ABSTRACT

LI, JIAYIN. TheEvaluation of a 2IMeasuringGarment forAccuracy in éSize Range and
CustomerAcceptance(Under the directioof Dr. Andre J. West and Dr. Cynthia L. Istgok

Body measurement plays an important role inagygarel 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 ordimersional manual measuring method takes a long time and has a low
accuracy for people without training. The thdmensional 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 twdimensional 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 thatusaul las 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 garohaafitsg
threedesigns andive sizes were developed for evaluation. Toadwate these developed
measuring garments, a edeanensional 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 consumetaaceeof this kind of
product. Twedimensional image data and thhdienensional 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 3Dvdata collected among 50 subjects for
data analysis. The extracted prediction measurements were analyzed by comparing with the
extracted threglimensional body scanning data and among the three different designs to

evaluate the impact of the fit and desajrihe measuring garments.



Four representative measurements as bust girth, waist girth, hip girth, and inseam length
were selected to be compared between 3BDs2D vs 2D, and 2D vs3D measurements. The
3D vs 3D group compared extracted 3D body nueesients among different fit of measuring
garments on the same subject to evaluate the impact of garment fit. The pestags$ult
suggested that the fit of measuring apparatuses has a statistically significant impact on body
measurements but was actadpe in the apparel industry.

To extract the 2D measurements, the prediction models of these measurements were
developed using the 2D images. Seikiage, OpenCyython, Scikitlearn, and TensorFlow
application programming interface were referred. Thstlabsolute 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 2[Bilsmeasurements approved that
having both arms above head would beeateptable pose for better 2D image body outline
detection. The 2D v2D 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 soti pmt@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 lengtdpcted 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 beinggrotectsthe human body, identiésjob
occupation, and represents the personal character. Sportsmesaf,themost significah
categories in the apparel industry, was first developed only for sports training and competition
but has now become very common in défly. In the past century, activewear has experienced
revolutionary development, especially among women. Fromuh#mersomand inconvenient
dresses to simpléghtweight sports bras and shorts, the development of woraetivewear
reflects not onlythe changes among aesthetic and material technddagglso the changes of
female social status and the rise of womenos

In modern society, sportswear Hasen widely acceptddr casual/everyday use instead
of limited to gyms and playgrounds (NPD @up, 2014 Rugolo, 2013). This change consumer
lifestyle hasdramaticdly influenced the apparel marké{ctivewear has becongestaple
primarily for the U.S. apparel markeverthe pastenyearsandwo menés MRapendi ng
dramaticdly contributedto the sales growth dhe sportswear market (NPD Group, 2013;
O6Sullivan, Hanl on, Spaai | com&erctbaproliéeratece ek , 201
since the beginning of the 21st centagdthe online sales of sporting godusvereached 13.4
billion U.S. dollars, up from 9.3 billion U.S. dollars in 2013 4tista, 2018).

The growth of online sales broughgreat opportunity to the apparel industry, but it also
brought challenge<€lothing returns arene of the biggest headaches for online apparelaeta
as the return ratesme significantly highefor e-retail fashion companiesomparing tan-store
sales About wenty to fifty percent of online clothing salase returnedfter purchaseRulga,
2015. Apparel retailersire hauntedy returnscaused bizing issues, with $62.4 billion in

returns attributed to poor choices by the consubefg, 201p However, over the nextve



years online sale®f apparel, footwearand accessoriese predicted toontinue to grow more
than 310 billion, compounding the problem exponentigBtatista, 2018)

Combinations oftrategidbody measurements determihe sizeof clothing. Most
consumers do not know their body measurements when attempting to determine the size of a
garment they warb purchase when shopping onliddso, customers have significant difficulty
in attempting to take themeasurements. Many customers even buy a style in two sizes and
return one adding to cost and waste2015, $62.4 billion of returns were causediyrdue to
the wrongsize problem, occupying 0.5% of total sales (IHL Group, 2015). To cut costs and
alleviate the headaches and frustrations of online shoppamnvenient, costfficient, and
accurate body measuring taslurgently needefbr both cosumers and apparel companies.

It is necessary to understand what to measure and how to miesuenan body before
developing this body measuring tool. Human body measurementgidely usedh the apparel
industry for designing, pattern making, siziggading, mass customization, 3D model
recreationand virtualization (Gupta, 2014u, Wang, Chen, & Wu, 201@&chofield & LaBat,
2005). For apparel design and sizing system development, the most important human body
measurements are summarized as pgraad secondary measurements and listed in global and
national standardASTM International, 2015S0, 20173.

Thereare several different ways to collect human body measurement data. The most
traditional method is manual measuring vatveight scale, @mera, measuring tape,
anthropometer, spreading calipand head spanner (Kouchi, 20#mmons, & Istook, 2003).
Threedimensional3D) body scanning technology is a popular and modern methot that
widely usedn recent yeardt collects human body measurements and creates digital data to

generatehe humanform in pointcloud (aset of data points on an external surfqt®p,2017%).



Threedimensionabody scanning technology has promoted the development of 3D modeling
and virtualization technology, whigrimarily benefit designers and manufacturers. Compared

to thetraditional manual measuring method, the measurement collected lydy3canning is
moreaccurateand take much less time. However, the cost of @Dole-bodyscanners is usually
too expensive for consumers to afford for daily use, which limited the use of 3D body scanning
in academic research and industry aidia, 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 standarccamera or smartphone to rdduthe 3D model based on the
silhouette information. To reduce the influencing factors and protect privacy for users, measuring
garmentsare required fothe 2D body measuring method (Grogan et al., 2@eq et al., 2006).

With a potentiaimarket caling for a reliable and lovcost solution for human body measuring, it
would be a valuablasseto develop an aesthetically acceptable measuring garment and 2D body

measuring system for consumers to use in their daily life.

1.1 Purpose ofResearch
Based orthe background information, there is an urgent demand for a convenient,
accurate, and lowgost body measuring methdthis method needs to be easy to use in daily life
and adopted by society. A negative examgl@oogle glasse§he privacy concern among
consumers brouglanegative perception on market acceptaitels,the adoption of the
technology has not been realiz&h(schnabel et al., 2015 he purpose of this reseansfasto
develop a series gfarmens asa measuringapparatus for a human body measuring system using

2D images based dhe research of the PrimeFit tea@iosefitting sportswear, as one of the



most popular categories in the apparel industagconsidered to be an appropriate option for
this measurin@pparatus as fendsto bea closefit and stretchy enough to fit more than one
size. The measuring garments need to be aesthetically acceptable for consweararid help
locate the measuring area for body measurement collection. Primary and sgcondar
measurements for most apparel categpietudinggloves, hatsandsocks couldbe covered in
the designThe color palette of the garment nséal be identifiable compared tbedaily
background environmembr this method to work as the garment tmabe an easily identifiable

separate image.

1.2. Rationale of Research

The2D image human body measuremsygtemis a growing trend for home use body
measuring method3his couldmosty benefit consumers and apparel retailers by helping
conduct bodymeasuementfficiently and accuratelyAccurate body measurements could
result in a lower return rate for online shopping. The 2D image measuring system used in this
research has beéssted anépproved to be efficient and cesffective for femaldody
measurement, and it is easy to operate using a smartpKian2018) The measuring garment
will be usedas a helpful tool to locate the measurement area and avoid the errors caused by loose
fitted clothing during the 2D image measuring process.spoetswear style would also help
consumers acceptightype ofgarments and use them in their daily life for exercising rather than
anew technology apparatudeveloping this measuring garmeauld help improve the 2D

image measuring system and benafitsumers.



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 accuraegsafrements
obtained from the 2D images of the human body?
la. How does the design impact measuring results?
lal. What kinds of patterns, cadpand styls can be used to obtain accurate
measurements?
la2.What are the appropriate coldesign locabnsand 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 fahion 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?
3al:What are their expectations?
3a2: Do they have any perkences on the fit or design?
RQ4: Would consumers adopt this new technologg®W would they use it (simply as a

measuring tool or wear it as an outfit)



CHAPTER 2. LITERATURE REVIEW
The measuring garment development focused on two main featanssimer acceptance
and measurement accuracy. To achieve this goal, it is imptsthnt 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 éomtbasuring 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 deSdgrthe other hand, human body

measuring methadwere 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 ( O06 Su7). FromvuaiversityHan!l on
gyms to the streets, womends activewear has u
evolution, together with the awakening of female consciousness and the rise of feminism.

The evolution of women s urdiffearent\stagesleforethbean b e
1890s, 1890s to Second World War (194&cond 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 centumpmen lived in an environment in which roles of men
and womerare strictly differentated The cult of fAtrue womanhoodo

and slim appearance, followed by f@pularityof exquisite corsetry and dieting. The corsetry



covered thavhole bodice part from the bust to the lower hip, emphasized the curve of the waist
(Banner, 1983). Figure 1. shows a representative image of womenMittbean period
(Victorian-era.org, 2014)and Figure 2. shows the imaglewomenwearing corsetry in

1831(Tortora, & Eubank,2015).
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Under such morbid aestheticwbuld have beennlikely for women to participate in

1]

sports because the tight corsetry rhaye causegalpitations and swoonindh e i mage of
wo ma n h o o bldbited wenerirgm beingseen under emotional excitement (Gerber,
1974; Kemper, 1977).

I n the second half of the nineteenth centu
possibilities to women. Tise collegebravely mixed traditional and experinahactivities and
offered womeraneducatiorthat comparable to their brotheEntirely new educatica
environments encouragéue growthof women and brought evolutionary thoughts into their
lives (Warner, 2006). Te@seschools for women hedyl toincrease 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, heaesdsouls.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 populdorm of femalephysical education. Figure 3. shows the imagaegfmnastic
dress developed by Dio Lewis in 1862 femalecalisthenicgLewis, 1862)

In theearly1880s, Senda Berenson from Smith College designatioor womed s
basketball game based on ewasnoieintergstinmiané s ga me .
calisthenics and attracted more women to participate in sports. In order to adapt more
movements, a new style of clothingasdemandedA set of uniform style clothingatiedagym
suitwas developednder thisactivity. This gym suit was tiemendougvolution and set up the
foundation for modern women sportswear (Warner, 2006). Figure 4. shows the look of gym suits

from Smith College in 1895.



Figure3. Di o Lewi so6s

gymnastic dress in 1862 (Lew

Figure4. Basketball gym suits from Smith College in 1895 (Warner, 2006).




Bicycling was another favorite sport for American people in the 189Qaidkly
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 clothingromen weato go outdoors. The comiation 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 lyicling outfits in 1894. This was an early attempt of women

wearing trousers in the history of female activewear development.

Figure5. Bicycling Outfits in 1894. (The Delineator, 1894)

2.1.1.2 The 1900s to the Seconworld War (1939). During theperiodfrom 1900 to
1960, the increasing number of womends coll eg
the equivalence between men and women became gradually accepted among educated people.

