the research of the PrimeFit team. Close-fitting sportswear, as one of the 
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most popular categories in the apparel industry, was considered to be an appropriate option for 

this measuring apparatus as it tends to be a close fit and stretchy enough to fit more than one 

size. The measuring garments need to be aesthetically acceptable for consumers to wear and help 

locate the measuring area for body measurement collection. Primary and secondary 

measurements for most apparel categories, including gloves, hats, and socks, could be covered in 

the design. The color palette of the garment needs to be identifiable compared to the daily 

background environment for this method to work as the garment has to be an easily identifiable 

separate image. 

 

1.2. Rationale of Research 

The 2D image human body measurement system is a growing trend for home use body 

measuring methods. This could mostly benefit consumers and apparel retailers by helping 

conduct body measurements efficiently and accurately. Accurate body measurements could 

result in a lower return rate for online shopping. The 2D image measuring system used in this 

research has been tested and approved to be efficient and cost-effective for female body 

measurement, and it is easy to operate using a smartphone (Xia, 2018). The measuring garment 

will be used as a helpful tool to locate the measurement area and avoid the errors caused by loose 

fitted clothing during the 2D image measuring process. The sportswear style would also help 

consumers accept this type of garments and use them in their daily life for exercising rather than 

a new technology apparatus. Developing this measuring garment could help improve the 2D 

image measuring system and benefit consumers. 
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1.3. Research Questions 

To guide the study, the following questions were developed to evaluate the measuring 

garment from accuracy and consumer acceptance level. 

RQ1: Does the design and fit of the measuring garment affect the accuracy of measurements 

obtained from the 2D images of the human body? 

1a. How does the design impact measuring results? 

1a1. What kinds of patterns, colors, and styles can be used to obtain accurate 

measurements? 

1a2. What are the appropriate color-design locations and sizes for landmarks on 

the human body? 

1b. How does fit affect measurement results? 

1c What kind of accuracy can be achieved? 

RQ2: Does the arm position impact the accuracy of measurements obtained from the 2D images 

of the human body? 

RQ3: Does the fashion element of the measuring garment impact the attitude of the consumer to 

purchase the garments using the measuring app? 

3a. Does the design relate to the consumer expectation for activewear? 

3a1: What are their expectations? 

3a2: Do they have any preferences on the fit or design? 

RQ4: Would consumers adopt this new technology? How would they use it (simply as a 

measuring tool or wear it as an outfit)? 
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CHAPTER 2. LITERATURE REVIEW  

The measuring garment development focused on two main features: consumer acceptance 

and measurement accuracy. To achieve this goal, it is important to find an existing apparel 

category to fit this new product so it can be easily accepted by consumers. In this research, 

activewear was selected as the design style for the measuring garments based on concerns of two 

levels: function level and market level. In this chapter, the history, function, and market analysis 

of female activewear were reviewed for further product design. On the other hand, human body 

measuring methods were also reviewed to define and locate the most important measurements.  

 

2.1. Women Activewear Trends and Drivers 

2.1.1. History of Women Sportswear in the U.S.  

In the past, the definition of activewear was narrowly limited as clothing for sports or 

exercise. This definition has now been broadened as transition clothing from leisure to casual 

wear or even evening wear (OôSullivan, Hanlon, Spaaij, & Westerbeek, 2017). From university 

gyms to the streets, womenôs activewear has undergone a long and complicated process of 

evolution, together with the awakening of female consciousness and the rise of feminism.  

The evolution of womenôs activewear can be divided into four different stages: before the 

1890s, 1890s to Second World War (1945), Second World War (1945) to the 1960s and 1960s 

until today. 

 

2.1.1.1. Victorian period (1840-1900).  Victorian Period was the embryonic stage of 

female sportswear. In the 19th century, women lived in an environment in which roles of men 

and women are strictly differentiated. The cult of ñtrue womanhoodò limited women into a pale 

and slim appearance, followed by the popularity of exquisite corsetry and dieting. The corsetry  
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covered the whole bodice part from the bust to the lower hip, emphasized the curve of the waist 

(Banner, 1983). Figure 1. shows a representative image of women in the Victorian period 

(Victorian-era.org, 2014), and Figure 2. shows the image of women wearing corsetry in 

1831(Tortora, & Eubank,2015). 

 

  
Figure 1. Victorian period attire for women (victorian-era.org, 2014) 

 

 
Figure 2. The corsetry during the Victorian period in 1831 (Tortora, & Eubank, 2015, p332). 
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Under such morbid aesthetic, it would have been unlikely for women to participate in 

sports because the tight corsetry may have caused palpitations and swooning. The image of ñtrue 

womanhoodò also prohibited women from being seen under emotional excitement (Gerber, 

1974; Kemper, 1977).  

In the second half of the nineteenth century, the rise of womenôs colleges brought more 

possibilities to women. These colleges bravely mixed traditional and experimental activities and 

offered women an education that comparable to their brothers. Entirely new educational 

environments encouraged the growth of women and brought evolutionary thoughts into their 

lives (Warner, 2006). These schools for women helped to increase the acceptance of higher 

education in women, including physical education. Elizabeth Blackwell, the first American 

woman, trained as a doctor, was an early advocate of the idea that men and women have equally 

balanced bodies, minds, hearts, and souls. She published several articles arguing the necessity of 

physical education and exercises among women (National Library of Medicine, 2000). In the 

1860s, calisthenics was promoted by the famous physical advocate Dio Lewis in the U.S, and it 

became a popular form of female physical education. Figure 3. shows the image of a gymnastic 

dress developed by Dio Lewis in 1862 for female calisthenics (Lewis, 1862). 

In the early 1880s, Senda Berenson from Smith College designed an indoor womenôs 

basketball game based on existing menôs game. This new game was more interesting than 

calisthenics and attracted more women to participate in sports. In order to adapt more 

movements, a new style of clothing was demanded. A set of uniform style clothing called a gym 

suit was developed under this activity. This gym suit was a tremendous evolution and set up the 

foundation for modern women sportswear (Warner, 2006). Figure 4. shows the look of gym suits 

from Smith College in 1895. 
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Figure 3. Dio Lewisôs gymnastic dress in 1862 (Lewis, 1862). 

 

 
Figure 4. Basketball gym suits from Smith College in 1895 (Warner, 2006). 
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Bicycling was another favorite sport for American people in the 1890s. It quickly 

eclipsed horseback riding. This activity became popular because it was considered a cheap and 

convenient means of transportation as well as exercise. The popularity of bicycling has also 

influenced the clothing women wear to go outdoors. The combination of long skirts and bicycle 

spokes were found inconvenient for safe riding, so women started to wear bloomers under skirts 

or to wear bloomer style bicycling outfits instead of skirts (Warner, 2006). Figure 5. shows the 

image of two ladies wearing bicycling outfits in 1894. This was an early attempt of women 

wearing trousers in the history of female activewear development. 

 

 
Figure 5. Bicycling Outfits in 1894. (The Delineator, 1894). 

 

2.1.1.2. The 1900s to the Second World War (1939). During the period from 1900 to 

1960, the increasing number of womenôs colleges help broadened literacy. Raising awareness of 

the equivalence between men and women became gradually accepted among educated people. 

Two significant breakthroughs happened during this period, and they significantly promoted the 
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evolution of women sportswear. The first breakthrough is that women started to participate in 

competitive sports in the Olympic games. 

The first modern Olympic Games were held in Athens, Greece, in 1896. Over three 

hundred male athletes participated in this event. The second Olympic Games held in 1900 was 

the first time that women were allowed to participate. Among all athletes, only 2% of them were 

women, and they were not accorded any uniform or other possible recognition by the Olympic 

Committee (Welch & Costa, 1994). Female athletes were allowed to compete in only a few 

events, including tennis, golf, and archery. British tennis player Charlotte Cooper was the first 

female Olympic champion. As shown in Figure 6., she was wearing a stiff high collar shirt and a 

skirt that closely fitted on the hip and waist. Compared to male athletes wearing tank tops and 

above-knee shorts, her image was still limited by the elegant and pretty ñwomanhoodò (BBC, 

2017). 

 

 
Figure 6. The first female Olympic champion Charlotte Cooper (BBC, 2017). 
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The second breakthrough is the uncovering of a womenôs body. In the United States, 

before the mid-1920s, women were never seen swimming or bathing in public with their legs 

exposed. In many cities, the indecent exposure was considered a crime and may risk arrest. 

Stockings, in this case, were required for women who come to the public beach (Warner, 2006).  

The reveal of womenôs bodies stemmed from physical education in womenôs colleges. 

Thus, the gym suit applied in physical education was the starting point for the female modern 

sportswear evolution. It allowed more freedom than outdoor sportswear because it was meant to 

be private clothing that should never be seen in public (Warner, 2006).  By the 1920s, a new 

form of gym suit was needed to adapt to more competitive sports. As shown in Figure 7, a set of 

team uniforms, including a shirt and shorts, appeared in Rockford College in 1929, and it became 

popular in many schools in the 1930s.  

 

 
Figure 7. The washable cotton romper suit from the 1930s (Warner, 2006). 

 

Until the 1920s, women had worked assiduously to maintain their pale, freckle-free 

complexions. The original version of the swimsuit was called ñbathing dress,ò including a pair of 
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bloomers, stockings, and a skirt. Figure 8 shows the image of a bathing dress in 1871. Male 

swimsuits, in the meantime, were much more straightforward. Men wore a one-piece knitted 

garment with or without sleeves, and the shorts stopped above their knee. This close fit style was 

accepted among English women but was considered shocking in the United States (Alison,1963).  

The development of motor cars also helped promote the evolution of swimwear. The 

introduction of Henry Fordôs motor vehicle model T in 1908 made it easier for people to access 

public beaches and encouraged people to uncover under the sunshine. People outside the 

competitive sports gradually became accustomed to bared arms, legs, and backs. The popularity 

of movies also helped audiences accept swimsuits in newer, barer, and more daring styles 

(Godeyôs, 1864). 

 

 
Figure 8. Bathing suit in 1871 (Petersonôs Magazine, 1882). 

 

2.1.1.3. Second World War and beyond (1939 -1960s). During the war and post-war 

years, sportswear achieved the transition from sports use only to casual wear into peopleôs life 

(Skorich,1997). World War II brought significant changes to both the U.S. society and the 
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apparel industry. The production capability of the apparel industry had significantly been honed 

during the war, allowing a much more full range of production activities and expanding womenôs 

clothing options (Womenôs Wear Daily, 1957).  Many new synthetic blends were invented and 

improved during the war, which required less care than natural fiber made fabrics. Rayon was 

applied in many more categories of garments, and the color ranges were considerably broadened 

due to new design formulas (Women's Wear Daily, 1948). 

At the social level, the booming middle class had optimistic expectations of their lives 

and were presenting a new positive attitude. Americans started moving to the newly developed 

suburbs to enjoy their family life instead of the hustle urban nightlife (Skorich,1997). From the 

year 1947 to 1953, over 1,200,000 Americans moved from cities to suburbs annually 

(Seldin,1976).  Moving to the suburbs helped the middle class shape a new set of values and a 

new pattern in the American lifestyle. More and more people spent their spare time in outdoor 

travels and sports, which help raise the acceptance of sportswear (Richard, 1985). Sportswear 

was no longer limited to specific sports but accepted as an association with sports. Unlike high 

fashion dresses, sportswear presented a healthy and casual lifestyle. With very few significant 

social class elements, sportswear became the uniform of the American middle class (Skorich, 

1997).  

 

2.1.1.4. 1960s-now. Although gym suits persevered in the early 1960s in some parts of 

the United States, it finally naturally disappeared. The extinction of these gym suits was very 

likely because of the vanish of female athletics in college and high school. T-shirts and non-

regulation shorts have taken over (Warner, 2006). 

An important turning point was the issuance of Title IX. Title IX was passed in 1972 as 

part of the Education Amendments. This federal civil right law protects people from 
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discrimination based on sex in education programs or activities that receive Federal financial 

assistance. Title IX states that: 

ñNo person in the United States shall, on the basis of sex,ò be excluded from participation 

in, be denied the benefits of, or be subjected to discrimination under any education program or 

activity receiving Federal financial assistanceò (ed.gov, 2019). 

From 1972 to 1978, female athletic participation rates have highly increased in high 

school to comply with Title IX. In 2010, Stevenson and Betsey compared the outcomes in 

changes between pre- and post-cohorts across states. The result of their analysis reveals that at 

the state level, female sports participation raised by 10 percent, and female force participation 

raised by 1 to 2 percent. Thanks to Title IX, females had more opportunities to participate in 

athletic activities. 

After decades of this development, sportswear has now been widely accepted as part of 

casual wear in American peopleôs lives, the idea of ñactivewearò has been expended as a 

combination of outdoor wear, performance wear, and sports-inspired wear (Shishoo, 2015). A 

survey in 1982 showed that around 60% of Americans wore running shoes and sweatsuits as 

their casual wear (Schwartz, 1986). The limitation from social classes and genders had been 

reduced while more attention had been put on the aesthetics and functions in the subsequent 

development of sportswear. Consumers are now expecting more possibilities for activewear 

beyond its original purposes as a combination of multifunctionality and fashion. 

On an aesthetic level, the concept of fashion design has been gradually accepted into the 

sportswear field. Wearing activewear became a way for people to express their attitudes in 

fashion. Fashion design is believed to help add value and gain appeal for activewear. Famous 

fashion designers were also invited to design uniforms before official competitions such as the 
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Olympics. The uniform of the Italian national football team designed by Dolce Gabbana and the 

British uniforms designed by Giorgio Armani showed the influence of fashion in activewear 

(Cao & Wang, 2017). 

On the functional level, technology development allowed more possibilities for material 

selection. Nowadays, the most commonly used fiber in activewear is polyester. Other fibers like 

acrylics, polyamide, polypropylene, and elastane are also applied in activewear (Shishoo, 2015). 

Knit fabric plays a vital role in the material competition; it makes activewear stretchy and fit 

closer to the human body. The invention of LYCRA® in 1958 brought a major leap in fiber 

evolution. This first human-made elastomeric yarn developed by DuPont® established a new 

generic fiber classification called elastane. Elastomeric yarns contributed greatly to all types of 

knit fabrics, including warp knits, circular knits, and flat knits on elastic properties. The most 

evident functions of elastomeric yarns are high recovery properties and controlled stretch that 

add freedom and comfort to close-fitting activewear like swimsuits, race suits, and gym suits 

(Hu, & Lu, 2015; Shishoo, 2015). An Australian swimwear company Speedo developed its first 

one-piece swimsuit in the 1950s. This new concept of close fit stretchy swimsuit brought a new 

trend of sleeker and tighter swimsuits and helped athletes to push their limits (Schmidt, 2008). In 

1976, a variety of high function fabrics represented by GORE-TEX® with high breathability and 

lightweight were introduced to the market. Today, the research of materials has gone through the 

stages from conventional fibers to highly functional fibers, and now to high-performance fibers. 

By designing different fabric preparation and finishing processes, the high-performance fabrics 

now can satisfy different commercial requirements on fabric performances, including drape, 

stretchiness, thermal comfort, and moisture transfer. Other functions like reflective material and 
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wearable fitness trackers have also been introduced to activewear products. Consumers are now 

expecting more possibilities for activewear beyond its original purposes. 

 

2.1.2. Sportswear Design and Fashion 

The outline design of sportswear can be divided into five kinds of structures: tight type, H 

type, Y type, and X type. Tight type sportswear includes swimwear, gym suits, and other close 

fit styles. This type of sportswear could help minimize the resistance during exercise and 

emphasize the beauty of body curves. H type stands for loose fit sportswear such as basketball 

vests, tennis T-shirts, and shorts. The simple design and relatively loose fit could provide 

adequate space for physical activities. Y types extend the shoulder outline to protect human 

bodies from collisions. The typical Y type sportswear includes football and hockey clothing. X 

type sportswear is relatively rare, mainly used for figure skating and some other sports clothing 

(Jiang et al., 2008). Figure 9 showed some examples of these sportswear outlines. 

 

 
Figure 9. Examples of sportswear outline. (a) tight type, (b) H type, (c) Y type, (d) X type. 

 

When designing sportswear, colors also help deliver visual impact and emotional 

expression. The colors of sportswear are usually selected based on sports dynamics. For 
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activities that require strong explosive power like weightlifting and sprints, sportswear is 

typically designed in bright and light colors with a sharp contrast to make athletes feel excited 

and motivated. For activities like shooting and archery that require a calm psychological quality 

and a steady mindset, sportswear is usually cool colors like blue and white for steady 

performance. The combination of personalized and eye-catching color selection is also critical in 

tough conflict situations like boxing or wrestling (Bo, 2017; Li, 1999). 