Two significantbreakthroghs happened during this peri@sdthey significantlypromoted 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 Gamegere heldn Athens, Greegen 1896 Over three
hundred malathletes participated in this event. The second Olympic Games held in 1900 was
the first time that women were allowed to participate. Among all athl@tgs2% of them were
women, and thewere not acardedany uniform or other possible recognitionthg Olympic
Committeg(Welch & Costa, 1994Female athletes were alloweddommpete in only &ew
eventsincluding tennis, golf, and archery. British tennis player Charlotte Cooper was the first
female Qympic champion. As shown in Figure 6., she was wearing a stiff high collar shirt and a
skirt that closely fitted othe hip and waistCompaedto male athletes wearing tank tops and
aboveknee shortsher imageavas still limitedby the elegant and prefiywo manhood 6 ( BBC,

2017).

Figure6. The first female Olympic champion Charlotte Cooper (BBC, 2017)
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The second breakthrough is tinecoverinppfawo menés body . I n the
before the miel920s, women were never seen swimming or bathing in public with their legs
exposed. In many cities, the indecent exposure was consaleriete and may risk arrest.
Stockings, in this caseererequired for women who come to the public beach (Warne)200

Therevealo f w0 meiesgiesnmdxfmoh physical education in woménsolleges.
Thus,the gym suit applied in physical education was the starting fosithefemale modern
sportswear evolutiant allowedmore freedom than outdoor sportswear beeatuwas meant to
be privateclothingthatshould nevebe seern public (Warner, 2006)By the 1920sa new
form of gym suitwas needetb adapt to more competitive sports. As shown in Figure 7, a set of
team uniforns, includinga shirt and shortsappeared in Rockford College in 1929, and it became

popular in many schools in the 1930s.

A

Figure7. The washable cottohrmper it from the 1930s (Warrilr, 2006

Until the 1920s, women had worked assiduously to maintain their pale, ffexile

complexions. The original versiontitfes wi ms ui t was ¢ a lindluding apdraft hi ng
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bloomers, stockinggnda skirt. Figure 8 shows the imagealbathingdress in 1871. Male

swimsuits, in the meantimejeremuchmore straightforwardvien worea onepieceknitted

garment with or without sleeves, and the shorts stopped above their knee. This close fit style was
accepted among English women but was considerezkistgoin the United States (Alison,1963).

The development of motor caatsohelped promote the evolution of swimwear. The
introduction of Henry Forddés motor vehicle mo
public beaches and encouraged petplencover under the sunshifeople outside the
competitive sports gradually became accustomed to bared arms, legs, and hagopularity
of movies also helped audiences accept swimsuitewer, barerand more daring styles

(Godeybdbs, 1864).

Figure8. Bat hing

2.1.1.3 Second World War and beyond (19391960s).During thewar andpost-war
years, sportswear achieved the transition fro
(Skorich,1997). World War Il brouglsignificart changes to both the U.S. society dimel
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appareindustry. The production capabilitpf the apparel ingstry had significantly beerhoned

during the warallowinga muchmore fullrange ofproductionactivities and expandn g wo me n 6 s
clothing optionf Wo me n 6 s We a r MaDyaméew synthetid l@ebd&ereinvented and
improvedduring the warwhich requiedless care than natural fiber made fabrics. Rayas

appliedin many more categories of garmertsdthe color ranges wensideraly broadened

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

At the socialevel, the booming middle class had optimistic expectatairibeir lives
andwerepresening anewpositive attitudeAmericansstarted moving to the newly developed
suburbs to enjoy their family life instead of the hustle urban nightlife (Skorich,1997). keom t
year 1947 to 1953, over 1,200,000 Americans moved from cities to suburbs annually
(Seldin,1976).Moving to the suburbs helpdlde middle class shapenew set of values and a
new pattern inhe American lifestyle. More and more people dpibeir spardime in outdoor
travels and sports, which haigisethe 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 healthgasual lifestyle. With very few significant
social class elements, sportswear became the unifotine American middle clasé&Skorich,

1997)

2.1.1.4 1960snow. Although gym suits persevered in the early 1960s in some parts of
the United States, finally naturally disappeared. The extinction of these gym suits was very
likely because of the vanish of female athletics in college and high schshirt3 and non
regulation shorts have taken over (Warner, 2006).

An important turning point was thesisance of Title IX. Title IX was passed in 1972 as
part of the Education Amendments. This federal civil right law protects people from

14



discrimination based on sex in education programs or activities that receive Federal financial
assistance. Title IX stagahat:

fiNo person in the United States shall, on the basis of Bexexcluded from participation
in, be denied the benefits of, or be subjected to discrimination under any education program or
activity receiving Federal financial s s i s (edagavec289).

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 prand postcohorts across states. The result of their arsathgseals 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 thiseelopment, sportswear has now been widely accepted as part of
casual wear i n vésmetrh e aind @& opfl efoasctliivewear o
combination of outdoor wear, performance wear, and spwtsred wear (Shishoo, 2015). A
survey in 198&howed that around 60% of Americans wore running shoesvesatsuitais
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 stibsequen
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 accebed int
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 befomabifompetitions 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 ledetechnology development allowed more possibilities for material
selection. Nowadays, the most commonly used fiber in activewear is palyatbierfibers like
acrylics, polyamide, polypropylene, and elastane are also applied in activewear (Shishpo, 2015
Knit fabric plays a vital role in the material competitidmmakes activewear stretchy and fit
closer to the human body. The invention of LYCRA® in 1958 brought a major leap in fiber
evolution. This first humamade elastomeric yarn developed by DuRoestablished 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 yarare high recovery properties and controlled stretch that
add freedom and comfort to cleBting activewear like swimsuits, race suits, and gym suits
(Hu, & Lu, 2015 Shishoo, 2015). An Australian swimwear company Speedo developed its first
onepiece 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® with high breathability and
lightweight were introduced to the market. Today, the research of materialsnedbrgagh the
stages from conventional fibers to highly functional fibers, and now tegediormance fibers.

By designing different fabripreparation and finishing processes, the faghformance 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 SportswearDesign andFashion

The outline design of sportswear dandividedinto five kinds of structures: tight type, H
type, Y typeandX type. Tight type sportswear includes swimwear, gynssaiitdother close
fit styles. This type of sportswear could help minimize the resistance during exardise
emphasize the beauty of hodurves. H type stands for loose fit sportswear such as basketball
vess, tennis Fshirts, and shorts. The simple design and relatively loose fit could provide
adequate space for physical activities. Y ggeend the shoulder outline to protect human
bodies from collisions. The typical Y type sportswear incfdetball 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 exampidshese spaswear outlines.

d
Figure9. Examples of sportswear outline. (a) tight type, (b) H type, (c) Y type, (d) X type.

Whendesigningsportswear, coloralsohelp deliver visual impact and emotain

expression The colors of sportswear are usually selected basspays dynamics For
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activitiesthat require strong explosive power like weightlifting and gprsportsweais

typically designed in bright and light colors wislsharpcontrast to make athletésel excited

and motivatedFor activitieslike shooting and archery that require a calm psychological quality
and a steady mindset, sportswisarsually cool colors like blue and white feteady

performance. The combination of personalized anecayething color selection is alseritical in

toughconflict situationdike boxing or wrestlingBo, 2017 Li, 1999).

2.1.3 SportswearM arket Dynamics

The sportswear market is one of the most critical segments of the apparel market. In
recent yearssales 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, footwealand accessories products, a 1% increase compared to 201B%lrswth
resulted in about $2 billion in additional sales, primarily driven by sportswear,dvajathletic
performance footwear (NPD Group, 2014). By 2017, the U.S. apparel sales declined about 2%
compared to 2016 due to the slowed momentum and dedressme other segment. However,
the sales of activewear continued to grow in 2017, whileaminewear 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 th®jected sales trends of the sportswear market in the United

States from 2015 to 2020.
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Figurel0. Projected ales of sportswear market in the United States from 2015 to 2020 (in
billion U.S. dollars) (Statista, 2018).

In thesereports it is suggestethat females were the main contributors to the activewear
salesggrowth In the year 2012 to 2013, the U.S. women madiep% sales growth on August
yearto-date figures (NPD Group, 2013). In 2014, the dollar sales of activewesgathe U.S.
femaleconsumer increasday 8% compared to 2013. Sales among Sports bras, leggings, and
sporsjerseys also gwin line withthe raised health and fithess consciousness and demand for
comfort and versatilityNPD Group, 2014). In 2017, although the growth was not as steep as the
growth in the past few years, womendés activew
2016, reacimg $21.9 billion in sales (NPD Group, 2018)idevidentthat in the U.Sactivewear

salesthe femaleconsumer playa significantrole.

2.1.4 ConsumerDecisionMaking in Sportswear Purchasing

Several articles have suggested that there are multiple factors influencing consumer
decision making about sportswear purchases.igrstiidy, femaleconsumers will be selected as
the main researcsubjectsince they are currently the primary driver of the sportswear market.

For female consumers, generation and age, lifestyle, product qdabign, price, anstore
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services are the am factors influencing their decision making on sportswear purshase
(O6Sullivan, Hanl on, Spaaij, & Westerbeek,

A series of research conducted by Rahulan, Troynikov, Watson, Janta, and Senner in
2013 and 2015 compared sportswear consumption betivegeneratios Y andBabyBoomer
and found that the baby boomer generatiors payre attentiorto the quality and size range of
sportswear products and prefer to go to physical sportss$tory the garments on for fit.

Female consumers in the agaga of baby boomers haaeelatively stable incomgsothe price
becomes less important for them while makamqurchaselecision.

As for GenerationY consumers, they look more into the comfort, stgtedspors
performance of the garmeiaind thepriceis a big factor for them while making purchase
decisions They alsqrefer shopping online much more than baby boomer consumers. Another
big difference between consumers in these two age ranges is that babysadmézss time
reading the product details while generation Y consumeitgehsavvyandknowledgehungry,
they are usually more interested to know the details about the préaéicould assume from
this thatgeneratiorlY consumers are more functiortaiven and style sensitive, they are willing
to learn and experience advanced technologies when a new product comes to the market.

Onthelifestylelevel, ithas beefoundthat female consumers will increasingly be
interested in flexible and nesrganizd physical activiesinstead of organized sports. Non
organized sports like walking, swimming, running, bike rigisngd yoga tend to be more time

flexible and easy to start with compared to organized sporsspiédictedhat this trend will

20

keepinct easi ng over the next 30 years (Haj kowicz

Westerbeek, 2017).
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2.2 Human Body Measurements
2.2.1 Application of Anthropometry in the Apparel Industry
Anthropometrya branch of ergonomics, is defined as the study of human physical
measurements and dimensions. Anthroponfetyses on analyzing the shape and sizle
human bodies and apply thesult into product design to meet consumer demands (Gupta, 2014).
In the apprel industry, anthropometry appliedin apparel design, pattern making, sizing,
grading, mass customization, 3D model recreatiod 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 formsa close shell around the human body and creates an intimatenemsirowith
the body. Clothemoveand interact with theumanbodyevery dayand carry the responsibility
for providing comfort and protection (Gupta, 2014).

Several factors influence the pleasantness of clothimg the fit of clothing iarguably
themost important. The fit of clothing may affect the comfort and performance of the user, and it
could lead to discomfort or even haumder extreme conditions. For examples Occupational
Safety and Health Administration (OSHA) has issued safety guidetiratrol the fitness of
modernclothing and avoid accidents causeddmysefitting clothing (OSHA, 1992). A research
made by Anders et al. in 2005 has shown that weariegy tightpantscanresult in hip
movementndtrunk muscleestriction Researkh by Yoo and by Eungpinichporsgipportshat
young workes wearing tight pantsvhile participating irspecific manual tasdmay lead tdhe

lumbar spine and lowack painandeven disability (Yoo, & Yoo, 2012; Eungpinichpoapal,
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2013). Therefore, it isssentiato 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
basicpatterns. The cardinal pogbn the patterns are matched to the body landmarks to extract
the pattern based on body measuremématsdmarksare considereds he endpoints of
measurementsn the bodySchofield & LaBat, 2005; Tylor & Shoben, 1993). The effectiveness
of anthropometd data collection and translation influences the quality of the drafted pattern
The evaluation of consumer fit preferenisealso required to match the market demands (Gill,
2015;Gupta, 2014).

In the 21st century, designers are looking for more effideasfting methodsResearch
by Jin Kang & Min Kimfocusedon directly using CAD design software to generate body model
and draft patterns from thremensional measurements collected by titeeensional body
scanners. A body model was first generatgidgithe thre@limensional anthropometraataand
latertransformednto a dummy model in a convex shapkext, atypical garment modes
createcby measuring the dummy model surface using stereoscopy. Finally, the optimum fit
garment patternare obtaiedby adjusting the garment model shagensidering the geometrical

constraints the underlying body modé&ih Kang & Min Kim, 2000).

2.2.1.2 Sizing system developmenSizing and gradingvereone 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 systasthe set of sizeharts 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 inditsgra standard method of changing
the patterrsize by applying increases or decreases at certain points. The sizing specifazations
derivedfrom anthropometric surveyandthe grading systems are developed based on the sizing
specifications (Moore, Mullet, & Young, 2001; Schofield & LaBat, 2005).

Large scale anthropometric survénam/e beeronducted to collect a large number of
human body measurements to prowuigebasisfor research and facilitate creating the sizing
system for mass production apparel products and equipment for military par§@npta,

2014). The anthropometric data are statistically analyzed to export the standard body
measurements (SBM) size charts of the target populaliordevelop an acceptable and
satisfying sizing system, it requires a good understanding of the pemg@ation and variation
of body dimensions and accurate body dimensions takentlfrescientificanthropometric

survey.

2.2.1.3 Mass customization Although the developmenf sizing system and grading
methodshave largely benefited mass productiby reducing manufacturing time and cost,
consumers still complain about the fit of garmebecause theurrent body sizing system in the
U.S. provides a standard data for each size, dismissing the unigue body shapes and expecting all
bodies to fit intahe standargized garments (Bye, Labat, & Delong,2006). During the past few
decades, many fit problems haaereasecimong consumers due to the loss of human shapes
diversity caused bynassproduction. The older population (65 and older) is growingviath
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, Damtiptsee, Kozar, & Martin, 2012).
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Other consumers also complain that their perception cafihotbe addresseand face
confusion brought by the size differences between different brands (Bickle, Burnsed, &
Edwards, 2015; Murray, 2016;). Therefore, mastamizationcould becomean ideal solution
to satisfy consumer demands

Mass customization is a marketing and manufacturing technique that creates variety and
customization through flexibility and quick r
Seranayake, 2010). Mass customization (M&€gharacterizedsa highly information sensitive
way tomaximize differentiation undexrelativelylow-costlevel (Pine & Davis, 1993Yeung &
Ho-Ting, 2010. The process of apparel mass customizateorbe definedn five steps: collect
anthropometric dataelect fabricand style generate clothing patternsut the fabric
manufacture andonductfinal adjustment (Lu, Wang, Chen, & Wu, 2010). Compared to
traditional mass production, mass customization has advantages in innovative design and
consumercentric fit, which allow it to achieve a higher individual consumer satisfaction (Yang,

Kincade, & ChenYu, 2015).

2.2.1.4 3D model recreation and virtualization. Online shopping has been a growing
trend in the 21st centurffheinternet has promoted the development oftebedc retailing by
reducing the inventory pressure of retailers and improve convenience for consumers. However,
the convenience broughty t he i nternet al so changes consum
in-person visits, consumehsvelost the chance of putting on the garmeradsess fit and
aestheticsTo improvetheonlineshopping experience, many retailers have turned to advanced
technologies like virtualry-on, virtuakit, and virtual reality to allow interaicin with the

products (Kim & Forsythe, 2008; Loker, Ashdown, & Carnrite, 2008).
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The virtualization technologsehelp deliver product information that is close enough to
real products. During the past few years, researsbden focusedn 3D model recreation,
clothing fit evaluation, and fabric model performance improvement (Cichocka, Bruniaux, &
Frydrych, 2014Kim & Forsythe, 2008; Zhang, Lin, Pan, & Xiang, 2013hreedimensional
body scanning technology has providgghificart help for the anthropometric data collection
and 3D model recreation using a set of poioud data.

Somecommercial virtualizatiompplications are now open to the market to allow
consumerso predictgarment 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 Ike wearing the garments (myvirtualmodel.com, 2018). Figlirghbws the
customize 3D avatar options okly Virtual Model website. Other virtualization applications
like Marvelous Designer, Tri Mirror, Gerber 3D, Lectra 3D, EFI Optitsohelp designerand
apparel manufacturens creating and adjusting patterns from 2D to 3D and from 3D to 2D

(Figure D).

Personalize

Model | hairstyle & face | extras

Waist

defined undefined

Dress Size

4

Bust Size Bust Cup

(o s f e |

39 B

) Age Nose
Frame Size
young small
small medium large

mature large
Your frame size is dependant on

structure and density. Lips Eyes

your frame

thinner round

fuller almond

Figurell Customize 3D Avatar on My Virtual Model (myvirtualmodel.com, 2018).
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Figurel12. 3D virtual fitting application example (marvelousdesigner.com, 2018).

2.2.1.5 Other uses Anthropometric datés also usedh fields like health evaluation and
product development. With the development of 3D body scannihgdkagy, researchers have
used 3D scanning data for shape and motion capturing in 3D printing and animation (Razzaq,

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

2.2.2 Primary and SecondaryBody Measurements

The primary measuremerdge defineds the basic dimensions that are used for clothing
size designation, while treecondaryne asur ement s ar e t he di mensi on
used in such size designation system( | S O These Botly7d)mensionseaindependentf
different garment types. In this section, ISO and ASTM standaedsovere@s the most widely
accepted standards in the U.S. market. ISO standegdievelopebly the International Standard
Organization as a worldwide federation of oatll standards bodies (ISO member bodies). By

the end of 201&he InternationalStandard Organization has published 22654 international
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Standards, provided guidelines and specifications for different products and séBaxes (
2018.

In the apparel indstry, ISO standardsre universally acceptdry designers,
manufacturersandresearchers. On the other hand, the ASTM standardarthatidely accepted
in the UnitedStatesvere made by ASTM International, known as the American Society for
Testing and Mgerials. This nonprofit organization has developed around 12,000 technical
standards focusing on testing procedures and material classification
(https://webstore.ansi.org/SDO/ASTM)o cover the national and international requirements on
body measuring témiques, standard 1ISO 7250, ISO 8559, ASTM 5&E3selectetbr
definition and landmark discussion. Standard ISO 20685 will@smveredconsideringa

discussioron 3D body scanning. Details of the standandslistedn Table 1.

Tablel
ISO And ASTM Standards Body Measuring Technique

Standard Name Scope Publication Date

ASTM D521915 Standard Terminology Relating to Body Dimensiq Clothing 2015
for Apparel Sizing

ISO 72501 Basic human body measurementstémhnological design| Anthropometric| 201708
-- Part 1 Body measurement definitions and landmarks Survey

ISO 85591 Size designation of clothesPart 1 Anthropometric Clothing 201703
definitions for body measurement

ISO 85592 Sizedesignation of clothes Part 2 Primary and Clothing 201703
secondary dimension indicators

ISO 206851 3-D scanning methodologies for internationally Clothing 201810
compatible anthropometric databaseBart 1 Evaluation protocol for
body dimensions extracted frorCBbody scans
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Among the standards above, ASTM D52I®(ASTM International, 2015), ISO 8589
(ISO, 2017b)and 1SO 8552 (ISO, 2017cpare specifically designddr apparel industry
application Measurements in ISO 7280are developetbr anthropometric database creation
and population group comparis@tandardSO 85592 will bediscussedo understand primary
and secondary measuremester The definitions and illustrations of landmark laoat of

these primary and secondary measurements are listed below in Table 2.
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Table2

Primary and Secondary Measurements BasedSO 8559 nd ASTM 52180, 2017c; ASTM, 2015)

1

2

3

4

Bust Girth

Waist Girth

Hip Girth

Underbust
Girth

JacketsSuits Overcoats,
Dresses, Knits (cardigans,
sweaters, Bhirts), shirts/blouses
Full bodies (overalls, full
swimwear, skiwearndbibs})
Undervestnightwear, corsetry
(bras; corsetry upper and full
body)

Corsetry lower body, panty girdle Primary

Primary

Jackets, Suits, overcoats,

trousers/shorts, skirts, dresses,

full bodies: (overallssurf suits

full swimwear, skiwear, brace Secondary
andbibs); underpants, trunk,

nightwear, corsetry upper afull

body)

Suits, Trousers/Shorts, skirts,
underpants, trunk; leggings,
longjohns; corsetry lower body;
pantyhose

Primary

Jackets, overcoats, dresses, full

bodies: (overallssurfsuits

wetsuits, bicycling gear, full

swimwear, skiwear, bracand Secondary
bibs); undervest, nightwear,

swimwear, corsetry upper and

full body; panty girdle

Swimwear (with cups), bras,
corsetry upper and full body Primary
(with cups)

The forizontalgirth of
torso measured at
bug point level

The torizontalgirth of
the body measured at
the waist level

The forizontalgirth of
the body measured at
the hip level

The forizontalgirth of
the body at the
underbustevel

The horizontal circumference arour
the torso, taken under the arms anc
across the fullest part of the
chest/bust apex including the lower
portion of the shoulder blades.

The horizontal circumference arour
the torso taken at the waist.

The maximum horizontal
circumference around the torso tak:
at the greatest protrusiarf the
buttocks as seen from the side.