 

2.1.3. Sportswear Market Dynamics 

The sportswear market is one of the most critical segments of the apparel market. In 

recent years, sales of sportswear continue to grow, which makes it a primary driver of the apparel 

industry (NPD Group, 2018).  In the year 2014, U.S. consumers spent over $323 billion on 

apparel, footwear, and accessories products, a 1% increase compared to 2013. This 1% growth 

resulted in about $2 billion in additional sales, primarily driven by sportswear, bags, and athletic 

performance footwear (NPD Group, 2014). By 2017, the U.S. apparel sales declined about 2% 

compared to 2016 due to the slowed momentum and decrease in some other segment. However, 

the sales of activewear continued to grow in 2017, while non-activewear declined. The sales of 

activewear have grown by 2% to $48 billion, accounting for 22% of total industry sales (NPD 

Group, 2018). Figure 10 shows the projected sales trends of the sportswear market in the United 

States from 2015 to 2020. 
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Figure 10. Projected sales of sportswear market in the United States from 2015 to 2020 (in 

billion U.S. dollars) (Statista, 2018). 

 

In these reports, it is suggested that females were the main contributors to the activewear 

sales growth. In the year 2012 to 2013, the U.S. women made up the 5% sales growth on August 

year-to-date figures (NPD Group, 2013). In 2014, the dollar sales of activewear among the U.S. 

female consumer increased by 8% compared to 2013. Sales among Sports bras, leggings, and 

sports jerseys also grew in line with the raised health and fitness consciousness and demand for 

comfort and versatility (NPD Group, 2014). In 2017, although the growth was not as steep as the 

growth in the past few years, womenôs activewear sales still increased by about 4% compared to 

2016, reaching $21.9 billion in sales (NPD Group, 2018). It is evident that in the U.S. activewear 

sales, the female consumer plays a significant role. 

 

2.1.4. Consumer Decision Making in Sportswear Purchasing 

Several articles have suggested that there are multiple factors influencing consumer 

decision making about sportswear purchases. In this study, female consumers will be selected as 

the main research subject since they are currently the primary driver of the sportswear market. 

For female consumers, generation and age, lifestyle, product quality, design, price, and store 
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services are the main factors influencing their decision making on sportswear purchases 

(OôSullivan, Hanlon, Spaaij, & Westerbeek, 2017).  

A series of research conducted by Rahulan, Troynikov, Watson, Janta, and Senner in 

2013 and 2015 compared sportswear consumption between the generations Y and Baby Boomer 

and found that the baby boomer generation pays more attention to the quality and size range of 

sportswear products and prefer to go to physical sports stores to try the garments on for fit. 

Female consumers in the age range of baby boomers have a relatively stable income, so the price 

becomes less important for them while making a purchase decision.  

As for Generation Y consumers, they look more into the comfort, style, and sports 

performance of the garment, and the price is a big factor for them while making purchase 

decisions. They also prefer shopping online much more than baby boomer consumers. Another 

big difference between consumers in these two age ranges is that baby boomers take less time 

reading the product details while generation Y consumers are tech-savvy and knowledge-hungry, 

they are usually more interested to know the details about the product. We could assume from 

this that generation Y consumers are more functional driven and style sensitive, they are willing 

to learn and experience advanced technologies when a new product comes to the market.  

On the lifestyle level, it has been found that female consumers will increasingly be 

interested in flexible and non-organized physical activities instead of organized sports. Non-

organized sports like walking, swimming, running, bike riding, and yoga tend to be more time-

flexible and easy to start with compared to organized sports. It is predicted that this trend will 

keep increasing over the next 30 years (Hajkowicz et al., 2013; OôSullivan, Hanlon, Spaaij, & 

Westerbeek, 2017). 
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2.2. Human Body Measurements 

2.2.1. Application of Anthropometry in the Apparel Industry 

Anthropometry, a branch of ergonomics, is defined as the study of human physical 

measurements and dimensions. Anthropometry focuses on analyzing the shape and size of 

human bodies and apply the result into product design to meet consumer demands (Gupta, 2014). 

In the apparel industry, anthropometry is applied in apparel design, pattern making, sizing, 

grading, mass customization, 3D model recreation, and virtualization (Gupta, 2014; Schofield & 

LaBat, 2005; Lu, Wang, Chen, & Wu, 2010).  

 

2.2.1.1. Apparel design and pattern making. Clothing is a life necessity for human 

beings. It forms a close shell around the human body and creates an intimate environment with 

the body. Clothes move and interact with the human body every day and carry the responsibility 

for providing comfort and protection (Gupta, 2014). 

Several factors influence the pleasantness of clothing, and the fit of clothing is arguably 

the most important. The fit of clothing may affect the comfort and performance of the user, and it 

could lead to discomfort or even harm under extreme conditions. For example, the Occupational 

Safety and Health Administration (OSHA) has issued safety guidelines to control the fitness of 

modern clothing and avoid accidents caused by loose-fitting clothing (OSHA, 1992). A research 

made by Anders et al. in 2005 has shown that wearing overly tight pants can result in hip 

movement and trunk muscle restriction. Research by Yoo and by Eungpinichpong supports that 

young workers wearing tight pants while participating in specific manual tasks may lead to the 

lumbar spine and low-back pain, and even disability (Yoo, & Yoo, 2012; Eungpinichpong et al., 
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2013). Therefore, it is essential to design apparel products using anthropometric data to find a 

good fit and eliminate hidden dangers.  

Designers and pattern makers use anthropometric data for pattern drafting to develop 

basic patterns. The cardinal points on the patterns are matched to the body landmarks to extract 

the pattern based on body measurements. Landmarks are considered as the endpoints of 

measurements on the body (Schofield & LaBat, 2005; Tylor & Shoben, 1993). The effectiveness 

of anthropometric data collection and translation influences the quality of the drafted pattern. 

The evaluation of consumer fit preference is also required to match the market demands (Gill, 

2015; Gupta, 2014). 

 In the 21st century, designers are looking for more efficient drafting methods.  Research 

by Jin Kang & Min Kim focused on directly using CAD design software to generate body model 

and draft patterns from three-dimensional measurements collected by three-dimensional body 

scanners. A body model was first generated using the three-dimensional anthropometric data and 

later transformed into a dummy model in a convex shape. Next, a typical garment model is 

created by measuring the dummy model surface using stereoscopy. Finally, the optimum fit 

garment patterns are obtained by adjusting the garment model shape, considering the geometrical 

constraints the underlying body model (Jin Kang & Min Kim, 2000). 

 

2.2.1.2. Sizing system development. Sizing and grading were one of the earliest 

commercial applications of anthropometry in the apparel industry (Gupta, 2014). Sizing refers to 

the process of setting up a size chart based on primary body measurements for a range of 

garment sizes. A sizing system is the set of size charts created for different body type categories 

of the population (Schofield & LaBat, 2005). Grading is the process that manufacturers used to 
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produce garments in a range of sizes in the apparel industry; it is a standard method of changing 

the pattern size by applying increases or decreases at certain points. The sizing specifications are 

derived from anthropometric surveys, and the grading systems are developed based on the sizing 

specifications (Moore, Mullet, & Young, 2001; Schofield & LaBat, 2005).  

 Large scale anthropometric surveys have been conducted to collect a large number of 

human body measurements to provide the basis for research and facilitate creating the sizing 

system for mass production apparel products and equipment for military personnel (Gupta, 

2014). The anthropometric data are statistically analyzed to export the standard body 

measurements (SBM) size charts of the target population.  To develop an acceptable and 

satisfying sizing system, it requires a good understanding of the target population and variation 

of body dimensions and accurate body dimensions taken from the scientific anthropometric 

survey.  

 

2.2.1.3. Mass customization.  Although the development of sizing system and grading 

methods have largely benefited mass production by reducing manufacturing time and cost, 

consumers still complain about the fit of garments, because the current body sizing system in the 

U.S.  provides a standard data for each size, dismissing the unique body shapes and expecting all 

bodies to fit into the standard-sized garments (Bye, Labat, & Delong,2006).  During the past few 

decades, many fit problems have increased among consumers due to the loss of human shapes 

diversity caused by mass production. The older population (65 and older) is growing fast with 

the first wave of baby boomers turning 65 after 2011. Research has shown that for several 

decades female consumers in this population have reported complaints about the difficulty of 

finding well-fitting, comfortable clothing in stores (Lee, Damhorst, Lee, Kozar, & Martin, 2012). 
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Other consumers also complain that their perception of fit cannot be addressed and face 

confusion brought by the size differences between different brands (Bickle, Burnsed, & 

Edwards, 2015; Murray, 2016;). Therefore, mass customization could become an ideal solution 

to satisfy consumer demands. 

Mass customization is a marketing and manufacturing technique that creates variety and 

customization through flexibility and quick response to the ñvoice of the consumerò (Little & 

Senanayake, 2010). Mass customization (MC) is characterized as a highly information sensitive 

way to maximize differentiation under a relatively low-cost level (Pine & Davis, 1993; Yeung & 

Ho-Ting, 2010). The process of apparel mass customization can be defined in five steps: collect 

anthropometric data, select fabric, and style, generate clothing patterns, cut the fabric, 

manufacture and conduct final adjustment (Lu, Wang, Chen, & Wu, 2010). Compared to 

traditional mass production, mass customization has advantages in innovative design and 

consumer-centric fit, which allow it to achieve a higher individual consumer satisfaction (Yang, 

Kincade, & Chen-Yu, 2015).  

 

2.2.1.4. 3D model recreation and virtualization. Online shopping has been a growing 

trend in the 21st century. The internet has promoted the development of electronic retailing by 

reducing the inventory pressure of retailers and improve convenience for consumers. However, 

the convenience brought by the internet also changes consumersô shopping experience. Without 

in-person visits, consumers have lost the chance of putting on the garment to assess fit and 

aesthetics. To improve the online shopping experience, many retailers have turned to advanced 

technologies like virtual-try-on, virtual-fit, and virtual reality to allow interaction with the 

products (Kim & Forsythe, 2008; Loker, Ashdown, & Carnrite, 2008).  
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The virtualization technologies help deliver product information that is close enough to 

real products. During the past few years, research has been focused on 3D model recreation, 

clothing fit evaluation, and fabric model performance improvement (Cichocka, Bruniaux, & 

Frydrych, 2014; Kim & Forsythe, 2008; Zhang, Lin, Pan, & Xiang, 2015).  Three-dimensional 

body scanning technology has provided significant help for the anthropometric data collection 

and 3D model recreation using a set of point-cloud data. 

Some commercial virtualization applications are now open to the market to allow 

consumers to predict garment fit. My Virtual Model website is one example, consumers can 

customize the body shape and some basic facial features to create a 3D avatar to get a preview of 

how they will look like wearing the garments (myvirtualmodel.com, 2018). Figure 11 shows the 

customized 3D avatar options on My Virtual Model website. Other virtualization applications 

like Marvelous Designer, Tri Mirror, Gerber 3D, Lectra 3D, EFI Optitex also help designers and 

apparel manufacturers in creating and adjusting patterns from 2D to 3D and from 3D to 2D 

(Figure 12). 

 

 
Figure 11. Customize 3D Avatar on My Virtual Model (myvirtualmodel.com, 2018). 
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Figure 12. 3D virtual fitting application example (marvelousdesigner.com, 2018). 

 

2.2.1.5. Other uses. Anthropometric data is also used in fields like health evaluation and 

product development. With the development of 3D body scanning technology, researchers have 

used 3D scanning data for shape and motion capturing in 3D printing and animation (Razzaq, 

Wu, Zhou, Ali, & Iqbal, 2015; Sturm, Bylow, Kahl, & Cremers, 2013). 

 

2.2.2. Primary and Secondary Body Measurements 

The primary measurements are defined as the basic dimensions that are used for clothing 

size designation, while the secondary measurements are the dimensions that may ñadditionally 

used in such size designation systemò (ISO, 2017). These body dimensions are independent of 

different garment types. In this section, ISO and ASTM standards are covered as the most widely 

accepted standards in the U.S. market. ISO standards are developed by the International Standard 

Organization as a worldwide federation of national standards bodies (ISO member bodies). By 

the end of 2018, the International Standard Organization has published 22654 international 
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Standards, provided guidelines and specifications for different products and services (ISO, 

2018). 

 In the apparel industry, ISO standards are universally accepted by designers, 

manufacturers, and researchers. On the other hand, the ASTM standards that are widely accepted 

in the United States were made by ASTM International, known as the American Society for 

Testing and Materials. This nonprofit organization has developed around 12,000 technical 

standards focusing on testing procedures and material classification 

(https://webstore.ansi.org/SDO/ASTM). To cover the national and international requirements on 

body measuring techniques, standard ISO 7250, ISO 8559, ASTM 5219 are selected for 

definition and landmark discussion. Standard ISO 20685 will also be covered, considering a 

discussion on 3D body scanning. Details of the standards are listed in Table 1. 

 

Table 1   

ISO And ASTM Standards on Body Measuring Technique 

Standard Name Scope Publication Date 

ASTM D5219-15 Standard Terminology Relating to Body Dimensions 

for Apparel Sizing 
Clothing 2015 

ISO 7250-1 Basic human body measurements for technological design 

-- Part 1 Body measurement definitions and landmarks 
Anthropometric 

Survey 
2017-08 

ISO 8559-1 Size designation of clothes -- Part 1 Anthropometric 

definitions for body measurement 
Clothing 2017-03 

ISO 8559-2 Size designation of clothes -- Part 2 Primary and 

secondary dimension indicators 
Clothing 2017-03 

ISO 20685-1 3-D scanning methodologies for internationally 

compatible anthropometric databases -- Part 1 Evaluation protocol for 

body dimensions extracted from 3-D body scans 

Clothing 2018-10 
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Among the standards above, ASTM D5219-15 (ASTM International, 2015), ISO 8559-1 

(ISO, 2017b), and ISO 8559-2 (ISO, 2017c) are specifically designed for apparel industry 

application. Measurements in ISO 7250-1 are developed for anthropometric database creation 

and population group comparison. Standard ISO 8559-2 will be discussed to understand primary 

and secondary measurements better. The definitions and illustrations of landmark locations of 

these primary and secondary measurements are listed below in Table 2. 
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Table 2  

Primary and Secondary Measurements Based on ISO 8559 nd ASTM 5219 (ISO, 2017c; ASTM, 2015) 

# Measurement Garment Application 
Measurement 

type 

Measurement 
Definition from ISO 

8559-1 (ISO, 2017b) 

Measurement Definition from 
ASTM5219 (ASTM International, 

2015) 

        Figure 

1 Bust Girth 

Jackets, Suits, Overcoats, 
Dresses, Knits (cardigans, 

sweaters, T-shirts), shirts/blouses, 

Full bodies (overalls, full 
swimwear, skiwear, and bibs); 

Undervest; nightwear, corsetry 

(bras; corsetry upper and full 
body) 

Primary 

The horizontal girth of 

torso measured at a 

bust point level 

The horizontal circumference around 
the torso, taken under the arms and 

across the fullest part of the 

chest/bust apex including the lower 
portion of the shoulder blades. 

 

2 Waist Girth 

Corsetry lower body, panty girdle Primary 

The horizontal girth of 

the body measured at 

the waist level 

The horizontal circumference around 
the torso taken at the waist. 

 
 

 

Jackets, Suits, overcoats, 

trousers/shorts, skirts, dresses, 
full bodies: (overalls, surf suits, 

full swimwear, skiwear, brace, 

and bibs); underpants, trunk, 
nightwear, corsetry upper and full  

body) 

Secondary 

3 Hip Girth 

Suits, Trousers/Shorts, skirts, 

underpants, trunk; leggings, 

longjohns; corsetry lower body; 
pantyhose 

Primary 

The horizontal girth of 

the body measured at 
the hip level 

The maximum horizontal 
circumference around the torso taken 

at the greatest protrusion of the 

buttocks, as seen from the side.  