The horizontal circumference arour
the torso under the arms and bust.
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Table 2

Primary and SecondaryleasurementBased on ISO 8559 and ASTM 5219 (ISO, 2017c; ASTM, Zaitkinued

5

6

7

8

9

FootLength

Hand Girth

Head Girth

Height

Weight

Socks, Stocking, kneleighs Primary

Gloves Primary

Headwear Primary

Jackets, Suits, overcoats,
trousers/shorts, skirts, dresses
knits: (cardiganssweatersT-
shirts); shirts/blouses, full
bodies: (overallssurfsuits full
swimwear, skiwear and bibs);
undervest, underpants, trunk,
leggings, , swimwear; corsetry
upper ad full-body, corsetry
lower body

Secondary

pantyhose Secondary

Distance from rear of the heel to the tip ¢
the longestfirst or second) toe, measuret
parallel to the longitudinal axis of the foo

Maximum girth over the knuckles.

Maximum, approximately horizontahe
girth of theheadmeasured abowhe
centrepoint of brow ridge and crossing
the rearmost point of the head. Hair shal
be includedn the measurement.

The \erticaldistance from the highest
point of the head in the median line to th
ground.

The btalmass of the body.

The straight distance from
the prominence of the back
of the heel to the
prominence of the longest
toe, taken with the foot on :
flat surface without shoes
(use stable, flat ruler).

The maximum
circumference of the hand
around the knuckles
excluding the thumkaken
with the fingers together.

The maximum horizontal
circumference of the
head above the ears.

The vertical distance from
the crown of the head to
the floor, taken with subject
standing and without shoes

N/A

N/A
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Table 2

Primary and SecondaryleasurementBased on ISO 8559 and ASTM 5219 (ISO, 2017c; ASTM, Zatfinued

10

11

12

13

Inside Leg
Length/
Crotch height

Neck Girth/
Mid-neck
Girth

Underarm
Length

Arm Length/
Outer Arm
Length

Suits (set of jacket and trouser
together); trousers/shorts,
leggings, longjohns;

Shirts/blouses

Shirts/blouses

Shirts/blouses

Secondary

Secondary

Secondary

Secondary

The \erticaldistance between
the inside leg level and outer
ankle point.

The gdrth 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 dstancebetween the
armpit front fold point and

palm side of the wrist at a leve

of the wrist point.

Distance from shoulder point
to wrist point.

The vertical distance from
the midpoint of the crotch
to the floor, taken with the
subject standing and
without shoes.

The horizontal
circumference of the neck,
taken approximately 25 mmr
(1 inch) above the neck
base level.

The distance from the mid
underarm point of the
armscye to the inner wrist
bone, taken with the arm
down.

The distance from the top o
the shoulder joint along the
outside of the arm over the
elbow to the prominent
wrist bone, taken with the
armbent (1.57 rad or 90°)
and the hand placed on the
hip.
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Table 2

Primary and SecondaryleasurementBased on ISO 8559 and ASTM 5219 (ISO, 2017c; ASTM, Zaitkinued

The dstanceacross the The distance from theervicalover
shoulder and down the arm the top of the shoulder joirdjong

Back neck point from the back neck point  with the outside of the arm, over the

14 \(ﬁgtvllgsligo Shirts/blouses Secondary over the shader point and elbow to the prominent wrist bone,
9 the elbow point to the wrist taken with the arm bent 1.57 rad
point. (90°) and the hand placed on the hi}
- : The maximum horizontal
15 Calf girth Socks Secondary The maximumhorizontal circumference of the lower leg, take

girth of the calf. between the knee and the ankle.

The vertical distance from the
prominence of the outer ankle bone
to the floor, taken with subject
standing and without shoes.

The torizontalgirth of the
16 Ankle Girth Socks Secondary leg measured at the level o
the outer ankle point.

The straight distance from the
Distance from the tip of the prominence of thenost extended
17 Hand Length Gloves Secondary middle finger to the most  finger to the inner wrist bone, taken
distal wrist crease. across th@almwith 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 tbanore
one hundred years ago using simple ttikbsatape measure and calipers to manually measure
thehumanbody. With the development of technology, thd@mensional body scanners became

available as a new negontact body measuring method.

2.2.3.1 Hand measure (1D method)The traditional anthropometrineasurement uses
simple quick, non-invasive toolsincluding a weight scale, camera, measuring tape,
anthropometer, spreading calipand sliding caliper (Kouchi, 201&immons, & Istook, 2003).
Figure B shows therimarytools used in traditional hand measure. The anthropornsaised
for measuring the vertical distance frampecificlandmark tahefloor. The operator hokthe
rod vertical and slidethe arm to the target landmark to get theasurements. The sliding
caliper (Figure 3b & 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 Figure3l(d), is used fospecific measurements like chest depth,-s@dittal plane,
and head length when the two tips of sliding caliper could not touch two landmarks at the same
time. The apemeasure is the mostitical measurement tool for circumference and surface
distancelt is also the measurement tool that most likely to cause measurement error if not
operated correctlyThe tape measure should betstretcheavhile measuring the objecnd the
zeropoints should overlap the scale on the tape measisrehown in Figuré3 (e) (Kouchi,

2014).
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Figurel3. Traditional instruments. (a) Anthropometer, (b) large sliding caliper, (c) sliding
caliper, (d) spreading caliper, (e) tape measure (Kouchi, 2014).

Due to the lowcost measuring toolthetraditional hand measuring method became the
most commonly used method for a long time in the apparel industry. However, this imathod
disadvantages as tino@sting and relatively low comparability between différeperators.
Related studies have pointed out that 3D body scanning takes much less time than
anthropometric methodsull-body 3D scanning captures 3D data in aboiuitlbZeconds
creating a computer image in less than 1.5 minutes while traditional asatiey take around 4
hours toconductphysical landmarg measure, and record the data of one subject (Ashdown,
Loker, Schoenfelder, & Lyma@larke, 2004; Simmons, & Istook, 2003). As for accuracy, the

most troublesome problem usitigetraditional methodls the observer error caused by
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imprecision inalandmarklocation, subject positioningnd instrument applications (Simmons,
& Istook, 2003). The result of measurement may vary from each measurer even whemghey

trainedsimilarly.

2.2.3.2 3D body sanning. According to the standard ISO 20685, the thiteeensional
(3D) scanner is an instrument witmedatively 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 dimensiahgdigital data generates the human form into a 3D
point cloud that cabe appliedn clothing, automotive design, engineering, and medical fields.
Users are allowed to extract edenensional (1D) measurement data from the 3D point clouds
and use this anthropometric data for design application. Several companies have been
researchinghis technology for over 30 years; the most vkelbwn ones are (T4; Cyberware,
SYMCAD, andVitronic. Their 3D scanning products haveen widely useth movies, games,
and the apparel industry. Some wiallown apparel companies like Nike, Wrang r , ,a0d h| 6 s
Levi 6s are currently applying 3D body measur e
development process. This is used to evaluate product fitness, design new paodiucis the
cost of time and money in designing and prototgptage of product development (Song, &
Ashdown, 2015).

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

dividedinto four different methods: laser scannirlye projectionof white light patterns,

millimeter wavesanddepth camera scanning.
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2.2.3.2.13D Laser scanning.Laser scanning technologsgelasers 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 sensaand the optical systeris moved across the human body to digitize the
surface. The number tdsersensos in the unit is usually determined by the body pabteto
scannedThe advantage of this scanning technology is the high accuracy, low measurement
noise,andhigh resolutionHowever, théaserscanner is known to have a higher cost on
hardware compareo bther scanners, and it requires a longer tiigiizing large surface

(D'Apuzzo, 2007).The exampl es of these pr oanddoxetan ar e Cy

Figurel4. Example of a lasdvased scanner (Daanen, & Ter Ha@l3)

2.2.3.2.2Projectionof white light patternsThis technology requires a grid plane, camera,
whitelight source (usually referred to as Halogen larapdloperatng system. As shown iRigure
15, a light pattern (usually in the form of stripés)rojectedonto 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 advantagd&bé\Wwght scanning is that the scanning
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process happens & concisetime frame within one secondso that anyuncontrollable body
movement caibe successfully avoidetliring scanning. The disadvantage is the limitation of the
scanning areaysually, one device is not enough to scan the whole human bsdyarious
equipmenneeds to be usexzkrially, 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

scanneland use them for whole body scanning.

camera

- projector Im]

(a) (b) (©)
Figurel5. (a): projection of light pattern as stripes. @anning device. (c): a projected
sequence of binargoded stripes pattern (D'Apuzzo, 2007).

\ o

2.2.3.2.3Millimeter 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 nst clothing but not the skin, which means the human body shaje captured
without undressingCurrently,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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2.2.3.2.4Depth sensarDepth sensors like Kinechd Timeof-Flight (ToF) cameras are
considered to be a good choice of lower cost for body measurement currently. These sensors
recover measure the tinod-flight of a light signal between the camera and the subject for each
point of the image based on tkikown 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 resolutiomndsignificant systematic measurement bias. Recently several
studies have pointed out that combinirsgecificalgorithms can help increase the resolution and
accuracy of a depth camera in a limited range (Tong, Zhou, Liu, Pan, & Yan, 2012; Lee,

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

2.2.3.25. Otherinput devicesAs 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 tisenberof sensorsTo avoid extra costompanies producing
specific pralucts like footwear, gloveandhelmets are looking into scanners dedicated
specific body parts. Foot scanners, hand scanners, head scande#sple-body scanners are
developed to targeipecificproducts.

Foot scanners are mainly uded thefootwear industry for customized footwear products
and spors shoes comfort improvement. The measurement includes foot length, ball girth
circumference, foot breadth, instep circumference, heel breadth, instep length, fibular instep
length,the height ofthe 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,
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length oftherootof thumb to the inner wrisand length otheroot of thelittle finger tothe outer
wrist are measured o improve the accurac@D hand scanngshould be combined with 2D hand
scanning to reduce the errans edge (Yu, Yick, Ng, & Yip, 2013)

Head scanners are mostly used to develop helmresportsor scanning face data. In this
case the 3D scanner is mainly used to capttine headshapefor digital output and product
developers can create landmarks on the 3D model to better analyze head measurement data and
develop usecentered produstaccordingly (Mustafa, Pang, Perigtena, & Subic, 2015).

Whole-body scanners are widely usta collect data fromthe whole body for apparel
product development. White light scanners are more commonly used in this area to avoid

unnecessary body movementdnmpletinga scanin seconds.

2.2.33. Standard and measurement extractiorfor 3D scanning Standard ISO 20685
is specifically designed to ensure the comparability of body measurement data collected through
3D body scanners. The definition of measuremisrtiased on the definitions from ISO 7250
During the 3D scanning process, the positibthe subject igrucial Subjects should breathe
normally, keep shoulders straight without being saiffd 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 af 3D body scanner may not allow accurate measunemdraction from
small body parts such as hands. Measurements that are most likely to produce accuraeeresults

listedin Table 3.
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d

Figurel6. Recommended standing and sitting positions for 3D body scanning (ISO, 2018).

To provide useful human body measurement data from 3D body scarspagific
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 measmtedata. The automatic body
measurement process cha dividedinto three steps: (1) segment 3D body data; (2) identify
landmarls on 3D body dataand(3) measure the human body (Lu & Wang, 2008; Han, & Nam,
2011). Following thesé¢hreesteps, the algorith first segments the 3D model infive parts
includingthe head torso, both armsndboth legs Secondly landmarks are identified on the 3D
model. In general, anthropologists will place markers or stickers on the surtaedeianbody
to highlightthe position. Fothe markerlesshuman body, specific algorithms will be required to
automatically builda coordinatesystem based on the standard of ISO and ASTM to identify the
landmarks (Leong, Fang, & Tsai, 2007). Finally, based on the extracteddeds] measurements

can be made by placing a virtual measuring tape or caliper on the surtaedwihanbody.
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Table3

ISO 72561 Measurements by a 3@hole Body Scanner (ISO, 2018)

#  Measurement Position Type The definition in ISO 206851 (ISO 20685, 2018)
1 Stature (body height) B The \erticaldistance from the floor to the highest point of the head (vertex)
2 Eye height B (standing)/ D (sitting) The \erticaldistance from the floor to the outer corner of the eye
3 Shoulder height B (standing)/ D (sitting) The \erticaldistance from the floor to the acromion
4 Elbow height C (standing)/ D (sitting) The \erticaldistance from the floor to the lowest bony point of the bent elbo\
lliac spine height, The \erticaldistance from the floor to the anterosuperior iliac spine (the mos
5 h B . . -
standing downwarddirected point of the iliac crest)
6  Crotch height B The_\erncaldlstance from the floor to the distal part of the inferior ramus of t
pubic bone
7  Tibial height B The \erticaldistance from the floor to the tibiale
8 Chest depth, standing A, B The cepthof the torso measured in the midsagittal plartbetesosterndevel
9  Body depth, standing A, B Maximum depth of the body
10 Chest breadth, standinc A The lreadthof the torso measured tte mesosterndevel
11 Hip breadth, standing A The maximumhorizontal distance across the hips
12 Sitting height (erect) D The \erticaldistance from a horizontal sitting surface to the highest point of
head (vertex)
13 Cervicaleheight, sitting D The \erticaldistance from a horizontal sitting surface to ¢eevicale
14  Shouldeselbow length  C The \ert_lcaldlstance from acromion to the bottom of the elbow bent at a rigt
angle with the forearm horizontal
15 Ere(;ﬂ?herblacromla) A B The dstancedlong a straight line from acromion tiee acromion
16 shoulder deltoid) AB The dstanceacross the maximum lateral protrusions of the right and left delt
breadth ' muscles
17 Elbowto-elbow breadth D ‘rl'ehgeior:]ammumhonzontal distance between the lateral surfaces of the elbow
18 Hip breadth, sitting The breadthof the body measured across the widest portion of the hips.
19 Thigh clearance D The \erticaldistance from the sitting surface to the highest point on the thigt
20 Knee height, sitting D The \erticaldistance from ;he floor to the highest point of the superior borde
the patellaguprapatellasitting).
21 g?ﬁdnc;mmal depth, D Maximum depth of the abdomen while sitting.
. Projected maximurhorizontal depth of the lower torso between the maximui
22 Buttock at_)domen D anterior protrusion of the abdomen and the maximum posterior protrusion ¢
depth, sitting
buttock.
23 Elbowwrist length C The torizontaldistance fromthewall to wrist (ulnar styloid process)
Forearmfingertip The torizontaldistance from the back of the upper arm (at the elbow) to the
24 C ) ) ) .
length fingertips, with theelbow; bent at right angles
5 Buttockpopliteal lengt D The forizontaldistance from the hollow of the knee to the rearmost point of 1
(seat depth) buttock
26 Buttockknee length D Thg forizontaldistance from théoremostpoint of the kneeap to the rearmost
point of the buttock.
27 Neck circumference A B The'crcumferene of theneckat a point just below the bulge at the thyroid
cartilage
28 Chest circumference A The drcumferenceof the torso measured at nipple level
S The ércumferenceof thetrunk at a level midway between the lowest ribs and
29 Waist circumference A -
the upper iliac crest
S The ércumferenceof thewrist at the level of the styloid processes of the radit
30 Wrist circumference A :
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§canners and softwamrograms. These two programs have been
referring to standard ISO 7250 and ISO 858Bich both offer more measurements than listed in
ISO 20685 (Siz&tream, 2017; 1ISO, 2010).he difference is that the [Tqjrograns allow users
to set customize parameters like bust, waist, and hips while Size Singaatlows thedefinition

of waist parameteiOthercustomize parameters mum creéedas new parameters.

2.2.3.3. Concerns of 3D body scanningilthough 3D body scanning technology has
proved to be efficient in measuring theamanbody ina shorttime and considerable accuracy,
there are still several scanning issues iieaito be adressedFirst, 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 shoulgealso
consideredor customized pragct development. The development of 3D body scanning may bring
a privacy concern for consumers as they need to wear underwear diittloggarments while
scanning. Consumers may feel their privacy violated or feel unsatigfied/hat their scan model
projects look like andefuseto 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 fithess are wi§ to pay arextrasum 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 imagesTwo-dimensional (2D) imaging techniques have
been exploredas an alternative for body measuring in both academic research and commercial
applications (H. A. Daanen & Ter Haar, 2013). Different from-dimeensional manual
measurement methods and the relatively advanceddimesional body scanningctenology,
thetwo-dimensionabody measuring methad commonly considereas a relativelyow-cost
substitute for threeimensional body scanning. This metham#s2D images without depth
information to rebuild thredimensional models based on silhouétfermation.Usually,the
front and side images will be used as references.

To find the best solutiofor rebuilding the threelimensional models and extract
measurement resujtesearcthasbeen conductedn 2006, Seo, Yeo, anfohnreleasea
method of mapping twdimensional 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
parameterizedhodel. Additionalresearch in 2013 made by Watson andrisuased a different
method by partitiomg the 2D images into segmentations and proudya probabilitymap
representing the subject. It then finds the closest 3D body model from a database based on the
probability map and extracts body measurements fren8D model. Other research expkitee
possibility of finding key points and measg from the front and side image using extracted
measurements to predict noreasurable measurements like circumferences asimple
linear model (Gazzuolo et al., 1B39.in & Wang, 2011; Meunier & Yin, 2000).

The wo-dimensional body measuring method provides adost solution for non
contact human body measurement, andrieasuremerdutput is reliable fotheapparel
industry application. The main concern of gsthis method is that a clean backgroisweeded

to identify the outline of the human body.the previousstudy, most researchers used pure
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colors such aslack or greenHowever the backgrounds in daily life would be more
complicated and more colotfuwhich could bring difficulty for silhouette identification (Lin &
Wang, 2011; Seet al, 2006). Another concern is privacy issugonsumersnust wear close
fitting garments or underwear while taking 2D images for-tlivoensional body measurements
to guarantee the accuracy, and this may bamgivacy discomfor(Grogan et al., 2017; Loket

al., 2004).

2.2.3.4.1 Measuring apparatusAs stated above, the privacy issue has been a concern
for consumers while using naontact body measuring technolegi The measuring apparatuses
are developed to release these concernassidt irmeasuring human bodies. The measuring
apparatus cabe dividedinto two types: patterbased measuring apparatus and cirbaged
measuring apparatus. The pattbased apparatwgasdeveloped to help locate landmarks on the
humanbody so that &raditionalhand measuring method and tdimensional measuring
methodscanbe efficiently conducted-igure 17 shows the stretch bodysuit for preparing
customfitted clothing, invented by Liebermann in 2002. This bodysuit splits the surface into
multiple parts to locate the landmarks. Figure 18 shows the measuring apgasigugd to
work with imaging technologies. The circliased suit, as shown in Figure 19, could measure
thehumanbody by itself. This sample garment is made by Like A Glove Ltd., circuits and
sensors were addéadlthe predicted landmark location to calidhuman body measurements
(Likeaglove, 2015).

These circuitdase 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 serviife of the product. Second, these apparatuses are not washable and
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cannot change batteries, which further limited the application and reduced consumer desire to

buy them.

Figurel7. The stretch bodysuit developed for prepadogtomfitted clothing (US
2002/0166254 Al, 2002).

“1

Figurel8. The elastic measuring suit from elasizer (elasizer, 2017).

High Waist

Low Waist
High Hip

Low Hip

Figurel9. The selimeasuring garment using circuits (Likeaglove, 2015).
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2.2.3.4.2Current 2D measuring products in the market

2.2.3.4.2.1Z0Z0SUIT ZOZOSUITwasdevelopedy Start Today Co., Ltd, the owner
of the largest Japanese online apparel shopping welhsftéD Z O T O WBHé latest version of
ZOZOSUIT is using a fulbody marker recognition system which contains more than 350
different dot markers arourtde humanbodyas fiducial markers for 3D model recreation. The
garment itselfs designedisingthumb holes, foot strapanda turtle neck to cover most tifie
humanbody (ZOZO, 2018). As shown below in Fig2@ the user is required to put on the
ZOZOSUIT correctly wthout wrinkles, put their cell phone on an approximatehirigh tall
tableroughly sixfeet 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 photas will b
captured and used for 3D model recreation. Iretiabthe applicatiorproducesl6
measurementincluding chest, upper waist, lower waist, hip, arm length, inseam, and

circumferences aheneck upper arm, thigh, calf, and ankle.

Please check to make sure Please face the phone.
you are wearing the ZOZOSUIT correctly. This is 12 o'clock.

Figure20. ZOZO suit measuring process (ZOZO Application, 2018).
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According to the information from ZOZO.com, Start Today is planning to delni€xr 6
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 measurediesaity

order the styles they prefemnd get their customized fitted garments within a few weeks.