  

Jackets, overcoats, dresses, full 

bodies: (overalls, surf suits, 
wetsuits, bicycling gear, full 

swimwear, skiwear, brace, and 

bibs); undervest, nightwear, 
swimwear, corsetry upper and 

full body; panty girdle 

Secondary 

4 
Underbust 

Girth 

Swimwear (with cups), bras, 

corsetry upper and full body 
(with cups) 

Primary 

The horizontal girth of 

the body at the 
underbust level 

The horizontal circumference around 

the torso under the arms and bust. 
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Table 2 

Primary and Secondary Measurements Based on ISO 8559 and ASTM 5219 (ISO, 2017c; ASTM, 2015) Continued 

# Measurement Garment Application 
Measurement 

type 

Measurement Definition from ISO 8559-1 

(ISO, 2017b) 

Measurement Definition 

from ASTM5219 (ASTM 
International, 2015) 

Figure 

5 Foot Length Socks, Stocking, knee-highs Primary 

Distance from rear of the heel to the tip of 

the longest (first or second) toe, measured 

parallel to the longitudinal axis of the foot. 

The straight distance from 

the prominence of the back 
of the heel to the 

prominence of the longest 

toe, taken with the foot on a 
flat surface without shoes 

(use stable, flat ruler). 

 

6 Hand Girth Gloves Primary Maximum girth over the knuckles. 

The maximum 

circumference of the hand 

around the knuckles 
excluding the thumb, taken 

with the fingers together. 

 

7 Head Girth Headwear Primary 

Maximum, approximately horizontal, the 

girth of the head measured above the 
centre point of brow ridge and crossing 

the rearmost point of the head. Hair shall 
be included in the measurement. 

The maximum horizontal 
circumference of the 

head above the ears. 

 

8 Height 

Jackets, Suits, overcoats, 
trousers/shorts, skirts, dresses, 

knits: (cardigans, sweaters, T-

shirts); shirts/blouses, full 
bodies: (overalls, surf suits, full 

swimwear, skiwear and bibs); 

undervest, underpants, trunk, 
leggings, , swimwear; corsetry 

upper and full-body, corsetry 

lower body 

Secondary 

The vertical distance from the highest 

point of the head in the median line to the 
ground. 

The vertical distance from 
the crown of the head to 

the floor, taken with subject 

standing and without shoes 

 

9 Weight pantyhose Secondary The total mass of the body. N/A     N/A 
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Table 2 

Primary and Secondary Measurements Based on ISO 8559 and ASTM 5219 (ISO, 2017c; ASTM, 2015) Continued 

# Measurement Garment Application Measurement type 
Measurement Definition from 

ISO 8559-1 (ISO, 2017b) 

Measurement Definition 

from ASTM5219 (ASTM 
International, 2015) 

    Figure 

10 

Inside Leg 

Length/ 
Crotch height 

Suits (set of jacket and trouser 

together); trousers/shorts, 
leggings, longjohns;  

Secondary 

The vertical distance between 

the inside leg level and outer 
ankle point. 

The vertical distance from 

the midpoint of the crotch 

to the floor, taken with the 
subject standing and 

without shoes. 

 

11 

Neck Girth/ 

Mid-neck 

Girth 

Shirts/blouses Secondary 

The girth of the neck at a point 

just below the bulge at the 

thyroid cartilage (Adam's 
apple) and measured 

perpendicular to the 

longitudinal axis of the neck. 

The horizontal 
circumference of the neck, 

taken approximately 25 mm 

(1 inch) above the neck 
base level. 

 

12 
Underarm 

Length 
Shirts/blouses Secondary 

The distance between the 
armpit front fold point and 

palm side of the wrist at a level 

of the wrist point. 

The distance from the mid-

underarm point of the 

armscye to the inner wrist 
bone, taken with the arm 

down.  

13 

Arm Length/ 

Outer Arm 

Length 

Shirts/blouses Secondary 
Distance from shoulder point 
to wrist point. 

The distance from the top of 
the shoulder joint along the 

outside of the arm over the 

elbow to the prominent 
wrist bone, taken with the 

arm bent (1.57 rad or 90°) 

and the hand placed on the 
hip. 
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Table 2 

Primary and Secondary Measurements Based on ISO 8559 and ASTM 5219 (ISO, 2017c; ASTM, 2015) Continued 

# Measurement Garment Application Measurement type 

Measurement Definition 

from ISO 8559-1 (ISO, 
2017b) 

Measurement Definition from 

ASTM5219 (ASTM International, 
2015) 

    Figure 

14 
Back neck point 
(Cervicale) to 

wrist length 

Shirts/blouses Secondary 

The distance across the 

shoulder and down the arm 

from the back neck point 

over the shoulder point and 
the elbow point to the wrist 

point. 

The distance from the cervical over 

the top of the shoulder joint, along 

with the outside of the arm, over the 

elbow to the prominent wrist bone, 
taken with the arm bent 1.57 rad 

(90°) and the hand placed on the hip. 

 

15 Calf girth  Socks Secondary 
The maximum horizontal 

girth of the calf. 

The maximum horizontal 

circumference of the lower leg, taken 
between the knee and the ankle. 

 

16 Ankle Girth Socks Secondary 

The horizontal girth of the 

leg measured at the level of 
the outer ankle point. 

The vertical distance from the 
prominence of the outer ankle bone 

to the floor, taken with subject 

standing and without shoes. 

 

17 Hand Length Gloves Secondary 

Distance from the tip of the 

middle finger to the most 
distal wrist crease. 

The straight distance from the 

prominence of the most extended 

finger to the inner wrist bone, taken 
across the palm with fingers together 

and palm flat (use a stable, flat ruler). 
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2.2.3. Anthropometric Methods 

The purpose of anthropometric methods is to ensure the comparability of human body 

measurements made by different operators and repeated measurements made by the same 

operator (Kouchi, 2014). The traditional anthropometric method can be traced back to more than 

one hundred years ago using simple tools like a tape measure and calipers to manually measure 

the human body. With the development of technology, three-dimensional body scanners became 

available as a new non-contact body measuring method.  

 

2.2.3.1. Hand measure (1D method). The traditional anthropometric measurement uses 

simple, quick, non -invasive tools, including a weight scale, camera, measuring tape, 

anthropometer, spreading caliper, and sliding caliper (Kouchi, 2014; Simmons, & Istook, 2003). 

Figure 13 shows the primary tools used in traditional hand measure. The anthropometer is used 

for measuring the vertical distance from a specific landmark to the floor. The operator holds the 

rod vertical and slides the arm to the target landmark to get the measurements. The sliding 

caliper (Figure 13b & c) including one to two rods of the anthropometer and two arms, it can be 

used for breadth, depth, or other measurements between two landmarks. The spreading caliper, 

as shown in Figure 13 (d), is used for specific measurements like chest depth, mid-sagittal plane, 

and head length when the two tips of sliding caliper could not touch two landmarks at the same 

time. The tape measure is the most critical measurement tool for circumference and surface 

distance. It is also the measurement tool that most likely to cause measurement error if not 

operated correctly. The tape measure should not be stretched while measuring the object, and the 

zero points should overlap the scale on the tape measure, as shown in Figure 13 (e) (Kouchi, 

2014). 



 

34 

 

 
Figure 13. Traditional instruments. (a) Anthropometer, (b) large sliding caliper, (c) sliding 

caliper, (d) spreading caliper, (e) tape measure (Kouchi, 2014). 

 

Due to the low-cost measuring tools, the traditional hand measuring method became the 

most commonly used method for a long time in the apparel industry. However, this method has 

disadvantages as time-costing and relatively low comparability between different operators. 

Related studies have pointed out that 3D body scanning takes much less time than 

anthropometric methods. Full-body 3D scanning captures 3D data in about 12ï15 seconds, 

creating a computer image in less than 1.5 minutes while traditional methods may take around 4 

hours to conduct physical landmarks, measure, and record the data of one subject (Ashdown, 

Loker, Schoenfelder, & Lyman-Clarke, 2004; Simmons, & Istook, 2003). As for accuracy, the 

most troublesome problem using the traditional method is the observer error caused by 
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imprecision in a landmark location, subject positioning, and instrument applications (Simmons, 

& Istook, 2003).  The result of measurement may vary from each measurer even when they are 

trained similarly. 

 

2.2.3.2. 3D body scanning. According to the standard ISO 20685, the three-dimensional 

(3D) scanner is an instrument with a relatively new application to anthropometry. 3D body 

scanners include hardware and software that creates digital data representing a human form or a 

part of the human body in three dimensions; the digital data generates the human form into a 3D 

point cloud that can be applied in clothing, automotive design, engineering, and medical fields. 

Users are allowed to extract one-dimensional (1D) measurement data from the 3D point clouds 

and use this anthropometric data for design application. Several companies have been 

researching this technology for over 30 years; the most well-known ones are (TC2), Cyberware, 

SYMCAD, and Vitronic. Their 3D scanning products have been widely used in movies, games, 

and the apparel industry. Some well-known apparel companies like Nike, Wrangler, Kohlôs, and 

Leviôs are currently applying 3D body measurement and simulation technology in their product 

development process. This is used to evaluate product fitness, design new products, and cut the 

cost of time and money in designing and prototyping stage of product development (Song, & 

Ashdown, 2015).  

Currently, there are several different methods used in 3D body scanning. They can be 

divided into four different methods: laser scanning, the projection of white light patterns, 

millimeter waves, and depth camera scanning. 
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2.2.3.2.1. 3D Laser scanning.  Laser scanning technology use lasers to project onto the 

human body with one or more thin light stripes. The laser scanner unit, which is composed of the 

laser, the light sensor, and the optical system, is moved across the human body to digitize the 

surface. The number of laser sensors in the unit is usually determined by the body part to be 

scanned. The advantage of this scanning technology is the high accuracy, low measurement 

noise, and high resolution. However, the laser scanner is known to have a higher cost on 

hardware compared to other scanners, and it requires a longer time digitizing large surface 

(D'Apuzzo, 2007).  The examples of these products are Cyberwareôs WBX, WB4, and Voxelan. 

 

 
Figure 14. Example of a laser-based scanner (Daanen, & Ter Haar, 2013). 

 

2.2.3.2.2. Projection of white light patterns. This technology requires a grid plane, camera, 

white light source (usually referred to as Halogen lamp), and operating system. As shown in Figure 

15, a light pattern (usually in the form of stripes) is projected onto the human body, one or more 

light sensors are used to acquire the scene, and the stripes captured on the surface of objects are 

measured singularly using triangulation. The advantage of white light scanning is that the scanning 
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process happens in a concise time frame, within one second, so that any uncontrollable body 

movement can be successfully avoided during scanning. The disadvantage is the limitation of the 

scanning area; usually, one device is not enough to scan the whole human body, so various 

equipment needs to be used serially, which may extend the time of scanning and increase the cost 

(D'Apuzzo, 2007). Companies like (TC2) and Vitronic have been developing the white light 

scanner and use them for whole body scanning. 

 

 
                             (a)                                          (b)                                       (c) 

Figure 15. (a): projection of light pattern as stripes. (b): scanning device. (c): a projected 

sequence of binary-coded stripes pattern (D'Apuzzo, 2007). 

 

2.2.3.2.3. Millimeter waves. Active scanners use the reflection patterns of millimeter 

waves projected on the body, while passive scanners process the millimeter waves that are 

emitted by the human skin. A unique advantage of the millimeter wave scanning is that it can 

pass through most clothing but not the skin, which means the human body shape can be captured 

without undressing. Currently, this technology is mainly used in airport security checks, but the 

efficiency also brings up the ethical issue of privacy because private parts of the human body can 

be seen (Daanen, & Ter Haar, 2013). 
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2.2.3.2.4. Depth sensor. Depth sensors like Kinect and Time-of-Flight (ToF) cameras are 

considered to be a good choice of lower cost for body measurement currently. These sensors 

recover measure the time-of-flight of a light signal between the camera and the subject for each 

point of the image based on the known speed of light. The advantage of this new scanning 

technology is a much lower cost than other scanning sensors, but it comes with the price of high 

noise level, lower resolution, and significant systematic measurement bias. Recently several 

studies have pointed out that combining specific algorithms can help increase the resolution and 

accuracy of a depth camera in a limited range (Tong, Zhou, Liu, Pan, & Yan, 2012; Lee, 

Damhorst, Lee, Kozar, & Martin, 2012). 

 

2.2.3.2.5. Other input devices. As mentioned above, due to the features of optical 3D 

body scanners like laser scanners and white light scanners, the limitation of the scanning area 

needs to be created by adding the number of sensors. To avoid extra cost, companies producing 

specific products like footwear, gloves, and helmets are looking into scanners dedicated to 

specific body parts. Foot scanners, hand scanners, head scanners, and whole-body scanners are 

developed to target specific products. 

Foot scanners are mainly used for the footwear industry for customized footwear products 

and sports shoes comfort improvement. The measurement includes foot length, ball girth 

circumference, foot breadth, instep circumference, heel breadth, instep length, fibular instep 

length, the height of the top of ball girth, the height of instep, height of navicular, toe #1 angle, 

and toe #5 angle, arch length, and angle of heel bone using multiple laser beams (Park, 2012). 

Hand scanners are used to develop good fitting customized gloves. Hand length, hand 

circumference, finger root circumference, interphalangeal joint circumference, finger length, 



 

39 

 

length of the root of thumb to the inner wrist, and length of the root of the little finger to the outer 

wrist are measured. To improve the accuracy, 3D hand scanning should be combined with 2D hand 

scanning to reduce the errors on edge. (Yu, Yick, Ng, & Yip, 2013) 

Head scanners are mostly used to develop helmets for sports or scanning face data. In this 

case, the 3D scanner is mainly used to capture the head shape for digital output, and product 

developers can create landmarks on the 3D model to better analyze head measurement data and 

develop user-centered products accordingly (Mustafa, Pang, Perret-Ellena, & Subic, 2015). 

Whole-body scanners are widely used to collect data from the whole body for apparel 

product development. White light scanners are more commonly used in this area to avoid 

unnecessary body movement by completing a scan in seconds. 

 

2.2.3.3. Standard and measurement extraction for 3D scanning. Standard ISO 20685 

is specifically designed to ensure the comparability of body measurement data collected through 

3D body scanners. The definition of measurements is based on the definitions from ISO 7250-1. 

During the 3D scanning process, the position of the subject is crucial. Subjects should breathe 

normally, keep shoulders straight without being stiff, and keep muscles relaxed. Figure 16 shows 

the four recommended positions for 3D body scanning.  

Definitions of body measurements in 3D body scanning are referred to standard ISO 7250-

1 to be comparable with manual measurements. However, not all the measurements are extractable 

since the resolution of a 3D body scanner may not allow accurate measurement extraction from 

small body parts such as hands. Measurements that are most likely to produce accurate results are 

listed in Table 3. 
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Figure 16. Recommended standing and sitting positions for 3D body scanning (ISO, 2018). 

 

To provide useful human body measurement data from 3D body scanning, specific 

algorithms also need to be developed to define the measuring content according to anthropometry. 

The details and methods of data processing may be different between algorithms, but they are 

following the same structures and principles to collect measurement data. The automatic body 

measurement process can be divided into three steps: (1) segment 3D body data; (2) identify 

landmarks on 3D body data; and (3) measure the human body (Lu & Wang, 2008; Han, & Nam, 

2011). Following these three steps, the algorithm first segments the 3D model into five parts, 

including the head, torso, both arms, and both legs. Secondly, landmarks are identified on the 3D 

model. In general, anthropologists will place markers or stickers on the surface of the human body 

to highlight the position. For the marker-less human body, specific algorithms will be required to 

automatically build a coordinate system based on the standard of ISO and ASTM to identify the 

landmarks (Leong, Fang, & Tsai, 2007). Finally, based on the extracted landmarks, measurements 

can be made by placing a virtual measuring tape or caliper on the surface of the human body. 
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Table 3 

ISO 7250-1 Measurements by a 3D Whole Body Scanner (ISO, 2018) 

# Measurement Position Type The definition in ISO 20685-1 (ISO 20685, 2018) 

1 Stature (body height) B The vertical distance from the floor to the highest point of the head (vertex) 

2 Eye height B (standing)/ D (sitting) The vertical distance from the floor to the outer corner of the eye 

3 Shoulder height B (standing)/ D (sitting) The vertical distance from the floor to the acromion 

4 Elbow height C (standing)/ D (sitting) The vertical distance from the floor to the lowest bony point of the bent elbow 

5 
Iliac spine height, 

standing 
B 

The vertical distance from the floor to the anterosuperior iliac spine (the most 

downward-directed point of the iliac crest) 

6 Crotch height B 
The vertical distance from the floor to the distal part of the inferior ramus of the 

pubic bone 

7 Tibial height B The vertical distance from the floor to the tibiale 

8 Chest depth, standing A, B The depth of the torso measured in the midsagittal plane at the mesosternal level 

9 Body depth, standing A, B Maximum depth of the body 

10 Chest breadth, standing A The breadth of the torso measured at the mesosternal level 

11 Hip breadth, standing A The maximum horizontal distance across the hips 

12 Sitting height (erect) D 
The vertical distance from a horizontal sitting surface to the highest point of the 
head (vertex) 

13 Cervicale height, sitting D The vertical distance from a horizontal sitting surface to the cervicale. 

14 Shoulder-elbow length C 
The vertical distance from acromion to the bottom of the elbow bent at a right 
angle with the forearm horizontal 

15 
Shoulder (biacromial) 

breadth 
A, B The distance along a straight line from acromion to the acromion 

16 
shoulder (deltoid) 

breadth 
A, B 

The distance across the maximum lateral protrusions of the right and left deltoid 

muscles 

17 Elbow-to-elbow breadth D 
The maximum horizontal distance between the lateral surfaces of the elbow 
region. 

18 Hip breadth, sitting D The breadth of the body measured across the widest portion of the hips. 

19 Thigh clearance D The vertical distance from the sitting surface to the highest point on the thigh. 

20 Knee height, sitting D 
The vertical distance from the floor to the highest point of the superior border of 

the patella (suprapatella, sitting). 