2.2.3.4.2.23Dlook 3DLook is a body measuring application developed by a company
called 3DLOOK Inc. This application allows users to measure themseugsa front view and
a side view photahep hot o coul d be anirréromraphotd taken biamothdr r o n t
personas shown in Figurel2 Without landmarks, 3DLook uses computer vision to analyze the
photos. First, the front and sigew photoswveretakenby a smartphone are used to detect
human body outline in computer vision. The detected ouslitieen transferred o 3 DLo ok 0 s
neural network. Secondly, the neural netwpricesses the outline and desd@ty points for
body measumentsandproduce a set ofpossilbe 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 initializatiNext, avirtual camera bilds 2D contour
models into a parameterized 3D human body model and wdjeato an image plane. Finally,
the virtual 2D modelarematched with real 3D human body models to reduce errors while
scanninghe humanbody and processing the measuremertte. 3D matching process also

appliedfor 3D human model recreation (3DLooie, 2018).
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Figure21. Selfie mode photo instruction from 3DLOOK (3DLowle 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 accuracytbé& 3ADLOOK application highly depends on the fittbé user's
clothing. Therefore, measuring garments with reliable accuracy and acceptable design aesthetic

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

The goal of this research is to develop a series of garnfetsan be used as
measuring apparatus in the 2D image body measuring system develdpe&®bseFit
research team. Figur@2hows the process of this existing tdionensional image body
measuring systentn this measuring system, a smartphone is asdtie data collection tool to
capture twedimensional (2D) images. Basic demographics (1D) data, including height, weight,
age, gender, angthnicity, are collected as references. This body meagsystencanpredict
human body measurements based erctillected 2D images and existing thdemensional
(3D) anthropometric databasd$ie developed system has reached a satisfying result being
within thetolerance of hip girth prediction for online shopping, but the accuracy of waist girth
and inseam lenp predictions still have room to be improved, vathincreased dataset, this
could beaccomplished

To assist this twalimensional image body measuring system, the measuring garments
need to fit the human body closely and can be distinguished from the backdgrbamdsearch
guestions 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?

la. How does the design impact measuring results?
lal. What kinds of patterns, cadpand styls can be used to obtaagcurate
measurements?
la2.What are the appropriate coldesign locabns 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 accuracynefisurements 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 expecfatiaativewear?
3al:What are their expectations?
3a2: Do they have any preferences on the fit or design?
RQ4: Would consumers adopt this new technologpw would they use it (simply as a

measuring tool or wear it as antfit?

The main target of thisssearch 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 splibietamain steps: prototype design,
datacollection 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 larslrRadearch questions
lal 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 besigeliody 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 tdionensional 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 san®ydp
research questions 2 ané@8consumer demands and expectations on the measuring garments
The measurements extracted from 2D and 3D data were used to answer research questions 1b
and l1cregardingfinding out how the design and fit of theeasuring garments impact the
measurement results, which is the main target of this research.

Demographic |
data

( Lifestyle and

1D - Survey activewear Consumer
preference | Acceptance
Measuring
garment
evaluation [
Data Front view

Side view with

2D - images
& arms down ™ Accuracy

Side view with
arms up

3D — body
scanning

Figure22. 1D, 2D, and 3D data content.
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Subject in the apparatus Collect info with a cellphone Extract of body info

2D images

Image processing
techniques

¢ Extracted
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body info

Derive primary and secondary
body measurements

Upper i
I Trcunieeace
runieeace

s l |
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»u

Generate prediction models

Data mining techniques

¢ s & Prediction models

Figure23. Schematic of the developed body measusygiem (Xia, 2018).
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Figure24. Summary of methodology



3.1. Step One: Prototype Design

Stage one focusen developing a series of prototype measuring garments for data
collection and user evaluation. The purpose of this stag¢o explore possible design solutions
and appropriate locations for landmarks. Standard 1ISO-8%58% ASTM 521915 wereused as
references. According to the definitions in Table 2, bust girth, waist girth, hip adimseam
lengthwereselected as the most basic measurements to extract from 2D images because they are
the most important measurements for the majority of appardupts. Other measurements like
arm length, crotch height could be added into the designs for future research.

After selecting the representative measurements, research questions lalveee 1a2
answered to locate the representative measurements onakermg garments. This desigs
necessary to allow the measuring system to detect the measuring area. The standards and
definitions mentioned aboweereconsidered while designing the measuring garments.

During the design process, color palettes antillégxatternsverecarefully selected for
aesthetic evaluation. The color palettes and textile patiredecided based on the most
common styles and colors in the current female activewear market and fashion reports. Multiple
attemptsvererequired toget relatively satisfying design options based on consumer preferences.
In this stagethreedifferent designsveredeveloped, presentirthreelevels of design elements
contained. Theéhreelevelswere highly functional focused with very few design elaens a
moderate combination of function and fashion; and a highly fashionable desigrasivatry
close to existing products in the market. This result supgartswers to research questions lal
and 3a2.

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

wasdeveloped for grading and sizing. Different from the commercial activewear products in the
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market, the measuring garments developed in this researehdevelopd tocover more than

one commercial size and fit a variety of body shapes. The garment pattern and sizing system
weredeveloped considering the stretchiness of fabric and the distribution of American female
sizes. Standard ISO 8529and ASTM D5585L1elwereused to instruct the sizing system
development, and the SizeUSA 3D body scanning datasefli@wasused as references. The
new sizing system of the measuring garment will be from size XS to size XL, covering standard

adult female missy figure typézse range L8 based on standard ASTM D558be1.

3.2. Step Two: Data Collectionand Measurements Extraction

To evaluate the developed measuring garments and théinvemsional body measuring
system, 1D demographic and activewear preference data, 2je ma#a, and 3D body scanning
data are collected for analysi8.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 corttaieechain
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 usewaetr 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 press.

The 2D image data and 3D body scanning data were collected during the body measuring
process. Participants were required to put-&nséts of measuring garments, includihigee

different designs and-2 different sizes: one that fits the best, snaller sizeand 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 befitting size for each subject was selected base on the height and weight
information and feedback oftfand comfort. The subject was then required to put on -@iaee
smaller garment and a og&ebigger garment in the same design to collect the data of the same
subject wearing measuring garmentsiidifferent fit. After trying different sizes, the sabj was
required to put otwo other designs in the beftting size.

For each set of measuring garments, participants weilg Scginned in the Size Stream
body scanner to collect 3D body scanning dat a
collect 2D image datasing a smartphone. When taking 2D photos, participantsag&esl to
stand in 3 poses: front view with both llarseparated 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
threeposes are shown in Figure 25. The side view pose with both arms beside the body was
considered the bestde 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 {islegure
25 b), which added bias for bust, waist, and hip girth predictions from the 2D images. Having
both hands above the head may slightigngethe bust measurements but helped predict the

shape of the covered region in the side view image.
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b c
Figure25. 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 methofisrthrin
measurementg@ bust girth, waist girth, hip girth, and inseam length need to be extracted from
3D body scanning files. It is important to define ther representative measurements because
they must be extractable from the Size Stream Studio for further comparte@eb&D and 3D
measurements.

To extract representative measurements from a 2D image and evaluate the effect of
mearing apparatus design, the LAS@ast absolute shrinkage and selection operator)
regression model was trained usthg Akaike informationcriterion (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 erroes) well as the complexity of the model (humber 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, subjectsywaratsd
into a sample group (40%) and a test group (60%). The images of sample group subjects
wearing measuring apparatus wased to generate prediction models fromttireedifferent

designsThe images of the test growgreused to test the perfoance 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 arisatroers use
activewear for in their daily life and what kinds of expectations they have when purchasing an
activewear product. This result answered research quetiti@esand 3al. The feedback from
participants about their evaluation of measuringgatm@grs f it and desi gn was
information indicated their preferences on th
this new body measuring method. This result answered research questions 3a2 and 4.

Theanalysis of extracted 2D a® measurements was split intoeesections: 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 inthe 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 &rms beside the body and arms above head). Finally, 2D vs. 2D compared the extracted

58



2D measurements betweewiferent designs of the same subject and the performance of
prediction models to find out if different patterns and colors could make angeditiein 2D

measurement prediction.

59



CHAPTER 4. RESULTS AND DISCUSSION
4.1 Resultsand Discussionon Stage One

4.1.1 Generation 1and 2 of MeasuringGarment Prototype

To develop a measuring garment for the PrimeFit 2D image body measuring system, the
first step was to locate important celiesign locations for landmarks on the human body.
According to the measurements listed in Table 2, section 2.2.2, and extraEtable 3
measurements listed in Tablesgction 2.2.3, 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, agictihiyere 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 laggg, and it was the only length measurement in ttoese
representative measurements. The selected representative measurements and their definitions are

listed below in Table 4.

Table4
Definitions ofSelectedRrepresentativéleasurements (ISO, 2017b; ASTM International, 2015)

Measurement Definition
Bust girth The horizontal girth of torso measured at a bust point level (ISO, 201
Waist girth The horizontal girth of the body measured at the waist [¢8€l, 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 tdflinar, taken
with the subject standing and without shoes (ASTM International, 20:
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After selecting thdéour 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, wristgirth, and knee girth, were added for future potential data extraction. Figure 26

shows the location of all measurements coded with colored bands.

Shoulder width

Bust Circumference

Upper Arm

Waist Circumference Circumference

Hip Circumference

Wrist Circumference

Thigh Circumference

Knee Circumference

-

Figure26. Measurement locations marked with colored bands.

The first generation of measuring garment was developed using a 290 gsvaywo
stretch knit fabric with bright colored bands to locate measurement locations. As shown in
Figure 27 a, based on the feedback ths om t he
measuring garment §itvell 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 whentswibpre 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 @ 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 otheror 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 useadr2@igslight four

way stretch knit fabric.

- gl s 5
Figure27. The first generation (a) and seceg@heration (b) of measuring garment prototypes.
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The second generation of measuring gar ment
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 feesiback 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 danored underwear, which made them feel
less comfortable to wear the garment in publicother problem was that the sleeves and
leggings were not long enough tatlerbody shapes, and it may lead to the displacement of the

wrist, thigh, and knee girth color band locations.

4.1.2. FinalPrototype Design

Comprehensively considering the feedback from the first two generations, the final
prototype for this research had the followingprovementsfabric, pattern design, style design,
and size control. This final product used a medium weightvi@y stretchknit material with
83% polyester and 17% spandex in 260 gsm.rmédium weightould 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 fauay stretb material could satisfy the needs of fit for more
variable body shapes.

To take full advantage of the fowray 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 gwidisplacement of

thigh and knee color bands and ensure the consistency of inseam length measurements.

oy )

Generation 1&2 Final design Generation 1&2 Final design

a b

Figure28. Sleeve and legging design improvement (a) sleeve with new thumbhole design, (b)
legging with new foostrap 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
predictechuman body measurements. In this resedhcbedesigns a& developed for the final
prototypes. Théhreedesigns containeithreelevels of color distinction anthreelevels of
pattern regularity, from low to high, the three design schemes represent different aesthetic levels,
from highly functional design witho 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
patternsselected 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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Figure29. Examples of popular activewear color and pattern designs cuthent 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 andrfal 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
saturaton 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 geatyétriextile
pattern was added to the legging af@ae main colorsblack, white, grey, ngy 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 kecOnlythreemain colors, black, dark gregsnd
olive green were used in this design. Textile patterns applied in dzsigd desigrthreewere

downloaded from Fashion Snoops, a global fashion trend forecast organization.
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Figure30. Three different textile patterns used in the final prototype design. (a) simple color
blocks, (b) geometristyle pattern, (c) irregular abstract pattern.

Design 1 Design 2 Design 3

Design 1 Design 2 Design 3

Figure31 Technical drawing and real product of the final ptypes.

Finally, to fit a variety of different body shapes and commercial sizes, the measuring
garments were made in 5 sizes, namelgrKall, Small, Medium, Large, and-Darge. As shown
in Table 5, theséve sizes ranged from size 0 to size 18 based on the AS358®11el
standard body measurements of adult female missies (ASTM, 2012). With tivesfpstretch
of the fabric, each size could fit more than intended, which helped evaluate the influence of
measuring garment fit by asking research participants tnteysmaller and a larger size in
addition to their bediitting 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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Table5

Final Prototype Sizeand Corresponding Standard Body Measurements

Size 0 2 4 6 8 10 12 14 16 18
X-Small Small Medium Large X-Large
Chest/BustGirth| 31 3 33 34 1 35 1 361u4 37 1 38 3 40 3 42 1 44
Waist Girth 26 126 9 27 5 28 1 29 1¢30 1 32 1 34 36 381/4
Hip/Seat Girth 33 735 1 36 3 3721 38 1139 1 41 42 1 44 1 46
Crotch Height 30 130 14 30 1 30 3 30 1¢30 2 30 1 30 1 30 1 30 1.
Thigh Girth 20 7 21 1 214 22 1 22 3122 3 23 5 24 1 25 3 27

Note. Takerfrom ASTM D558511e1l, size 48 (ASTM, 2012)

4.2 Data Collectionand Measurements Extraction

4.2.1. DataCollection

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 abe80 2binutes to
collect allthreetypes of data from each subject. First, the participants aadwiee
demographic, lifestyleand 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 observatdimd the besfitting sizes for the
participants to try on. The researcher then used visual evaluation and the feedback from the
participant to determine the bditing size for the participant. If the participant felt the
measuring garment too tigbt 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 ofb4ets of measuring garments in total, including a
bestfitting size, a smaller size, and a larger size apparatus made in design 2, and-fitimigest
size apparatuses made in desigand design 3. Participants whose best size wasn4ll or X
Large did not have a smaller or larger size. In that cheg,dnly tried orfour 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 coll
2D image data collean 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 describadlpned

in section 4.3.

4.2.2. 3D Measurement&xtraction

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
gt h, and inseam | ength can be directly extrac
Tape Measure, 0 ASeat Circum Tape Measure, 0 an
extraction needed to be decided upon because there are multiple method e faist 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. Theseiatontained 125 scans waih (24%) in
age 1825, 28 (22.4%) in age 285, 26 (20.8%) in age 345, 22 (17.6%) in age 485, 12
(9.6%) in age 5®5, and 7 (5.6%) in age 66+ he four methods were conducted on all sample

scans, and the method that résdlin the closest level were counted (Figure 31 (Xia, 2018)).
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Table6
Methodsof Finding A Waist Leveh A Computer Program

Method Description

Waist level:small  The point where the spine had the largest indent when viewed from the si
of-back (Han, Nam, & Hwang Shin, 2010).

Waist level: The narrowest part of the torso between the hips and the bust.
narrowestfront

Waist level:center The centerline between the levels at the most protruding point at the front
b/wbusthips level) and back (hips level) from the side view of a body.

Waist level: The center of the central waist region with a proportional length (such as
proportionwaist of back height minus 4 cm) being the lower limit and the narrowest front

on the torso being the upper limit (Gill et al., 2014)
Note. Takerfrom Xia, 2018

70 37.3% (69) 664

32.4% (60)

60 1

50 1

40 1 20.0% (37)

Count

30 1

20 - 10.3% (19)

10 1 -

Center-b/w-bust-hips Narrowest-front Proportion-waist Small-of-back
Method

Figure32. Results of the best method of finding a waist level. (Xia, 2018)

Based on Xiaods research, there is no signi
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 Univasstyy in the
age range 125. For this research, the cenb#w-busthips was the best method to find the waist

level in 3D scanning data. The waist level was detected as tHeweibetween the bust and
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hip level in the 3D body scanning data. Therfapresentative measurement locations are

shown below in Figure 33.

Chest/Bust Circum Tape Measure

Mid-level between Bust and Seat

Inseam Right

Figure33. Representative measurement locations in the Size Stream Studio program.

Because the Size Stream wholedy scanner was used in this research fod&@
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 aso&mall
back and proportictvaist method, the mitevel between bustnd hip location of each subject
needed to be redefined before extraction. This research used the prepwarsomethod but
redefined the upper and lower limit of each subject to reduce the search area to make the
computer program measure the exact-haitel location between bust and hip.

The firststep 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 lewlimit 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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l'imit of the waist | evOoptimzed®leasuementamge i was Adl t
limits as the FrontUpperLimit, FrontLowerLimit, BackUpperLimit, and BackLowerLimit were

edited into the same amount calculated in (2). @phgmizedMeasurements.nfiges of each

subject were independently edited and saved as a new .mg file. Finallgs¢laecher 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 (D)

NewLimit = Waist Height OptSmallofBack Height 2

4.2.3. 2D Measurements Extraction

To extract the 2D measurements from 2D imagesg the PrimeFit 2D image body
measuring system, 17 subjects were selected as the training gmdugD subjects were selected
as the test group. All images in these two groups were compressed inslmution images to
reduce the training time anest 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 (Abdulla2018 He et al., 2017,). To makersueach 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 uddor 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 bodyh&om
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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 lafibléue 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 RCNN model in the PrimeFit 2D ingg@ 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 resingy images for apparatus detection are shown in Figure 35.

72



a b

Figure34. Examples of training images marked with MasiCRN for apparatus detection. (a) Method 1 only torso part marked, (b)
method 2 torso and legs marked.
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a b
Figure35. Examples of resuftg 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
43.1. 1DData
The 1D data was collected through an online survey. The survey corttaieechain
sections: demographic data, lifestyd@d activewear shopping preference questions, and an
evaluation of the apparatus. The first two sections were answered before¢heymgasuring
apparatusesnd 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. DemographidData. Age, ehnicity, height, andveight 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 demogrdyc data are presented in Figurei3bigure 39. Most of the recruited subjects
were college student¥he ethnicity distribution, as shown in Figure 35, was composed of 60%
Asian, 38% White, and 2% African American. Although the ethnicity data were ¢edveto
dummy variables for 2D prediction model analysis, this information is still kept for future
researchThemeanheight was 64.55ches andthe mean weightvas127.28 IbsThe height
and weight measurements were used as main refefen@i3 meaarement extraction in the

PrimeFit 2D image measuring system.
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Figure37. The Ethnicity of the collected data.
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Figure39. Weight distribution of the collected data.

4.3.1.2. Lifestyle and activewear shopping preferencé&he second section of 1D data
is lifestyle and activewear shopping preference information. Data collected in this section was
used to understand what kinds of sports were popular among the participants, how they use
activewear in their daily life, and whatements were important for them while making the
purchasing decisions.

Figure 40 and Figure 41 present the exercise lifestyle of participants, including their
exercise frequency and favorite exercise types. It can be seen that about 80% of thenparticipa
exercise more than once a mamthile 22% of them exercise more thimur times a week.

Similar to the phenomenon presented in the article writted®ySul | i v an, Hanl on,
Westerbeek in 201 Tlexible and nororganized sports are far moreppdar than team sports

among the participants. The top 5 ranganized sports were fitness/gym (60%), followed by

walking (58%), running (38%), yoga (38%), and hiking (18%). Only 18% of the participants

joined team sports for exercise.
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Figure4l. Popular exercise types among participants.

Figure 421 Figure 47 presesthe activewear shopping preference of participants. The
guestions in this section included the frequency of purchasing activewear, favorite activewear
brands, how activewear is used, elements that matter the most while making purchasing
decisions, and thacceptable price range for activewear products. Participants were mostly
recruited from NC State University, which represented the population of college students to
some extent. The frequency of purchasing a new activewear product was mostly lesseteaan onc

quarter, 36% of participants get new activewear once a year @nttssly 10% of participants
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would do it several times a montWhenpurchasing a new activewear product, the top 3 favorite

sportswear brands were Nike (86%), Adidas (76%), and Umdenér (50%).

Less than once a Once ayear Once a quarter Once a month Several times a
year month
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Figure42. Frequency of purchasing activewear.
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Figure43. The popularity of activewear brands in the market.

Figure 44 shows the result of participants selecting cormapphcations for using
activewear in their daily life (choose all that applifle most common application was exercise

(96%), followed by everydawear (48%) and lounging at home (42%dpst of the participants
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only expected using activewear faxercising or as casual wear; fashadnility 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 demons. 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

actvewear more for exercising and as casual wear rather than expressing their fashion aesthetic.
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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,ipantis seemed
willing to pay slightly more for an activewear bottom than the Aggpshown in Figure 46,
approximately62% of the participants thougBB0- $ 60was acceptablfor an activewear top
As for activewear bottom$2% of participants thougi#30- $ 60 is acceptable for an

activewear bottom
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Figure46. The acceptable price range for an activewear top.
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4.3.2. Evaluation of Measuring Garments Prototypes

The results of t hetheneastringcgarmentmsedencator, al uat i o
pattern, and style are shown in Figure 48. The general evaluation required participants to grade
thethreedesigns from 1 to 5, with 1 being the lowest scorefsedbeing the highest. The mean
score of design 1 was 3.02, significantlykyr than design 2 (mean score 3.96) and design 3

(mean score 3.88).

Select your evaluation of each set of measuring
garment

o o o o
(V) w N ol

Probability

©
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2 3
E Design 1 = Design 2 = Design 3

Figure48. General evaluation of 3 designs.

Figure49  Fi gure 51 presents the participantés
differentoccasions. Participants expressed a relatively positive attitude for using these
apparatuses for body measuring. For design 1, 30% of the participants were somewhat likely
and 30% were very likely to use it for body measuring (FigureRE}icipants félsomewhat
likely (44%) or very likely (30%) to use design 2 for body measuring. The attitude towards
design 3 is similar to design 2, 36% of participants felt likahd 38% felt very likely to use
design 3 for body measuring.
For applications on publioccasions, the attitude towards the three designs became very

different. It was very unacceptable for most of the participants to use design 1 outside the home
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for exercising. Approximately 44% of the participants selected very unji&ety 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 hathefparticipants selected somewhat likely or

very likely to wear design 2 to the gym. More than half efgiarticipants 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% felery unlikely for design 2, and 30% very unlikely for design 3.

How likely would you use this garment for body

measuring?
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Figure49. How likely participants woulthe touse the apparatus for body measuring.
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Figure50. How likely participants would wedhne designs in the gym.
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How likely would you wear this garment as
a casual wear?
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Figure51. How likely participants would wear the measuring garments as casualwear.

At the end of the survey, some of the participants left comments on what they liked and
disliked about the three desigi$ie comments mostly focused on color, textile pattern, and the
general design of the apparatuses. Tabld @ble 10 are the selected comments from
participants. The comments on design 1 are mostly negative about the color. Participants said
that they dil not like this design because there are too many vivid colors in one look, which
made the design very bold and would make them feetealcious wearing it in a public
setting. The attitudes toward design 2 were more positive. The color palette tigsdlesign
was commonly accepted, the negative comments are focused on the stripe patterns on the legging
area. Design 3 was highly evaluated on general design but received polarized comments on the
textile pattern. Participants who gave negative comnantke pattern all mentioned that they
do not want the monkey as an element of the pafiéxfeedback to all three designs focused
on the fit around the waist and neck. For participants whose body shape was more similar to the
hourglass, the apparatgseere somewhat loose around the waist area. Participants also
complained that the high neck of the apparatuses was uncomfpaiathkewer neck design

would be preferred.
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Table7
Comment®n Design 1

Color

| did not like thecolors together, | would not use it because of the colors.