21 
Abdominal depth, 
sitting 

D Maximum depth of the abdomen while sitting. 

22 
Buttock-abdomen 

depth, sitting 
D 

Projected maximum horizontal depth of the lower torso between the maximum 
anterior protrusion of the abdomen and the maximum posterior protrusion of the 

buttock. 

23 Elbow-wrist length C The horizontal distance from the wall to wrist (ulnar styloid process) 

24 
Forearm-fingertip 

length 
C 

The horizontal distance from the back of the upper arm (at the elbow) to the 

fingertips, with the elbow, bent at right angles 

25 
Buttock-popliteal length 

(seat depth)  
D 

The horizontal distance from the hollow of the knee to the rearmost point of the 

buttock 

26 Buttock-knee length D 
The horizontal distance from the foremost point of the knee-cap to the rearmost 

point of the buttock. 

27 Neck circumference A, B 
The circumference of the neck at a point just below the bulge at the thyroid 

cartilage 

28 Chest circumference A The circumference of the torso measured at nipple level 

29 Waist circumference A 
The circumference of the trunk at a level midway between the lowest ribs and 

the upper iliac crest 

30 Wrist circumference A 
The circumference of the wrist at the level of the styloid processes of the radius 

and ulna, with the hand outstretched 

31 Thigh circumference A The maximum circumference of the thigh 

32 Calf circumference A The maximum circumference of the calf 
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Currently, the most commonly used automatic body measurement extraction systems are 

the Size Stream and [TC]2 scanners and software programs. These two programs have been 

referring to standard ISO 7250 and ISO 8559, which both offer more measurements than listed in 

ISO 20685 (Size Stream, 2017; ISO, 2010).  The difference is that the [TC]2 programs allow users 

to set customize parameters like bust, waist, and hips while Size Stream only allows the definition 

of waist parameter. Other customize parameters must be created as new parameters.  

 

2.2.3.3. Concerns of 3D body scanning. Although 3D body scanning technology has 

proved to be efficient in measuring the human body in a short time and considerable accuracy, 

there are still several scanning issues that need to be addressed.  First, the precision of the scanner 

should be evaluated and compared with other scanners before application in designing and 

manufacturing to avoid the error of landmarks. Secondly, consumer attitude should also be 

considered for customized product development. The development of 3D body scanning may bring 

a privacy concern for consumers as they need to wear underwear or close-fitting garments while 

scanning. Consumers may feel their privacy violated or feel unsatisfied with what their scan model 

projects look like and refuse to accept 3D body scanning technology. Another consumer concern 

is the cost of 3D body scanning services and related products. According to the survey, consumers 

with specific demands in fitness are willing to pay an extra sum within 30%-50% of the garment 

price for 3D body scanning services, in addition to the price of clothing (Lee, Damhorst, Lee, 

Kozar, & Martin, 2012). 
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2.2.3.4. Measure through 2D images. Two-dimensional (2D) imaging techniques have 

been explored as an alternative for body measuring in both academic research and commercial 

applications (H. A. Daanen & Ter Haar, 2013). Different from one-dimensional manual 

measurement methods and the relatively advanced three-dimensional body scanning technology, 

the two-dimensional body measuring method is commonly considered as a relatively low-cost 

substitute for three-dimensional body scanning. This method uses 2D images without depth 

information to rebuild three-dimensional models based on silhouette information. Usually, the 

front and side images will be used as references.  

To find the best solution for rebuilding the three-dimensional models and extract 

measurement results, research has been conducted. In 2006, Seo, Yeo, and Wohn released a 

method of mapping two-dimensional images to a parameterized deformable model based on 40 

3D body scans. By 2012, Saito et al. developed a simple model to construct 3D shapes using a 

parameterized model. Additional research in 2013 made by Watson and Evans used a different 

method by partitioning the 2D images into segmentations and producing a probability map 

representing the subject. It then finds the closest 3D body model from a database based on the 

probability map and extracts body measurements from the 3D model. Other research explores the 

possibility of finding key points and measuring from the front and side image using extracted 

measurements to predict non-measurable measurements like circumferences using a simple 

linear model (Gazzuolo et al., 1992; Lin & Wang, 2011; Meunier & Yin, 2000).  

The two-dimensional body measuring method provides a low-cost solution for non-

contact human body measurement, and the measurement output is reliable for the apparel 

industry application. The main concern of using this method is that a clean background is needed 

to identify the outline of the human body. In the previous study, most researchers used pure 
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colors such as black or green. However, the backgrounds in daily life would be more 

complicated and more colorful, which could bring difficulty for silhouette identification (Lin & 

Wang, 2011; Seo et al., 2006). Another concern is privacy issues. Consumers must wear close-

fitting garments or underwear while taking 2D images for two-dimensional body measurements 

to guarantee the accuracy, and this may bring a privacy discomfort (Grogan et al., 2017; Loker et 

al., 2004). 

 

2.2.3.4.1. Measuring apparatus. As stated above, the privacy issue has been a concern 

for consumers while using non-contact body measuring technologies. The measuring apparatuses 

are developed to release these concerns and assist in measuring human bodies. The measuring 

apparatus can be divided into two types: pattern-based measuring apparatus and circuit-based 

measuring apparatus. The pattern-based apparatus was developed to help locate landmarks on the 

human body so that a traditional hand measuring method and two-dimensional measuring 

methods can be efficiently conducted. Figure 17 shows the stretch bodysuit for preparing 

custom-fitted clothing, invented by Liebermann in 2002. This bodysuit splits the surface into 

multiple parts to locate the landmarks. Figure 18 shows the measuring apparatus designed to 

work with imaging technologies. The circuit-based suit, as shown in Figure 19, could measure 

the human body by itself. This sample garment is made by Like A Glove Ltd., circuits and 

sensors were added to the predicted landmark location to collect human body measurements 

(Likeaglove, 2015). 

These circuits-base body measuring apparatuses have some fatal limitations. First, they 

cannot be used in public, the designs were not acceptable for casual wear and sweating may 

become a threat to the service life of the product. Second, these apparatuses are not washable and 



 

45 

 

cannot change batteries, which further limited the application and reduced consumer desire to 

buy them. 

 
Figure 17. The stretch bodysuit developed for preparing custom-fitted clothing (US 

2002/0166254 Al, 2002). 

 

  
Figure 18. The elastic measuring suit from elasizer (elasizer, 2017). 

 

 
Figure 19. The self-measuring garment using circuits (Likeaglove, 2015).  
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2.2.3.4.2. Current 2D measuring products in the market. 

2.2.3.4.2.1. ZOZOSUIT. ZOZOSUIT was developed by Start Today Co., Ltd, the owner 

of the largest Japanese online apparel shopping website, ñZOZOTOWN.ò The latest version of 

ZOZOSUIT is using a full-body marker recognition system which contains more than 350 

different dot markers around the human body as fiducial markers for 3D model recreation. The 

garment itself is designed using thumb holes, foot straps, and a turtle neck to cover most of the 

human body (ZOZO, 2018). As shown below in Figure 20, the user is required to put on the 

ZOZOSUIT correctly without wrinkles, put their cell phone on an approximately 30-inch tall 

table roughly six feet from the user, and then the user will follow the voice command from the 

ZOZOSUIT application to take 12 photos clockwise.  The dot markers on the 12 photos will be 

captured and used for 3D model recreation. In the end, the application produces 16 

measurements, including chest, upper waist, lower waist, hip, arm length, inseam, and 

circumferences of the neck, upper arm, thigh, calf, and ankle. 

 

 
Figure 20.  ZOZO suit measuring process (ZOZO Application, 2018). 
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According to the information from ZOZO.com, Start Today is planning to deliver 6-10 

million ZOZOSUITS for free by the end of 2018. Their brand ZOZO is now developing their 

customized fitted clothing line by collecting consumer measurements and promoting machine 

learning of relationships between consumer measurements and apparel items (ZOZO, 2018). 

Consumers will be able to use the ZOZOSUITS to collect their body measurements, directly 

order the styles they prefer, and get their customized fitted garments within a few weeks. 

 

2.2.3.4.2.2. 3Dlook. 3DLook is a body measuring application developed by a company 

called 3DLOOK Inc. This application allows users to measure themselves using a front view and 

a side view photo; the photo could be a ñselfieò in front of a mirror, or a photo taken by another 

person, as shown in Figure 21. Without landmarks, 3DLook uses computer vision to analyze the 

photos. First, the front and side view photos were taken by a smartphone are used to detect 

human body outline in computer vision. The detected outline is then transferred to 3DLookôs 

neural network. Secondly, the neural network processes the outline and detects key points for 

body measurements and produces a set of possible maps for each key point. The maps are then 

combined and processed with predetermined filters in each stage. In the third step, the key points 

are used for 2D contour matching as initialization. Next, a virtual camera builds 2D contour 

models into a parameterized 3D human body model and projects it onto an image plane. Finally, 

the virtual 2D models are matched with real 3D human body models to reduce errors while 

scanning the human body and processing the measurements. The 3D matching process is also 

applied for 3D human model recreation (3DLook.me, 2018). 
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 Figure 21. Selfie mode photo instruction from 3DLOOK (3DLook.me, 2018). 

 

Compared to measuring apparatuses with circuits design, these methods seem more 

acceptable in daily home use. However, the costume design of ZOZO cut off the possibility of 

public use, and the accuracy of the 3DLOOK application highly depends on the fit of the user's 

clothing. Therefore, measuring garments with reliable accuracy and acceptable design aesthetic 

could be an ideal solution for the 2D body measuring method. 
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CHAPTER 3. METHODOLOGY  

The goal of this research is to develop a series of garments that can be used as a 

measuring apparatus in the 2D image body measuring system developed by the PrimeFit 

research team. Figure 23 shows the process of this existing two-dimensional image body 

measuring system. In this measuring system, a smartphone is used as the data collection tool to 

capture two-dimensional (2D) images. Basic demographics (1D) data, including height, weight, 

age, gender, and ethnicity, are collected as references. This body measuring system can predict 

human body measurements based on the collected 2D images and existing three-dimensional 

(3D) anthropometric databases. The developed system has reached a satisfying result being 

within the tolerance of hip girth prediction for online shopping, but the accuracy of waist girth 

and inseam length predictions still have room to be improved, with an increased dataset, this 

could be accomplished. 

To assist this two-dimensional image body measuring system, the measuring garments 

need to fit the human body closely and can be distinguished from the background. The research 

questions to guide the evaluation of the measuring garments are listed below: 

RQ1: Does the design and fit of the measuring garment affect the accuracy of measurements 

obtained from the 2D images of the human body? 

1a. How does the design impact measuring results? 

1a1. What kinds of patterns, colors, and styles can be used to obtain accurate 

measurements? 

1a2. What are the appropriate color-design locations and sizes for landmarks on 

the human body? 

1b. How does fit affect measurement results? 
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1c What kind of accuracy can be achieved? 

RQ2: Does the arm position impact the accuracy of measurements obtained from the 2D images 

of the human body? 

RQ3: Does the fashion element of the measuring garment impact the attitude of the consumer to 

purchase the garments using the measuring app? 

3a. Does the design relate to the consumer expectation for activewear? 

3a1: What are their expectations? 

3a2: Do they have any preferences on the fit or design? 

RQ4: Would consumers adopt this new technology? How would they use it (simply as a 

measuring tool or wear it as an outfit? 

 

The main target of this research was to find out how the design and fit of the measuring 

garments impact human body measurement data collection and extraction from 2D images. To 

achieve this target, the whole research process was split into three main steps: prototype design, 

data collection, and measurement extraction, and data analysis. The tools and research methods 

used in each step are listed in Figure 24. The first step was to design several prototypes of 

measuring garments, including different colors and patterns as landmarks. Research questions 

1a1 and 1a2 were answered during this development process. The second step collected 1D, 2D, 

and 3D data. The data types and contents are listed in Figure 22. The 2D side view images were 

collected in two poses, one with arms beside the body and one with arms above head. This 

design was to collect 2D image data in different arm locations to compare the impact made by 

side view poses. Research question 2 is answered by comparing the 2D prediction results of 

these two poses.  
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After collecting all data needed, the PrimeFit two-dimensional image measuring system 

was used to extract five representative human body measurements from 2D images for further 

analysis and comparison. The third step analyzed all collected 1D data from the survey to answer 

research questions 2 and 3 as consumer demands and expectations on the measuring garments. 

The measurements extracted from 2D and 3D data were used to answer research questions 1b 

and 1c regarding finding out how the design and fit of the measuring garments impact the 

measurement results, which is the main target of this research. 

  
Figure 22. 1D, 2D, and 3D data content. 
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Figure 23. Schematic of the developed body measuring system (Xia, 2018). 
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Figure 24. Summary of methodology.  
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3.1. Step One: Prototype Design 

Stage one focused on developing a series of prototype measuring garments for data 

collection and user evaluation. The purpose of this stage was to explore possible design solutions 

and appropriate locations for landmarks. Standard ISO 8559-2 and ASTM 5219-15 were used as 

references. According to the definitions in Table 2, bust girth, waist girth, hip girth, and inseam 

length were selected as the most basic measurements to extract from 2D images because they are 

the most important measurements for the majority of apparel products. Other measurements like 

arm length, crotch height could be added into the designs for future research. 

After selecting the representative measurements, research questions 1a1 and 1a2 were 

answered to locate the representative measurements on the measuring garments. This design was 

necessary to allow the measuring system to detect the measuring area. The standards and 

definitions mentioned above were considered while designing the measuring garments.  

During the design process, color palettes and textile patterns were carefully selected for 

aesthetic evaluation. The color palettes and textile patterns were decided based on the most 

common styles and colors in the current female activewear market and fashion reports. Multiple 

attempts were required to get relatively satisfying design options based on consumer preferences. 

In this stage, three different designs were developed, presenting three levels of design elements 

contained. The three levels were: highly functional focused with very few design elements; a 

moderate combination of function and fashion; and a highly fashionable design that was very 

close to existing products in the market. This result supported answers to research questions 1a1 

and 3a2. 

Finally, after finishing the functional design and fashion design process, a sizing system 

was developed for grading and sizing. Different from the commercial activewear products in the 
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market, the measuring garments developed in this research were developed to cover more than 

one commercial size and fit a variety of body shapes. The garment pattern and sizing system 

were developed considering the stretchiness of fabric and the distribution of American female 

sizes. Standard ISO 8559-2 and ASTM D5585-11e1 were used to instruct the sizing system 

development, and the SizeUSA 3D body scanning dataset from TC2 was used as references. The 

new sizing system of the measuring garment will be from size XS to size XL, covering standard 

adult female missy figure type size range 0-18 based on standard ASTM D5585-11e1. 

  

3.2. Step Two: Data Collection and Measurements Extraction 

To evaluate the developed measuring garments and the two-dimensional body measuring 

system, 1D demographic and activewear preference data, 2D image data, and 3D body scanning 

data are collected for analysis.  A request for IRB approval is submitted and approved for data 

collection, and the document is attached in Appendix A. 

The 1D data was collected through an online survey. The survey contained three main 

sections. The first section was basic demographic data, including age, ethnicity, height, and 

weight. The second section included lifestyle and activewear shopping preference questions to 

understand how recruited participants exercise and use activewear in their daily life. The third 

section was answered after participants tried the measuring garments, participants were asked to 

evaluate the garments based on fit, comfort, design, and application of the garments they put on 

during the research process.  

The 2D image data and 3D body scanning data were collected during the body measuring 

process. Participants were required to put on 4-5 sets of measuring garments, including three 

different designs and 2-3 different sizes: one that fits the best, one smaller size, and one larger 
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size. Participants in Size XS or XL did not have a smaller/ larger size, so they only put on two 

different sizes. The best-fitting size for each subject was selected base on the height and weight 

information and feedback of fit and comfort. The subject was then required to put on a one-size-

smaller garment and a one-size-bigger garment in the same design to collect the data of the same 

subject wearing measuring garments in a different fit. After trying different sizes, the subject was 

required to put on two other designs in the best-fitting size. 

For each set of measuring garments, participants were firstly scanned in the Size Stream 

body scanner to collect 3D body scanning data, then stood under a 34.8ò x 85.3ò door frame to 

collect 2D image data using a smartphone. When taking 2D photos, participants were asked to 

stand in 3 poses: front view with both hands separated from body sides, side view with both 

hands close to the side seam of the legging, and side view with both hands above the head. The 

three poses are shown in Figure 25. The side view pose with both arms beside the body was 

considered the best side view pose because it is the same as the standard 3D body scan pose. The 

reason for having the third pose, side view with both hands above the head, was because some of 

the subjects have their arms covering their back when taking a side view photo (shown in Figure 

25 b), which added bias for bust, waist, and hip girth predictions from the 2D images. Having 

both hands above the head may slightly change the bust measurements but helped predict the 

shape of the covered region in the side view image. 
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Figure 25. Example of 3 poses for 2D image data collection. (a) front view, (b) side view with 

arms down, (c) side view with arms above head. 

 

To compare the measurements of 2D and 3D measuring methods, the four main 

measurements are bust girth, waist girth, hip girth, and inseam length need to be extracted from 

3D body scanning files. It is important to define the four representative measurements because 

they must be extractable from the Size Stream Studio for further comparison between 2D and 3D 

measurements.  

To extract representative measurements from a 2D image and evaluate the effect of 

mearing apparatus design, the LASSO (least absolute shrinkage and selection operator) 

regression model was trained using the Akaike information criterion (AIC) for model selection. 

The LASSO regression model is a linear model that tends to prefer solutions with fewer 

parameters. Using AIC criteria can discourage the model from being overfitting by considering 

the goodness of fit (residual errors) as well as the complexity of the model (number of selected 
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features). The extracted 3D measurements of sample group subjects used as an independent 

variable for model training. 

To train the prediction models and evaluate their performance, subjects were separated 

into a sample group (40%) and a test group (60%).  The images of sample group subjects 

wearing measuring apparatus were used to generate prediction models from the three different 

designs. The images of the test group were used to test the performance of the regression models. 

 

3.3. Step Three: Data Analysis 

In this step, data collected through the 1D survey was analyzed to understand consumer 

lifestyle regarding exercising and activewear purchasing preferences. To improve the prototype 

of measuring garments, it was crucial for the researcher to find out what consumers use 

activewear for in their daily life and what kinds of expectations they have when purchasing an 

activewear product. This result answered research questions three and 3a1. The feedback from 

participants about their evaluation of measuring garmentôs fit and design was also valuable. This 

information indicated their preferences on the garmentôs fit and design, and their acceptance of 

this new body measuring method. This result answered research questions 3a2 and 4. 

The analysis of extracted 2D and 3D measurements was split into three sections: 3D vs. 

3D, 2D vs. 3D, and 2D vs. 2D. First, 3D vs. 3D compared the extracted 3D measurements of the 

same subject wearing different sizes to find out if the fit of the measuring garments made any 

difference in the 3D body scanning measurement results. These two sections answered the 

research question 1. The second section, 2D vs. 3D, compared 2D measurements with 3D 

measurements to evaluate the accuracy of the two image labeling methods and two side view 

poses (arms beside the body and arms above head).  Finally, 2D vs. 2D compared the extracted 
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2D measurements between 3 different designs of the same subject and the performance of 

prediction models to find out if different patterns and colors could make any difference in 2D 

measurement prediction. 
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CHAPTER 4. RESULTS AND DISCUSSION 

4.1. Results and Discussions on Stage One 

4.1.1. Generation 1 and 2 of Measuring Garment Prototype 

To develop a measuring garment for the PrimeFit 2D image body measuring system, the 

first step was to locate important color-design locations for landmarks on the human body. 

According to the measurements listed in Table 2, section 2.2.2, and extractable 3D 

measurements listed in Table 3, section 2.2.3.3, bust girth, waist girth, hip girth, and inseam 

length were selected as representative measurements for further data extraction and comparison. 

Among these representative measurements, bust, waist, and hip girth were selected because they 

are the primary measurements for most of the existing apparel product categories like shirt, skirt, 

pants, and jackets. The inseam length was selected because it was the most important length 

measurement for pants and leggings, and it was the only length measurement in these four 

representative measurements. The selected representative measurements and their definitions are 

listed below in Table 4.  

 

Table 4 

Definitions of Selected Representative Measurements (ISO, 2017b; ASTM International, 2015) 

Measurement Definition 

Bust girth The horizontal girth of torso measured at a bust point level (ISO, 2017b) 

Waist girth The horizontal girth of the body measured at the waist level (ISO, 2017b) 

Hip girth The maximum horizontal circumference around the torso taken at the 

greatest protrusion of the buttocks as seen from the side (ASTM 

International, 2015) 

Inseam leg length The vertical distance from the midpoint of the crotch to the floor, taken 

with the subject standing and without shoes (ASTM International, 2015) 
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After selecting the four representative measurements, the first generation of the 

measuring garment prototype was developed using multiple color bands to indicate where the 

selected representative measurements were located. Some extra measurements, such as upper 

arm girth, wrist girth, and knee girth, were added for future potential data extraction. Figure 26 

shows the location of all measurements coded with colored bands. 

 

 
Figure 26. Measurement locations marked with colored bands. 

 

The first generation of measuring garment was developed using a 290 gsm two-way 

stretch knit fabric with bright colored bands to locate measurement locations. As shown in 

Figure 27 a, based on the feedback from the model and researcherôs visual evaluation, this 

measuring garment fits well on the legs but not on the torso area. The fabric was also too heavy 

and too thick, which may have added more bias to the measurement results because it may have 
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applied more pressure or created more empty spaces when subjects wore a smaller/larger size of 

measuring garment. The landmark locations also needed to be expanded to cover the areas of the 

targeted measurements. 

The second generation of measuring garments was improved by solving the problems 

found in generation one. The measurement color bands were expanded, removing the gap 

between bust, waist, and hip color bands. The number of color codes was also reduced by 

removing unhelpful bands and using the same color for measuring areas that were not close to 

each other. For example, the same red was used in the bust and wrist area, and the same blue was 

used in both the waist and knee area. This improvement created more possibilities for future 

designs. To improve the fit of the garments, the second generation used 220 gsm extra light four-

way stretch knit fabric. 

 

 
Figure 27. The first generation (a) and second-generation (b) of measuring garment prototypes. 
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The second generation of measuring garments were used in Dr. Xiaôs research for the 

PrimeFit 2D image measuring system development. The second generation was made in 3 sizes: 

small, medium, and large. The highly stretchy fabric covered a wide range of body shapes within 

these three sizes. During the research process, the participants gave positive feedback on the 

comfort and fit of the garments. However, some participants pointed out that the fabric was too 

thin and could be seen through while wearing dark-colored underwear, which made them feel 

less comfortable to wear the garment in public. Another problem was that the sleeves and 

leggings were not long enough for taller body shapes, and it may lead to the displacement of the 

wrist, thigh, and knee girth color band locations. 

 

4.1.2. Final Prototype Design 

Comprehensively considering the feedback from the first two generations, the final 

prototype for this research had the following improvements: fabric, pattern design, style design, 

and size control. This final product used a medium weight four-way stretch knit material with 

83% polyester and 17% spandex in 260 gsm. The medium weight could ensure that this material 

was less translucent to help protect user privacy without being too heavy and bring extra bias to 

the body measuring results. The four-way stretch material could satisfy the needs of fit for more 

variable body shapes. 

To take full advantage of the four-way stretch fabric, the style design of the final 

prototype was also improved. Figure 28 shows the improvement of the sleeves and leggings. A 

cuff with a thumbhole was added to the sleeves to make sure that the wrist area was fully 

covered and make the sleeve fit better around the forearm. The new design for the leggings was a 
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foot strap, which allowed the leggings to cover the whole leg, helping avoid the displacement of 

thigh and knee color bands and ensure the consistency of inseam length measurements. 

 

 
Figure 28. Sleeve and legging design improvement (a) sleeve with new thumbhole design, (b) 

legging with new foot strap design. 

 

Besides the style of the garments, the textile patterns and colors used on the final 

prototypes were also enriched to discover the influence of design elements on 2D image 

predicted human body measurements. In this research, three designs are developed for the final 

prototypes. The three designs contained three levels of color distinction and three levels of 

pattern regularity, from low to high, the three design schemes represent different aesthetic levels, 

from highly functional design with no fashion elements to lower functionality with more fashion 

elements. Based on general research of the current sportswear market, black, white, blue, and 

dark green were selected as color elements for the more fashionable designs, and the textile 

patterns selected were geometric patterns and irregular abstract patterns. Figure 29 shows some 

examples of the popular activewear patterns in the current market. 
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Figure 29. Examples of popular activewear color and pattern designs in the current market. (a,b) 

leggings from Adidas, (c) leggings from Nike, (d,e) leggings from Fabletics. (Adidas.com, 2019; 

Nike.com, 2019; Fabletics, 2019) 

 

Figure 30 shows the elements used in the three designs, and Figure 31 shows the 

technical drawing and final products of these three designs. It shown in design 1, highly 

distinguishable color blocks without any designed textile patterns were used for each 

measurement area. The colors used in this design were carefully selected as in relatively high 

saturation levels and were not commonly seen in normal backgrounds such as bedrooms and 

hallways. Seven different colors are used in this design. In design 2, a geometric-style textile 

pattern was added to the legging area. Five main colors, black, white, grey, navy blue, and sky 

blue, were used in this design. In design 3, an irregular abstract textile pattern was applied to the 

legging and shoulder area. To make this design more fashionable, the straight color bands on 

leggings were replaced with curvy color blocks. Only three main colors, black, dark green, and 

olive green were used in this design. Textile patterns applied in design 2, and design three were 

downloaded from Fashion Snoops, a global fashion trend forecast organization. 
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Figure 30. Three different textile patterns used in the final prototype design. (a) simple color 

blocks, (b) geometric-style pattern, (c) irregular abstract pattern. 

 

 

 
Figure 31. Technical drawing and real product of the final prototypes. 

 

 

Finally, to fit a variety of different body shapes and commercial sizes, the measuring 

garments were made in 5 sizes, namely X-Small, Small, Medium, Large, and X-Large. As shown 

in Table 5, these five sizes ranged from size 0 to size 18 based on the ASTM D5585-11e1 

standard body measurements of adult female missies (ASTM, 2012). With the four-way stretch 

of the fabric, each size could fit more than intended, which helped evaluate the influence of 

measuring garment fit by asking research participants to try on a smaller and a larger size in 

addition to their best-fitting size and compare the measurement results by analyzing if the 

pressure or loose fit significantly changed the 2D and 3D measurements. 
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Table 5  

Final Prototype Sizes and Corresponding Standard Body Measurements 

Size 0 2 4 6 8 10 12 14 16 18 

 X-Small Small Medium Large X-Large 

Chest/Bust Girth   31 3ù4 33 34 1ù8 35 1ù4 36 1ù4 37 1ù4 38 3ù4 40 3ù8 42 1ù8 44 

Waist Girth 26 1ù8 26 7ù8 27 5ù8 28 1ù2 29 1ù2 30 1ù2 32 1ù4 34 36 38 1/4 

Hip/Seat Girth  33 7ù8 35 1ù8 36 3ù8 37 1ù2 38 1ù2 39 1ù2 41 42 1ù2 44 1ù4 46 

Crotch Height  30 1ù2 30 1ù2 30 1ù2 30 1ù2 30 1ù2 30 1ù2 30 1ù2 30 1ù2 30 1ù2 30 1ù2 

Thigh Girth  20 7ù8 21 1ù4 21 3ù4 22 1ù4 22 3ù4 22 3ù4 23 5ù8 24 1ù2 25 3ù4 27 

Note. Taken from ASTM D5585-11e1, size 0-18 (ASTM, 2012). 

 

4.2. Data Collection and Measurements Extraction 

4.2.1. Data Collection 

In step two, 1D survey data, 2D image data, and 3D body scanning data were collected 

from 50 female subjects recruited from NC State University. It took about 25-30 minutes to 

collect all three types of data from each subject. First, the participants answered the 

demographic, lifestyle, and activewear shopping preference questions in the online survey. After 

finishing the first two sections of the survey, the researcher used the height and weight 

information as a reference, combined with visual observation, to find the best-fitting sizes for the 

participants to try on. The researcher then used visual evaluation and the feedback from the 

participant to determine the best-fitting size for the participant. If the participant felt the 

measuring garment too tight or too loose, and the same result could be gathered through 

observation, the researcher would consider the first size as the smaller or larger size. Based on 

this decision, the participant would try on 4-5 sets of measuring garments in total, including a 

best-fitting size, a smaller size, and a larger size apparatus made in design 2, and two best-fitting 

size apparatuses made in design 1 and design 3. Participants whose best size was X-Small or X-

Large did not have a smaller or larger size. In that case, they only tried on four sets of garments 

in total. For each set of measuring garments, participants were required to be 3D body scanned in 
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the Size Stream body scanner for 3D data collection and stood under 34.8ò x 85.3ò doorframe for 

2D image data collection using a smartphone. After collecting the 2D and 3D data, participants 

were asked to complete the last section of the online survey, evaluate the garments they tried, 

and give comments if they had any. More details of the collected data are described and analyzed 

in section 4.3. 

 

4.2.2. 3D Measurements Extraction 

As stated in section 4.1.1, Table 4, the representative measurements were selected as bust 

girth, waist girth, hip girth, and inseam length. In the Size Stream Studio program, bust girth, hip 

girth, and inseam length can be directly extracted using the definition of ñChest/Bust Circum 

Tape Measure,ò ñSeat Circum Tape Measure,ò and ñInseam Right.ò However, the waist girth 

extraction needed to be decided upon because there are multiple methods to find the waist level 

in the computer program. Table 6, made by Dr. Xia in 2018, presented these four methods to find 

a waist level in a computer program. Dr. Xia compared these four methods using a randomly 

selected data sample from the SizeUSA data. The dataset contained 125 scans with 30 (24%) in 

age 18-25, 28 (22.4%) in age 26-35, 26 (20.8%) in age 36-45, 22 (17.6%) in age 46-55, 12 

(9.6%) in age 56-65, and 7 (5.6%) in age 66+.  The four methods were conducted on all sample 

scans, and the method that resulted in the closest level were counted (Figure 31 (Xia, 2018)).  
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Table 6  

Methods of Finding A Waist Level in A Computer Program  

Method Description 

Waist level: small-

of-back 

The point where the spine had the largest indent when viewed from the side 

(Han, Nam, & Hwang Shin, 2010).  

Waist level: 

narrowest-front 

The narrowest part of the torso between the hips and the bust.  

 

Waist level: center-

b/w-bust-hips 

The centerline between the levels at the most protruding point at the front (bust 

level) and back (hips level) from the side view of a body.  

Waist level: 

proportion-waist 

The center of the central waist region with a proportional length (such as small 

of back height minus 4 cm) being the lower limit and the narrowest front point 

on the torso being the upper limit (Gill et al., 2014)  

Note.  Taken from Xia, 2018. 

 

 
Figure 32. Results of the best method of finding a waist level. (Xia, 2018) 

 

Based on Xiaôs research, there is no significantly accurate method for waist level 

detection; the best method should be selected base on the age of subjects. The participants 

recruited in this research were mostly college students from NC State University, mostly in the 

age range 18-25. For this research, the center-b/w-bust-hips was the best method to find the waist 

level in 3D scanning data.  The waist level was detected as the mid-level between the bust and 
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hip level in the 3D body scanning data. The four representative measurement locations are 

shown below in Figure 33. 

 

 
Figure 33. Representative measurement locations in the Size Stream Studio program. 

 

Because the Size Stream whole-body scanner was used in this research for 3D data 

collection, the scanning file could only be extracted into 3D measurements using the Size Stream 

Studio. This computer program only contains two methods to find the waist level as Small-of-

back and proportion-waist method, the mid-level between bust and hip location of each subject 

needed to be redefined before extraction. This research used the proportion-waist method but 

redefined the upper and lower limit of each subject to reduce the search area to make the 

computer program measure the exact mid-level location between bust and hip.  

 The first step of extracting the waist measurement was to extract the height of the bust 

level, hip level, and the original optimal small of back level of all subjects. The second step was 

to redefine the upper and lower limit of the waist level search area in the Size Stream Studio 

program.  Equation (1) presents the method to calculate the waist height. The upper and lower 
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limit of the waist level search area was edited in the ñOptimizedMeasurements.mgò file. All four 

limits as the FrontUpperLimit, FrontLowerLimit, BackUpperLimit, and BackLowerLimit were 

edited into the same amount calculated in (2). The OptimizedMeasurements.mg files of each 

subject were independently edited and saved as a new .mg file. Finally, the researcher loaded 

each single 3D body scanning file with their corresponding .mg file into the Size Stream Studio 

program and exported their waist girth measurements. 

 

WaistHeight =  + HipHeight                           (1) 

NewLimit = Waist Height ï OptSmallofBack Height                     (2) 

 

4.2.3. 2D Measurements Extraction 

To extract the 2D measurements from 2D images using the PrimeFit 2D image body 

measuring system, 17 subjects were selected as the training group, and 30 subjects were selected 

as the test group. All images in these two groups were compressed into low-resolution images to 

reduce the training time and test image loading time. 

 After compressing the image size, the training group images were marked using Mask R-

CNN implemented in TensorFlow to mark the apparatus and separate it from the background of 

the image (Abdulla, 2018; He et al., 2017,). To make sure each design had the same number of 

images for prediction model training, the images of the training group wearing different fit 

apparatus in design 2 were not used, only the images of subjects wearing design 1, 2, and 3 in the 

best fitting size were used for image training. Finally, 351 images were used for prediction 

model training. 

In this research, two different labeling methods were used to compare, to determine 

which might be better for image training. Method 1 marked the torso part of the body from the 



 

72 

 

neck level to the thigh level. Arms and legs below the thigh girth level were not included. 

Method 2 included torso and legs in the label and arms were not included. On all training 

images, the measuring apparatus regions were highlighted and labeled with the design code and 

pose code. The highlighted measurement detection areas of these two methods are shown in 

Figure 34. 

The training images labeled with highlighted apparatus regions were used to train the 

Mask R-CNN model in the PrimeFit 2D image measuring system for measurement area 

detection.  The three designs were trained separately to compare the influence made by pattern 

and color design. The trained models were able to detect the contour of the measuring regions in 

test images. The resulting images for apparatus detection are shown in Figure 35.
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Figure 34. Examples of training images marked with Mask R-CNN for apparatus detection. (a) Method 1 only torso part marked, (b) 

method 2 torso and legs marked. 
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Figure 35. Examples of resulting images marked for apparatus detection. (a) Method 1 only torso part marked, (b) method 2 torso and 

legs marked. 
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4.3. Data Analysis 

4.3.1. 1D Data 

The 1D data was collected through an online survey. The survey contained three main 

sections: demographic data, lifestyle, and activewear shopping preference questions, and an 

evaluation of the apparatus. The first two sections were answered before trying the measuring 

apparatuses, and the last section was answered after trying the measuring apparatuses to collect 

the evaluation from users. A detailed analysis of the collected data is described in the following 

sections. 

 

4.3.1.1. Demographic Data.  Age, ethnicity, height, and weight are collected in the first 

section of the online survey from the 50 participants. The height and weight were measured 

using a physician scale with electronic height and weight outputs. The distributions of the 

collected demographic data are presented in Figure 36 ï Figure 39. Most of the recruited subjects 

were college students. The ethnicity distribution, as shown in Figure 35, was composed of 60% 

Asian, 38% White, and 2% African American. Although the ethnicity data were converted into 

dummy variables for 2D prediction model analysis, this information is still kept for future 

research. The mean height was 64.55 inches, and the mean weight was 127.28 lbs. The height 

and weight measurements were used as main references for 2D measurement extraction in the 

PrimeFit 2D image measuring system. 
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Figure 36. Age distribution of the collected data. 

 

 
Figure 37. The Ethnicity of the collected data. 

 

 
Figure 38. Height distribution of the collected data. 
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Figure 39. Weight distribution of the collected data. 
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Figure 40. Exercise frequency of participants. 

 

 
Figure 41. Popular exercise types among participants. 
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would do it several times a month. When purchasing a new activewear product, the top 3 favorite 

sportswear brands were Nike (86%), Adidas (76%), and UnderArmour (50%).   

 

 
Figure 42. Frequency of purchasing activewear. 

 

 
Figure 43. The popularity of activewear brands in the market. 
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only expected using activewear for exercising or as casual wear; fashion ability was not 

commonly considered. Only 14% of the participants would use their activewear as a fashion 

statement. This phenomenon also appeared when selecting the top 3 elements when making 

activewear purchasing decisions. The top 3 elements were comfort (74%), fit of clothes (62%), 

and quality and breathability (52%) (Figure 45). Fit, comfort, and quality of the garments were 

more valued than fashion aspects for most college students since they expect to use the 

activewear more for exercising and as casual wear rather than expressing their fashion aesthetic. 

 

 
Figure 44. Activewear application. 

 

 
Figure 45. Elements that matter when making activewear purchasing decisions. 
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Because most of the participants were college students with a limited income, the 

acceptable price range for activewear products was relevantly low. None of the participants 

would like to pay more than $100 for an activewear product. However, participants seemed 

willing to pay slightly more for an activewear bottom than the top. As shown in Figure 46, 

approximately 62% of the participants thought $30 - $ 60 was acceptable for an activewear top 

As for activewear bottoms, 52% of participants thought $30 - $ 60  is acceptable for an 

activewear bottom. 

 

 
Figure 46. The acceptable price range for an activewear top. 

 

 
Figure 47. The acceptable price range for an activewear bottom. 
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4.3.2. Evaluation of Measuring Garments Prototypes 

The results of the participantôs evaluation of the measuring garments based on color, 

pattern, and style are shown in Figure 48. The general evaluation required participants to grade 

the three designs from 1 to 5, with 1 being the lowest score and five being the highest. The mean 

score of design 1 was 3.02, significantly lower than design 2 (mean score 3.96) and design 3 

(mean score 3.88).  

 

 
Figure 48. General evaluation of 3 designs. 
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for exercising. Approximately 44% of the participants selected very unlikely, and 18% selected 

unlikely to wear design 1 apparatus to the gym. Compared to design 1, designs 2 and 3 had more 

potential to be accepted for exercising. About half of the participants selected somewhat likely or 

very likely to wear design 2 to the gym. More than half of the participants expressed a positive 

attitude to wear design 3 for exercising in public occasions. None of the designs were accepted 

as casual wear by most of the participants. 60% of participants felt very unlikely to wear design 1 

as casual wear. 38% felt very unlikely for design 2, and 30% very unlikely for design 3. 

 

 
Figure 49. How likely participants would be to use the apparatus for body measuring. 

 

 
Figure 50. How likely participants would wear the designs in the gym. 
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Figure 51. How likely participants would wear the measuring garments as casualwear. 
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Table 7  

Comments on Design 1 

Color 

I did not like the colors together, I would not use it because of the colors. 

Too vivid and many colors, reduce the number of colors to 2-3. 

I liked the black fill but didn't love the more garish colors. 

I would prefer neutral colors instead; I would feel self-conscious at the gym in this. 

Too many different colors on one garment, it can be extreme fashion or ugly. 

Very bright colors that would remind me of wearing it to grab attention when outdoors. 

The colors are not really my taste. 

I like the amount of color on the garment. 

Too many colors in one look.  

I like the colors. 

Pattern  

I wish the coloring were less block-like. 

I think it would look better as striping instead of blocks. 

General Design 

This design is cool, but itôs a bit bold. The design kind of looks like a warrior/ soldier. 

The design is bold, but not for me  

 

 

Table 8  

Comments on Design 2 

Color 

I like the colors a lot. 

I love the color combo. 

Like the color palette. 

I love the colors. 

Pattern 

I am not a fan of the horizontal all-over stripes. 

Like the pattern design. 

General Design 

The legging print is nice; I would wear the leggings on their own if I were going to the gym. 

I love this design. I would definitely wear this! The leggings go really well with the top. 

I love the top, but I wasn't a huge fan of the design for the bottoms. 

This reminded me of an Olympic uniform, definitely liked this one the most 

Neat and clean, like it. 

I really like this one! 

It reminds me of something to wear when sailing and being near the ocean and needing full-

body coverage. 
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Table 9  

Comments on Design 3 

Color 

I loved the color choice! 

The color is too dark, maybe it can be brighter? 

Pattern 

I like the cute monkey.  

I just personally don't like characters, i.e., the monkeys on my clothing. 

The tropical floral is cute, but the monkeys make it look a little youthful. This would be great 

for kids, but for adults, I would take out the monkeys. 

I think that the monkeys are a bit juvenile. If it didn't have the monkeys, I would be more 

likely to wear it! 

General Design 

I think the green with the monkeys is the best design. I really like how fun and cute it looks.  I 

would be most likely to wear this design in particular.  

I loved this design! 

I really liked this garment as a whole but probably would not wear it because my personal 

preference is not something so tight fitting. 

Special design, like it. 

I really like this for the gym. It might be a little bold for me for everyday wear. 

Very cute but not for a public occasion. 

Good design for a statement. 

 

Table 10  

Comments About the Fit of The Apparatus 

Waist 

Waist is loose.  

The waist was the largest part. 

The belly part is a little bit loose for all three. 

Neck 

The neckline is too high. 

I found the neck area too tight. 

The neck is too tight. 

If the neck were lower, I would definitely wear it. 

It is better to be a flat collar. 

General 

The legs fit perfectly, and so did the top. 

All the garments are not very easy to wear. Somewhat tight during putting on. 

I would probably not wear the leggings at all.  
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4.3.3. 3D Body Scanning Data 

During the research process, each subject was asked to put on 4-5 measuring apparatuses 

covering three designs (design 1, design 2, and design 3) and three fit levels (a smaller size, a 

best-fitting size, and a larger size made in design 2). A total of 237 scans were collected with 50 

best-fitting size in design 1, 50 best-fitting size in design 2, 50 best-fitting size in design 3, 39 

smaller size in design 2, and 48 larger size in design 2. The representative measurements, 

including bust girth, waist girth, hip girth, right leg inseam length, and right leg girth, were 

extracted from 3D body scan data.  

 

4.3.3.1. 3D vs. 3D: compare measurements extracted from a different fit. The best-

fitting size, smaller size, and larger size apparatus measurement results were compared using 

paired t-test to evaluate the effects of different measuring garment fit level on body measuring 

results. The subjects whose best-fitting size was X-Small did not have a smaller size and subjects 

whose best-fitting size was X-Large did not have a larger size, the sample size for subjects who 

tried a smaller size and subjects who tried a larger size was different. Paired t-tests were 

conducted separately for comparing smaller size versus best-fitting size and larger size versus 

best-fitti ng size. The results are presented in Tables 11 and 12.  

The number of subjects who tried both a smaller size and best-fitting size was 39. Paired 

t-tests demonstrated that the bust and waist girth measurements of subjects wearing a smaller 

size garment were significantly smaller than the same measurements of subjects wearing the 

best-fitting size garment. The measurement results of hip girth and right inseam girth did not 

have significant differences between the two different fits.  
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The number of subjects who tried both a larger size and a best fitting size was 48. The 

paired t-test result showed that the waist girth, hip girth, and right inseam length of subjects 

wearing larger size garment were significantly larger than the measurement results of subjects 

wearing the best-fitting size garment. The measurement results for bust girth were not 

significantly different between the two fits. 

 

Table 11 

Results of The Paired T-Tests (Smaller Size Vs. Best-Fitting Size) 

Measurement Smaller size 

Mean 

Best-fitting size 

Mean 

p (small vs. best) Flag (small vs. 

best) *  

Bust girth 36.46 36.7 0.0019 < 

Waist girth 31.15 31.47 0.0003 < 

Hip girth 38.77 38.85 0.1281 - 

R-Inseam length 29.33 29.26 0.7677 - 

*: Flag is labeled based on p values when Ŭ = 0.05 for one side tests; < means the smaller size 

mean is significantly smaller than the best size mean, - means the difference is not significant. 

 

Table 12 

Results of the paired t-tests (larger size vs. best fitting size) 

Measurement Larger size 

Mean 

Best-fitting size 

Mean 

p (large vs. best) Flag (large vs. 

best) *  

Bust girth 35.76 35.65 0.072 - 

Waist girth 30.79 30.37 0.0001 > 

Hip girth 38.12 37.91 0.0007 > 

R-Inseam length 29.29 29.09 0.0183 > 

Note. *: Flag is labeled based on p values when Ŭ = 0.05 for one side tests; > means the larger 

size mean is significantly larger than the best size mean, - means the difference is not significant. 

 

4.3.4. 3D Vs. 2D: Compare 2D Measurements with 3D  

The measurements predicted by the 2D image measuring system (2D auto) were 

compared to the measurements extracted from 3D scans (3D auto) to evaluate the general 

accuracy of the 2D measuring method. Histograms and Q-Q plots were created to demonstrate 
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the difference between 2D and 3D measurements (Appendix C). The distributions of differences 

were generally normal. Therefore, paired t-tests were conducted to compare the two labeling 

methods and two poses for side view images. The results of the paired t-tests are presented in 

Table 13. There is no significantly better labeling method or pose for the 2D image measuring 

system. The measurements with the largest difference were the bust girth, regardless of labeling 

method or pose.  The 2D predicted measurements were significantly different from the extracted 

3D measurements. The inseam length is another measurement that has significant differences 

between the 2D and 3D measurements. It can be observed that when labeling the whole body, the 

2D prediction measurements were significantly larger than the 3D measurements with arms 

beside the bodies. If only the torso was labeled, the 2D prediction measurements were 

significantly larger than the 3D measurements when hands were above heads.  

 

Table 13  

Results of The Paired T-Tests On 2D Images Vs. 3D Scan 

Measurement 3D auto mean Labeling Pose 2D auto mean p Flag * 

Bust girth 

  

35.71 

  

Whole-body 

arms up 36.1 0.0001 > 

arms down 36.1 0.0001 > 

Torso 

arms up 36.01 0.0002 > 

arms down 36.09 0 > 

Waist girth 

  

30.56 

  

Whole-body 

arms up 30.57 0.8737 - 

arms down 30.41 0.051 - 

Torso 

arms up 30.6 0.5867 - 

arms down 30.6 0.6288 - 

Hip girth 

  

38.09 

  

Whole-body 

arms up 37.94 0.1197 - 

arms down 38 0.3068 - 

Torso 

arms up 37.95 0.1159 - 

arms down 37.97 0.1809 - 

Inseam length 

  

29.22 

  

Whole-body 

arms up 29.27 0.4367 - 

arms down 29.35 0.0411 > 

Torso 

arms up 29.36 0.0221 > 

arms down 29.29 0.2141 - 

Note. *: Flag is labeled based on p values when Ŭ = 0.05 for one side tests; > means the 2D auto 

mean is significantly larger than the 3D auto mean, - means the difference is not significant. 
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The result of the paired t-test between 3D measurements and 2D prediction 

measurements suggests that there is no significant difference between the two labeling methods. 

Therefore, in the following sections, only the prediction models of the whole-body labeling 

method are presented. The prediction model of torso labeled images can be found in Appendix 

D.  

  

4.3.5. 2D vs. 2D: Comparison of Measurements Extracted from Different Designs 

To find out if the color and pattern of the measuring apparatus would make any impact on 

the 2D image predicted measurements, the LASSO (least absolute shrinkage and selection 

operator) regression models were trained on the 2D images collected from the participants. 

Akaike Information Criterion (AIC) was used for model selection, and the scikit-learn API was 

used for model training. The data was collected from 50 participants wearing three different 

designs, 47 of which were useable after primary checking. The final dataset contains 207 sets of 

images, including 47 in design 1, 135 in design 2, and 46 in design 3. The design 2 image data 

set has more photos because it included the images of participants wearing other sizes of 

garments in design 2. The subjects were then randomly split into training (40%) and testing 

datasets (60%). 

Two groups of Lasso models with AIC model selection were trained using the extracted 

3D measurements and 2D images. The first group used the front view with the arms-down image 

for 2D measurement extraction, and the second group used the front view with arms-up images 

for 2D measurement extraction.  

Besides the 2D images, demographic information of height, weight, age, and ethnicity 

were also included as candidate dependent variables for prediction model training. Age and 
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ethnicity variables were converted to dummy variables to be processed through the machine 

learning models in scikit-learn API.  

A general format of the resulting LASSO model is shown in (3) based on. Xiaôs (2018) 

research, in which (a) ‍0 is the intercept, (b) ‍1ȣ‍ὲ are coefficients for the n dependent variables, 

(c) ὼ1ȣὼn are the dependent variables, (d) ὼȣὼare means for the dependent variables, (e) „1ȣ„ὲ 

are standard deviations for the n dependent variables and (f) ώǶ is the predicted value. 

 

   ώǶ= ‍0+ ‍1ᶻ ȣ  ‍nᶻ                                                   (3) 

 

In the prediction model, the four representative measurements of bust girth, waist girth 

(center-b/w-bust-hips), hip girth, and inseam length were used as the independent variables. Bust 

width, bust depth, bust height, waist width (center-b/w-bust-hips), waist depth (center-b/w-bust-

hips), waist height (center-b/w-bust-hips), hip width, hip depth, hips height, and crotch height 

were selected as predictor measurements and used as dependent variables and extracted from 2D 

images.  All dependent variables were standardized by removing the mean and scaling to unit 

variance.  The missing values were imputed by the mean of the variable before training the 

models. 

Generally, the performance of prediction models in the arms-up group was slightly better 

than the arms-down group. This is because the outline of side-view images with an arms-up pose 

was less covered and easier to detect. Among all three designs, design 2 was significantly better 

than the two other designs in the bust girth prediction model which had the highest R2 value. The 

performance of design 3 bust girth prediction model was significantly worse than two other 
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designs and had the lowest R2 value. The impact of design is not significant in other 

representative measurements. 

 

4.3.5.1 Bust girth prediction. The prediction model for the bust girth measurement in 

design 1, the arms-down pose, is presented in (4). Dependent variables were narrowed down to 

weight and BMI. The R2 value of the prediction model was 0.573. Figure 52(a) shows the 

difference between the predicted bust girth and the bust girth measurement extracted from 3D 

scans, in 20 out of 33 subjects (60.61%), the difference between predicted bust girth 

measurements and 3D bust girth measurements were more than 1 inch. 

 

ὄόίὸὋ ὶὸὬὃὶάίὈέύὲρ 

=35.911+0.904*
Ȣ

Ѝ Ȣ
 +0.673*

Ȣ

ЍȢ
                            (4)                      

 

The prediction model for the bust girth measurement in design 1, the arms-up pose, is 

presented in (5). Dependent variables were narrowed down to weight, BMI, and hip depth. The 

R2 value of the prediction model was 0.576. Figure 52(b) shows the difference between the 

predicted bust girth and the bust girth measurement extracted from 3D scans, in 18 out of 33 

subjects (54.55%), the difference between predicted bust girth measurements and 3D bust girth 

measurements were more than 1 inch. 

 

ὄόίὸὋ ὶὸὬὃὶάίὟὴρ 

=35.911+0.402*
Ȣ

Ѝ Ȣ
 +0.605*

Ȣ

ЍȢ
  

+0.917*
Ȣ

ЍȢ
                                                                           (5)                        
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Figure 52. Bust girth model prediction results of design 1. (a). Prediction results in the arms-

down pose. (b). Predicted results in the arms-up pose. 

 

The prediction model for the bust girth measurement in design 2, the arms-down pose, is 

presented in (6). Dependent variables were narrowed down to bust width, bust depth, waist 

width, and waist depth.  The R2 value of the prediction model was 0.653. Figure 53(a) shows the 

difference between the predicted bust girth and the bust girth measurement extracted from 3D 

scans, in 45 out of 113 subjects (39.82%), the difference between predicted bust girth 

measurements and 3D bust girth measurements were more than 1 inch. 

 

ὄόίὸὋ ὶὸὬὃὶάίὈέύὲς 

=35.951+0.255*
Ȣ

ЍȢ
 +0.933*

Ȣ

ЍȢ
  

+0.470*
Ȣ

ЍȢ
 +0.403*

Ȣ

ЍȢ
                           (6)                      

 
The prediction model for the bust girth measurement in design 2, the arms-up pose, is 

presented in (7). Dependent variables were narrowed down to weight, bust width, bust depth, waist 

width, and waist depth.  The R2 value of the prediction model was 0.739. Figure 53(b) shows the 

difference between the predicted bust girth and the bust girth measurement extracted from 3D scans, 
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in 51 out of 113 subjects (45.13%), the difference between predicted bust girth measurements and 3D 

bust girth measurements were more than 1 inch. 

 

ὄόίὸὋ ὶὸὬὃὶάίὟὴς 

=35.951+0.408*
Ȣ

Ѝ Ȣ
 +0.171*

Ȣ

ЍȢ
  

+0.470*
Ȣ

ЍȢ
 +0.497*

Ȣ

ЍȢ
  

+0.573*
Ȣ

ЍȢ
                                                                        (7)                      

 
Figure 53. Bust girth model prediction results of design 2. (a). Prediction results in the arms-

down pose. (b). Predicted results in the arms-up pose. 

 

The prediction model for the bust girth measurement in design 3, the arms-down pose, is 

presented in (8). Dependent variables were narrowed down to bust depth.  The R2 value of the 

prediction model was 0.492. Figure 54(a) shows the difference between the predicted bust girth and 

the bust girth measurement extracted from 3D scans, in 15 out of 32 subjects (46.88%), the 

difference between predicted bust girth measurements and 3D bust girth measurements were more 

than 1 inch. 

 

ὄόίὸὋ ὶὸὬὃὶάίὈέύὲσ = 35.642+0.820*
Ȣ

ЍȢ
                  (8)                                                         
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The prediction model for the bust girth measurement in design 3, the arms-up pose, is 

presented in (9). Dependent variables were narrowed down to waist width, waist depth, and hip 

depth.  The R2 value of the prediction model was 0.739. Figure 54(b) shows the difference between 

the predicted bust girth and the bust girth measurement extracted from 3D scans, in 16 out of 32 

subjects (50%), the difference between predicted bust girth measurements and 3D bust girth 

measurements were more than 1 inch. 

 

ὄόίὸὋ ὶὸὬὃὶάίὟὴσ 

=35.642+0.181*
Ȣ

ЍȢ
 +0.430*

Ȣ

ЍȢ
  

+0.665*
Ȣ

ЍȢ
                                                                           (9)            

 

 
Figure 54. Bust girth model prediction results of design 3. (a). Prediction results in the arms-

down pose. (b). Predicted results in the arms-up pose. 

 

4.3.5.2 Waist girth prediction. The prediction model for the waist girth measurement in 

design 1, the arms-down pose, is presented in (10). Dependent variables were narrowed down to 

weight and BMI.  The R2 value of the prediction model was 0.649. Figure 55(a) shows the 

difference between the predicted waist girth and the waist girth measurement extracted from 3D 
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scans, in 12 out of 33 subjects (36.36%), the difference between predicted waist girth 

measurements and 3D waist girth measurements were more than 1 inch. 

 

ὡὥ ίὸὋ ὶὸὬὃὶάίὈέύὲρ  

= 30.298+1.249*
Ȣ

Ѝ Ȣ
 +0.660*

Ȣ

ЍȢ
                         (10)                                                     

 

The prediction model for the waist girth measurement in design 1, the arms-up pose, is 

presented in (11). Dependent variables were narrowed down to weight, BMI, waist depth, and 

hip depth.  The R2 value of the prediction model was 0.726. Figure 55(b) shows the difference 

between the predicted waist girth and the waist girth measurement extracted from 3D scans, in 

16 out of 33 subjects (48.48%), the difference between predicted waist girth measurements and 

3D waist girth measurements were more than 1 inch. 

 

ὡὥ ίὸὋ ὶὸὬὃὶάίὟὴρ 

=30.298+0.406*
Ȣ

Ѝ Ȣ
 +0.751*

Ȣ

ЍȢ
   

+ 0.787*
Ȣ

ЍȢ
 +0.652*

Ȣ

ЍȢ
                              (11) 

                                                                      

 
Figure 55. Waist girth model prediction results of design 1. (a). Prediction results in the arms-

down pose. (b). Predicted results in the arms-up pose. 
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The prediction model for the waist girth measurement in design 2, the arms-down pose, is 

presented in (12). Dependent variables were narrowed down to weight, waist depth, hip width, 

and hip depth. The R2 value of the prediction model was 0.737. Figure 56(a) shows the 

difference between the predicted waist girth and the waist girth measurement extracted from 3D 

scans, in 46 out of 113 subjects (40.71%), the difference between predicted waist girth 

measurements and 3D waist girth measurements were more than 1 inch. 

 

ὡὥ ίὸὋ ὶὸὬὃὶάίὈέύὲς  

= 30.372+0.723*
Ȣ

Ѝ Ȣ
 +0.587*

Ȣ

ЍȢ
  

+0.739*
Ȣ

ЍȢ
 +0.623*

Ȣ

ЍȢ
                               (12)       

                                                   

The prediction model for the waist girth measurement in design 2, the arms-up pose, is 

presented in (13). Dependent variables were narrowed down to weight, BMI, hip width, and hip 

depth. The R2 value of the prediction model was 0.787. Figure 56(b) shows the difference 

between the predicted waist girth and the waist girth measurement extracted from 3D scans, in 

43 out of 113 subjects (38.05%), the difference between predicted waist girth measurements and 

3D waist girth measurements were more than 1 inch. 

 

ὡὥ ίὸὋ ὶὸὬὃὶάίὟὴς 

=30.372+0.819*
Ȣ

Ѝ Ȣ
 +0.176*

Ȣ

ЍȢ
  

+0.547*
Ȣ

ЍȢ
 +0.917*

Ȣ

ЍȢ
                               (13)   
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Figure 56. Waist girth model prediction results of design 2. (a). Prediction results in the arms-

down pose. (b). Predicted results in the arms-up pose. 

 

The prediction model for the waist girth measurement in design 3, the arms-down pose, is 

presented in (14). Dependent variables were narrowed down to BMI and waist depth. The R2 

value of the prediction model was 0.768. Figure 57(a) shows the difference between the 

predicted waist girth and the waist girth measurement extracted from 3D scans, in 12 out of 32 

subjects (37.5%), the difference between predicted waist girth measurements and 3D waist girth 

measurements were more than 1 inch. 

 

ὡὥ ίὸὋ ὶὸὬὃὶάίὈέύὲσ  

= 30.273+0.470*
Ȣ

ЍȢ
  + 1.684 *

Ȣ

ЍȢ
                   (14) 

 

The prediction model for the waist girth measurement in design 3, the arms-up pose, is 

presented in (15). Dependent variables were narrowed down to BMI, waist width, waist depth, 

and hip height. The R2 value of the prediction model was 0.802. Figure 57(b) shows the 

difference between the predicted waist girth and the waist girth measurement extracted from 3D 

scans, in 7 out of 32 subjects (21.88%), the difference between predicted waist girth 
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measurements and 3D waist girth measurements were more than 1 inch. The performance of the 

arms-up model is slightly better than the arms-down model. 

 

ὡὥ ίὸὋ ὶὸὬὃὶάίὟὴσ 

=30.273+0.880*
Ȣ

ЍȢ
 +0.572*

Ȣ

ЍȢ
  

+1.246*
Ȣ

ЍȢ
 +0.004*

Ȣ

ЍȢ
                            (15)                    

 

 
Figure 57. Waist girth model prediction results of design 3. (a). Prediction results in the arms-

down pose. (b). Predicted results in the arms-up pose. 

 

4.3.5.3 Hip girth prediction . The prediction model for the hip girth measurement in 

design 1, the arms-down pose, is presented in (16). Dependent variables were narrowed down to 

weight and BMI. The R2 value of the prediction model was 0.508. Figure 58(a) shows the 

difference between the predicted hip girth and the hip girth measurement extracted from 3D 

scans, in 16 out of 33 subjects (48.48%), the difference between predicted hip girth 

measurements and 3D hip girth measurements were more than 1 inch. 

 

Ὄ ὴὋ ὶὸὬὃὶάίὈέύὲρ  

= 37.823+0.683*
Ȣ

Ѝ Ȣ
 +1.706*

Ȣ

ЍȢ
                         (16)                                
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The prediction model for the hip girth measurement in design 1, the arms-up pose, is 

presented in (17). Dependent variables were narrowed down to weight, BMI, and hip depth. The 

R2 value of the prediction model was 0.562. Figure 58(b) shows the difference between the 

predicted hip girth and the hip girth measurement extracted from 3D scans, in 15 out of 33 

subjects (45.45%), the difference between predicted hip girth measurements and 3D hip girth 

measurements were more than 1 inch. 

 

Ὄ ὴὋ ὶὸὬὃὶάίὟὴρ 

=37.823+0.426*
Ȣ

Ѝ Ȣ
 +1.617*

Ȣ

ЍȢ
  

+0.358*
Ȣ

ЍȢ
                                                                         (17)                  

 

 
Figure 58. Hip girth model prediction results of design 1. (a). Prediction results in the arms-down 

pose. (b). Predicted results in the arms-up pose. 

 

The prediction model for the hip girth measurement in design 2, the arms-down pose, is 

presented in (18). Dependent variables were narrowed down to BMI, waist width, and waist 

depth. The R2 value of the prediction model was 0.607. Figure 59(a) shows the difference 

between the predicted hip girth and the hip girth measurement extracted from 3D scans, in 60 out 
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of 113 subjects (53.10%), the difference between predicted hip girth measurements and 3D hip 

girth measurements were more than 1 inch. 

 

Ὄ ὴὋ ὶὸὬὃὶάίὈέύὲς  

= 37.741+1.196*
Ȣ

ЍȢ
 +0.181*

Ȣ

ЍȢ
  

+0.241*
Ȣ

ЍȢ
                                                                      (18)  

                                         

The prediction model for the hip girth measurement in design 2, the arms-up pose, is 

presented in (19). Dependent variables were narrowed down to BMI. The R2 value of the 

prediction model was 0.535. Figure 59(b) shows the difference between the predicted hip girth 

and the hip girth measurement extracted from 3D scans, in 64 out of 113 subjects (56.64%), the 

difference between predicted hip girth measurements and 3D hip girth measurements were more 

than 1 inch. 

 

Ὄ ὴὋ ὶὸὬὃὶάίὟὴς =37.741+1.241*
Ȣ

ЍȢ
                                (19) 

                   

 
Figure 59. Hip girth model prediction results of design 2. (a). Prediction results in the arms-down 

pose. (b). Predicted results in the arms-up pose. 
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The prediction model for the hip girth measurement in design 3, the arms-down pose, is 

presented in (20). Dependent variables were narrowed down to BMI, waist width, and waist 

depth. The R2 value of the prediction model was 0.455. Figure 60(a) shows the difference 

between the predicted hip girth and the hip girth measurement extracted from 3D scans, in 22 out 

of 32 subjects (68.75%), the difference between predicted hip girth measurements and 3D hip 

girth measurements were more than 1 inch. 

 

Ὄ ὴὋ ὶὸὬὃὶάίὈέύὲσ  

= 37.723+1.381*
Ȣ

ЍȢ
 +0.429*

Ȣ

ЍȢ
  

+0.718*
Ȣ

ЍȢ
                                                                      (20)                                               

 

The prediction model for the hip girth measurement in design 3, the arms-up pose, is 

presented in (21). Dependent variables were narrowed down to BMI. The R2 value of the prediction 

model was 0.478. Figure 60(b) shows the difference between the predicted hip girth and the hip girth 

measurement extracted from 3D scans, in 14 out of 32 subjects (43.75%), the difference between 

predicted hip girth measurements and 3D hip girth measurements were more than 1 inch. 

 

Ὄ ὴὋ ὶὸὬὃὶάίὟὴσ =37.722+1.255*
Ȣ

ЍȢ
                                           (21)               
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Figure 60. Hip girth model prediction results of design 3. (a). Prediction results in the arms-down 

pose. (b). Predicted results in the arms-up pose. 

 

4.3.5.4 Inseam length prediction. The prediction model for the inseam length 

measurement in design 1, the arms-down pose, is presented in (22). Dependent variables were 

narrowed down to weight, bust height, and hip depth. The R2 value of the prediction model was 

0.553. Figure 61(a) shows the difference between the predicted inseam length and the inseam 

length measurement extracted from 3D scans, in 9 out of 33 subjects (27.27%) the difference 

between predicted inseam length measurements and 3D inseam length measurements were more 

than 1 inch. 

 

ὍὲίὩὥάὒὩὲὫὸὬὃὶάίὈέύὲρ  

= 29.771+0.219*
Ȣ

Ѝ Ȣ
 +0.999*

Ȣ

ЍȢ
  

+ 0.174*
Ȣ

ЍȢ
                                                                       (22)                                                          

 

The prediction model for the inseam length measurement in design 1, the arms-up pose, 

is presented in (23). Dependent variables were narrowed down to weight and hip height. The R2 

value of the prediction model was 0.472. Figure 61(b) shows the difference between the 
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predicted inseam length and the inseam length measurement extracted from 3D scans, in 10 out 

of 33 subjects (30.30%), the difference between predicted inseam length measurements and 3D 

inseam length measurements were more than 1 inch. 

 

ὍὲίὩὥάὒὩὲὫὸὬὃὶάίὟὴρ 

=29.771+0.233*
Ȣ

Ѝ Ȣ
 +0.799*

Ȣ

ЍȢ
                  (23)                                                                                         

 

 
Figure 61. Inseam length model prediction results of design 1. (a). Prediction results in the arms-

down pose. (b). Predicted results in the arms-up pose. 

 

The prediction model for the inseam length measurement in design 2, the arms-down 

pose, is presented in (24). Dependent variables were narrowed down to waist height and hip 

height. The R2 value of the prediction model was 0.524. Figure 62(a) shows the difference 

between the predicted inseam length and the inseam length measurement extracted from 3D 

scans, in 19 out of 113 subjects (16.81%), the difference between predicted inseam length 

measurements and 3D inseam length measurements were more than 1 inch. 

ὍὲίὩὥάὒὩὲὫὸὬὃὶάίὈέύὲς  

= 29.546+0.849*
Ȣ

ЍȢ
 +0.281*

Ȣ

ЍȢ
           (24)                                                                                                                         
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The prediction model for the inseam length measurement in design 2, the arms-up pose, 

is presented in (25). Dependent variables were narrowed down to height, waist height, and hip 

height. The R2 value of the prediction model was 0.679. Figure 62(b) shows the difference 

between the predicted inseam length and the inseam length measurement extracted from 3D 

scans, in 18 out of 113 subjects (15.93%), the difference between predicted inseam length 

measurements and 3D inseam length measurements were more than 1 inch. 

 

ὍὲίὩὥάὒὩὲὫὸὬὃὶάίὟὴς 

=29.546+0.270*
Ȣ

ЍȢ
 +0.714*

Ȣ

ЍȢ
  

+0.216*
Ȣ

ЍȢ
                                                                      (25)                                                                                          

 

 
Figure 62. Inseam length model prediction results of design 2. (a). Prediction results in the arms-

down pose. (b). Predicted results in the arms-up pose. 

 

The prediction model for the inseam length measurement in design 3, the arms-down 

pose, is presented in (26). Dependent variables were narrowed down to height and hip height. 

The R2 value of the prediction model was 0.530. Figure 63(a) shows the difference between the 

predicted inseam length and the inseam length measurement extracted from 3D scans, in 10 out 
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of 32 subjects (31.25%) the difference between predicted inseam length measurements and 3D 

inseam length measurements were more than 1 inch. 

 

ὍὲίὩὥάὒὩὲὫὸὬὃὶάίὈέύὲσ  

= 19.716+0.529*
Ȣ

ЍȢ
 +0.324*

Ȣ

ЍȢ
                 (26)  

                                                                                                                      
The prediction model for the inseam length measurement in design 3, the arms-up pose, is 

presented in (27). Dependent variables were narrowed down to height and hip height. The R2 value 

of the prediction model was 0.588. Figure 63(b) shows the difference between the predicted inseam 

length and the inseam length measurement extracted from 3D scans, in 10 out of 32 subjects 

(31.25%) the difference between predicted inseam length measurements and 3D inseam length 

measurements were more than 1 inch. 

 

ὍὲίὩὥάὒὩὲὫὸὬὃὶάίὟὴσ 

=29.716+0.592*
Ȣ

ЍȢ
 +0.486*

Ȣ

ЍȢ
                    (27)                                                                                                                                                                   

 

 
Figure 63. Inseam length model prediction results of design 3. (a). Prediction results in the arms-

down pose. (b). Predicted results in the arms-up pose. 
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CHAPTER 5. CONCLUSIONS AND FUTURE STUDIES 

5.1 Conclusions 

The purpose of this research was to develop a series of garments that could be used as a 

measuring apparatus in the 2D image body measuring system developed by the PrimeFit 

research team to assist online shopping and customize clothing. In the past few decades, 

sportswear has gone through a long process of revolution and is now widely accepted for daily 

wearing and exercises. On the other hand, the awakening of female consciousness and the rise of 

feminism also allowed women to come out from home and participate in all kinds of sports and 

work. In the 21st century, women want to pair technology with clothing to make their life more 

efficient. These measuring garments could be an efficient product that can measure the human 

body for online shopping size recommendation and also as sportswear or casual wear. 

To achieve this goal, four research questions were developed in section 1.2, and three 

stages of prototype development, data collection, and data analysis were designed to find the 

answer to those questions. 

Stage one focused on developing the measuring apparatus. Before designing the 

apparatus, ISO and ASTM standards were viewed to find out the most used measurements in 

apparel products and their locations on the human body. Bust girth, waist girth, hip girth, and 

inseam length were selected as representative measurements for apparatus design and data 

extraction. To explore possible design solutions, three designs were developed with three levels 

of color distinction and three levels of pattern regularity. Five sizes developed from ASTM 

D5585-11e1 were also assigned to each design to test the impact of apparatus fit on human body 

measuring.  



 

108 

 

Stage two focused on testing the apparatuses, collect data, and extract data from 3D scan 

files and 2D images. In the data collection process, 1D demographic and sportswear preference 

data, 2D image data, and 3D scan data were collected from 50 female college students. 1D data 

was collected through an online survey, 2D image data was taken by a smartphone with 

participants wearing apparatuses inside a standard doorframe, and 3D scan data was taken by 

Size Stream whole-body scanner with participants wearing the apparatuses. Participants were 

required to put on 2-3 different sizes including a best fitting size, a slightly smaller size, and a 

slightly larger size in the same design, and the best fitting size apparatus in the other two designs 

for 2D and 3D data collection. The 2D image includes one front view image and two side-view 

images. Two poses as arms beside the body (arms down) and arms above head (arms up) were 

used for side view images. This process collected data of the same subject wearing a different fit 

and different designs of measuring apparatus for further comparison. The second section of step 

two focused on data extraction from a 2D image and 3D scan files. The four representative 

measurements, namely bust girth, waist girth, hip girth, and inseam length, were extracted from 

3D scans as independent variables for 2D prediction model training. The waist girth level was 

defined as the center between bust and hip girth. The 2D images were labeled using Mask R-

CNN to highlight the outline of measurement regions for data extraction. 

Stage three focused on analyzing the collected 1D, 2D, and 3D data. The 1D data 

collected from the online survey were separated into three sections: basic demographic data, 

sportswear preference data, and measuring garments evaluation data. It is found that among 

college student participants, they prefer flexible and non-organized sports like fitness in the gym, 

walking, running, and yoga. The participants were only willing to pay less than 60 dollars for a 

sportswear product, and they value the quality more than fashion ability. After trying the three 
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designs of measuring apparatus, the participants evaluated the garments based on the style, color, 

and pattern. Generally, participants were interested in using all three designs for body measuring, 

but they tended not want to use these apparatuses in the public area or as casual wear.  

The extracted 2D and 3D measurements were used to evaluate the effect of measuring 

apparatus design and fit. The 3D measurements of the same subject wearing different sizes were 

compared to analyze the effect of garment fit. The results suggested that when wearing a smaller 

size of the garment, the bust girth and waist girth were significantly smaller than the best fitting 

size measurements. When wearing a larger size, the waist girth, hip girth, and inseam length 

were significantly larger than the best fitting size measurements. It should be noticed that all 

differences of the mean were smaller than 0.5 inches. However, when making patterns for 

apparel products, the basic ease for bodice around bust is 4 inches, and 2.5 inches around waist 

(Gill, 2011). Although these differences were significant at the statistical level, they are very 

acceptable in the apparel industry. 

The 2D representative measurements were extracted by training LASSO regression 

models with AIC for model selection. The measurements extracted using the prediction models 

of two labeling methods and poses were compared with 3D extracted measurements, and there 

was no significant difference. The resulting prediction model of three designs in two poses was 

further compared, and the results showed that the bust girth is significantly better in design 2 and 

significantly worse in design3, but the waist girth, hip girth, and inseam length prediction 

measurements did not have a significant difference among the three designs. The prediction 

model trained with arms-up pose images were slightly better than the prediction models trained 

with arms-down images. 
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5.1.1. Research Question 1 

Research questions 1 and 1b asked about the impact of the fit and design of the 

measuring garments. It can be concluded that the fit of measuring apparatuses has a statistically 

significant impact on 2D prediction measurements but was acceptable in the apparel industry. 

The impact of measuring apparatus design was not significant. Research questions 1a and 1a1 

wanted to know how the design might impact the measuring results and what kinds of patterns, 

colors, and styles can be used to obtain accurate measurements. Based on the prediction model, it 

seems that design has a limited impact on 2D prediction measurements, which means the design 

and color used in measuring garments designs have more possibilities. As for the style of 

measuring garments, after three generations of development, researchers determined that a foot 

strap and thumbhole would be necessary to cover arms and legs for multiple body shapes. For 

research question 1c, the current designs have achieved satisfying predictions in inseam length, 

but for hip girth, waist girth, and bust girth, there still has some room for improvement. 

 

5.1.2. Research Question 2 

Research question 2 explored the impact of side view pose in 2D image data. The 

comparison between the two poses approved that there is no significant difference between the 

two poses, and their regression models tend to be similar. This result approved that the arms-up 

pose can also be used for 2D image measure, which could make it easier for model training in 

future studies. 
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5.1.3. Research Question 3 

Research question 3 focused on consumer attitude towards the measuring garments. The 

evaluation of 3 designs in different aesthetic level suggested that fashion elements could impact 

consumer attitude to use the measuring garments. Based on the online survey answered by 50 

college students, it can be concluded that these consumers tend to participate in flexible and non-

organized sports. They are more interested in the medium- or low-price sportswear products with 

relatively high quality and comfort. Fashion ability was not valued as much as the other two 

elements. However, designs with basic aesthetics were still preferred, as they showed more 

interested in designs with fashion elements and textile patterns compared to the color block 

design with poor fashion aesthetics. In the comments towards three designs, some of the 

participants mentioned that they did not like the turtleneck design and would prefer a flat collar, 

and some design elements like the monkey in the textile pattern for design 3 might be considered 

negatively by some consumers. 

 

5.1.4. Research Question 4 

Research question 4 asked about consumer acceptance of the new technology. After 

trying the apparatus and the 2D measuring method, most of the participants were interested in 

using the apparatus for body measuring. The measuring garments have some potential to be gym 

suits for the participants, but wearing the measuring garments as casual wear was not acceptable 

for the majority of them.  

Overall, the developed measuring apparatuses can be used with the developed 2D 

measuring system for body measuring at home, and the conclusion that the design does not have 
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a significant impact on prediction measurements provided more possibility for future design and 

development.  

 

5.2. Limitations and Further Studies 

This research was limited by the size of the population and the limited age range. Most of 

the participants were a convenience sample of college students and as such, were more sensitive 

and curious about this kind of new technology and potentially more willing to try it. The 

accuracy of this 2D measuring method could also be improved with a larger population covering 

more age ranges, ethnicities, and body shapes to enrich the dataset for machine learning. Other 

objects, such as labels or tags, could be used as a reference unit instead of a door frame. More 

light conditions and backgrounds could be tested to improve the accuracy of 2D prediction 

measurements.  
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Appendix B 

 

 

"Measuring Garment" Consumer Evaluation Survey 

 

 

Section 1: Basic Information 

1. Age: _____________ 

2. Gender: δ  FEMALE  δMALE 

3. Ethnicity: δ  White δ  African American δ  Hispanic δ  Asian δ  Native American 

 δMultiracial _____________________ (please list all ethnicities that apply) 

 δOther _____________________ (please write the ethnicity that applies to you) 

 

4. Are you currently enrolled as a college student?     δYES δ  NO 

--------------------------------------------------------------------------------------------------------------------- 

Following is filled by the researcher: 

Participantôs ID number: __________________________ 

Weight: _____________________ lbs. Height: _____________________ inches 

 

______________________________________________________________________________ 
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Section 2: Sports-related Lifestyle and Preferences 

1. How often do you engage in active exercise? 

 δLess than once a month  δ1-3 times a month δOnce a week  

 δ2-4 times a week δ  more than 4 times a week 

2. What do you most often do for exercise? (Choose all that apply) 

 δFitness/Gym δ  Walking δ  Running δ  Swimming δ  Hiking  δDancing δ  Bike Riding  

 δYoga δ  Aerobics δ  Pilates δ  Team Sports  δOther (Please specify) 

3. How often do you buy new activewear (either a top, a bottom, or any other item of activewear) 

 δLess than once a year  δOnce a year δ  Once a quarter δ Once a month δ  Several times a 

month 

4. What are your favorite activewear brands? Select the top 3 you like. 

 δNike δ Adidas δ Puma δ UnderArmour δ Lululemon δ Fabletics δ Other (Please specify) 

5. What do you mainly use activewear for? (Choose all that apply) 

Eδxercise δ  Lounging at home δ As everyday wear δAs a fashion statement 

6. What're the top 3 things you care about while shopping activewear? 

Fδit of clothes            δ Comfort         Qδuality and breathability of the material  

Dδesign and fashion aspect                 δ Versatility, ability to wear outside the gym  

Dδurability, ability to wash easily      δ Price                      δ Other (Please Specify) 

7. How much are you willing to pay for an activewear top? 

 δLess than $30         $δ30-$60         δ $60-$100         δ $100-$200         δ More than $200 

8. How much are you willing to pay for an activewear bottom? 

 δLess than $30         δ $30-$60         δ $60-$100         δ $100-$200         δ More than $200  
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Section 3: Evaluation of Designed Measuring Garments 

A. Please answer the following questions after trying 3 Measuring Garments. 

1.Select your evaluation of the fit from 1-5 

1: very tight      2: slightly tight      3: fits perfectly      4: slightly loose      5: very loose 

 Garment 1:               1                2                3                4                 5 

 Garment 2:               1                2                3                4                 5 

 Garment 3:               1                2                3                4                 5 

2.Select your evaluation of the comfort from 1-5 

1: very uncomfortable    2: slightly uncomfortable    3: neither    4: comfortable    5: very 

comfortable 

 Garment 1:               1                2                3                4                 5 

 Garment 2:               1                2                3                4                 5 

 Garment 3:               1                2                3                4                 5 

 

 

B. Please answer the following questions base on the 5 designs below (the 5 designs will be 

attached): 

1. Select your evaluation of each set of measuring garments from 1-5 (1 is lowest and 5 is 

highest) 

 Design1:               1                2                3                4                 5 

 Design2:               1                2                3                4                 5 

 Design3:               1                2                3                4                 5 
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2. How likely would you use this garment for body measuring? 

1: very unlikely    2: somewhat unlikely 3: neither likely nor unlikely 4: somewhat likely 5: very 

likely 

 Design1:               1                2                3                4                 5 

 Design2:               1                2                3                4                 5 

 Design3:               1                2                3                4                 5 

3. How likely would you wear this garment to the gym? 

1: very unlikely    2: somewhat unlikely 3: neither likely nor unlikely 4: somewhat likely 5: very 

likely 

 Design1:               1                2                3                4                 5 

 Design2:               1                2                3                4                 5 

 Design3:               1                2                3                4                 5 

4. How likely would you wear this garment as casual wear? 

1: very unlikely 2: somewhat unlikely 3: neither likely nor unlikely 4: somewhat likely 5: very 

likely 

 Design1:               1                2                3                4                 5 

 Design2:               1                2                3                4                 5 

 Design3:               1                2                3                4                 5 

5. Please add your suggestions or comments below for each design if you have any. 

 Design1:                                                                                                                                        

 Design2:                                                                                                                                        

 Design3:                                                                                                                                        
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Appendix C. Histograms Q-Q plots of Difference between the 2D and 3D Measurements 

Whole body label: 
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Torso label: 
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Appendix D. Performance of Prediction Models Trained with Torso-labeled Images 

Design 1: 

 

 

  