Too vivid and many colors, reduce the number of colors3o 2

| liked the black fill but didn't love the more garish colors.

| would prefer neutral colors instead; | would feel sglhscious athe 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.

| like the amount of color othe garment.

Too many colors in one look.

| like the colors.

Pattern

| wish the coloring were less blodike.
| think it would look better as striping instead of blocks.

General Design

This design is cool , b oftooks ltkedaswareor/ boidier. b o |
The design is bold, but not for me

Table8
Comments on Desigh

Color

| like the colors a lot.

| love the color combo.
Like the color palette.

| love the colors.
Pattern

| am not aan of the horizontal albver stripes.

Like the pattern design.

General Design

The legging print is nice; | would wear the leggings on their own if | were going to the g
I love this design. | would definitely wear this! The leggings go readif with the top.

I love the top, but | 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.

| really like this one!

It reminds me of something teear when sailing and being near the ocean and needing f
body coverage.
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Table9
Comments on Design 3

Color

| loved the color choice!
The color is too dark, maybe it can be brighter?

Pattern

| like the cute monkey.

| just personally don't like characters, ,itee monkeys on my clothing.
The tropical floral is cute, but the monkeys make it look a little youthful. This would be (
for kids, but for adults, | would take out the monkeys.

| think that the monkeys are a bit juvenile. If it didn't havertieakeys) would be more
likely to wear it!

General Design

| think the green with the monkeys is the best desiggally like how fun and cute it looks.
would be most likely to wear this design in particular.

| loved this design!

| really liked this garment as a whole but probably would not wear it because my perso
preference is not something so tifkting.

Special design, like it.

| really like this for the gymit might be a little bold for me for everyday wear.

Very cute but not for a public occasion.

Good design for a statement.

Table10
Comments AboudheFit 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

| found the neck area too tight

The neck is too tight.

If theneck werelower, | would definitely weatit.
It is better to beflat collar.

General

The legs fit perfety, and so did the tap
All the garments are not very easy to wear. Somewhat tight during putting on
| would probably not wear the leggings at all.
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4.33. 3D BodyScanning Data

During the research process, each subject was asked to pbtmedsuring apparatuses
covering three designs (design 1, design 2, and design 3) and three fit levels (a smaller size, a
bestfitting size, and a larger size made in design 2). A total ofs2anis were collected with 50
bestfitting size in design 1, 50 beftting size in design 2, 50 be8tting size in design 3, 39
smaller size in design 2, and 48 larger size in design 2. The representative measurements,
including bust girth, waist girthhip girth, right leg inseam length, and right leg girth, were

extracted from 3D body scan data.

4.33.1. 3D vs 3D: compare measurements extracted from a different fitThe best
fitting size, smaller size, and larger size apparatus measurementweseltsompared using
paired ttest to evaluate the effects of different measuring garment fit level on body measuring
results. The subjects whose b#tiing size was XSmall did not have a smaller size and subjects
whose besfitting size was XLarge didnot have a larger size, the sample size for subjects who
tried a smaller size and subjects who tried a larger size was different. Pastdwere
conducted separately for comparing smaller size versuditiest size and larger size versus
bestfitting size. The results are presented in Tables 11 and 12.

The number of subjects who tried both a smaller size anditiggs size was 39. Paired
t-tests demonstrated that the bust and waist girth measurements of subjects wearing a smaller
size garment we significantly smaller than the same measurements of subjects wearing the
bestfitting 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 subjectgho tried both a larger size and a best fitting size was 48. The
paired ttest 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 beditting size garment. The measurement results for bust girth were not

significantly different between the two fits.

Tablell

Resultof The Paired TTests (Smaller Size Vs. B&stting Size)

Measurement  Smaller size  Bestfitting size

p (small vs. best) Flag (small vs.

Mean Mean 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 | abeled based on p values when

mean is significantly smaller than the best size meargans the difference is not significant.

Tablel2

Results of the pairedtéests (larger size vs. best fitting size)

Measurement  Larger size Bestfitting size

p (large vs. best)

Flag (large vs.

Mean Mean 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 | abeled based on p val

4.34. 3D Vs 2D: Compare 2DM easurementswith 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 othe 2D measuring method. Histograms an@ Qlots were created to demonstrate
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the difference between 2D and 3D measurements (App&)dibhe distributions of differences

were generally normal. Therefore, pairaegts were conducted to compare the teling

methods and two poses for side view images. The results of the ptastsl 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 ettt 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 measuretseit can be observed that when labeling the whole body, the
2D prediction measurements were significantly larger than the 3D measurements with arms
beside tle bodies. If only the torswas labeled, the 2D prediction measurements were

significantly largeithan the 3D measurements when hands were above heads.

Table13
Resultof The Paired ¥Tests On 2D Images Vs. 3D Scan

Measurement 3D auto mean Labeling Pose 2D auto mean p Flag*
arms up 36.1 0.0001
Whole-body arms down 36.1 0.0001
Bust girth 35.71 arms up 36.01 0.0002
Torso arms down 36.09 0
arms up 30.57 0.8737 -
Whole-body arms down 30.41 0.051 -
Waist girth 30.56 arms up 30.6 0.5867 -
Torso arms down 30.6 0.6288 -
arms up 37.94 0.1197 -
Whole-body arms down 38 0.3068 -
Hip girth 38.09 arms up 37.95 0.1159 -
Torso arms down 37.97 0.1809 -
arms up 29.27 0.4367 -
Wholebody — arms down 29.35 0.0411 -
Inseam length 29.22 arms up 29.36 0.0221
Torso arms down 29.29 0.2141 -
Note.*: Flagi s | abel ed based on p v alumeanstwe2® autolU =

mean is significantly larger than the 3D auto meaneans the difference is not significant.
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The result of the pairedtést 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 wiualg lakeling
method are presented. The prediction model of torso labeled images can be found in Appendix

D.

4.35. 2D vs 2D: Comparison of MeasurementsExtracted from Different Designs

To find out if the color and pattern of the measuring apparatus wuakeé any impact on
the 2D image predicted measurements, the LASSO (least absolute shrinkage and selection
operator) regression models were trainednen2Dimagescollected from the participants.

Akaike InformationCriterion (AIC) wasused for model selé&on, and thescikit-learn APl was
usedfor model training Thedata wasollectedfrom 50 participants wearing three different
designs, 47 of which were useable after primary checKingfinal dataset contairn&07 sets of
images, including 47 in desidn 135 in design 2, and 46 in desigBe design 2 image data
set has more photos because it included the images of participants wearing other sizes of
garments in design The subjectsverethen randomly split into trainingl(0%) and testing
datasetsg0%).

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 vieth@dttmsdown image
for 2D measurement extracticand the second group used the front vieth\@rmsup 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 coerted to dummy variables to be processed through the machine
learning models in scikiearn API.

A general format of the resulting LASSO
research, in whiche| ois the intercept,)T 81 ¢ arecoefficients for the n dependent variables,
(¢) @8 w are the dependent variabled) ¢ 8 w are means for the dependent variables, 8 ,, :

are standard deviations for the n dependent variables)aiithe predicted value.

wHUot+ T 12

3)

In the prediction model, the four representative measureraebtst girth, waist girth
(centerb/w-busthips), hip girth, and inseatangth were used as the independent variaBlagst
width, bustdepth,bustheight,waistwidth (centerb/w-busthips), waistdepth(centerb/w-bust
hips), waistheight (centerb/w-busthips), hip width, hip depth,hips height, anccrotch height
wereselected as predictor measurements and used as dependent vanidiebesacted from 2D
images. Alldependent variables were standardized by removing the mean and scaling to unit
variance The missing values were imputed by the mean of the variablecltedining the
models.

Generally, the performance of prediction models in the anngroup was slightly better
than the armslown group. This is because the outline of sigsv images with an armsp pose
was less covered and easier to detect. Amorthrake designs, design 2 was significantly better
than the two other designs in the bust girth prediction model which had the highasid? The

performance of design 3 bust girth prediction model was significantly worse than two other
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designs and hadhé lowest Rvalue. The impact of design is not significant in other

representative measurements.

4.35.1 Bust girth prediction. The prediction model for the bust girth measurement in
design 1, the arradown pose, is presented in (4). Dependent variatdes narrowed down to
weight and BMI. The Rvalue 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

measurementasnd 3D bust girth measurements were more than 1 inch.

00i 0 Wiiad Op U &

8 8

=35.911+0.904% +0.673%——no=— (4)
n 8

Theprediction model for the bust girth measurememtasign 1, the armsp poseijs
presented i§5). Dependent variables were narrowed down to weight, BMI, and hip depeh.
R? value of the predictiomodelwas0.576. Figure 52(b) shows théference 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.
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Figure52. Bust girth model prediction results of design 1. (a). Prediction results in the arms
down pose. (b). Predicted results in the aupgose.

Theprediction model for the bust girth measurememtasign 2the armsdown poseis
presented i§6). Dependent variables were narrowed down to bust width, bust depth, waist

width, and waist depthThe R? value of the predictiomodelwas0.653. Figure 3(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 moreittedm 1

600i 0 Wiiad O€ U ¢

=35.951+0255¢ 8 400338
n 8 N

+0.470% % 40403— 8 (6)

Theprediction model for the bust girth measuremerttdsign 2the armsup poseis

presented i§7). Dependent variables were narrowed down to weight, bust width, bust depth, waist

width, and waist depthThe R? value of the predictiomodelwas0.739. Figure 53(b) shows the

difference between the predicted bust girth and the bust girth measuremestedxn@n 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.
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Figure53. Bust girth model prediction results of design 2. (a). Prediction results in the arms
down pose(b). Predicted results in the armg pose.

Theprediction model for the bust girth measuremertasign 3the armsdown poseis

presented irf8). Dependent variables were narrowed down to bust dgptaR? value of the

predictionmodelwas0.492. 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 subje@%a4&he

difference between predicted bust girth measurements and 3D bust girth measurements were more

than 1 inch.
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Theprediction model for the bust girth measuremertasign 3the armsup poseijs
presented i§9). Dependent variables were narrowed down to waist width, waist depth, and hip
depth. The R? value of the pedictionmodelwas0.739. 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.
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Figure54. Bust girth model prediction results of design 3. (a). Prediction results in the arms
down pose(b). Predicted results in the aruap pose.

4.35.2 Waist girth prediction. The prediction model for the waist girth measurement in
design 1, the armdown pose, is presented in (10). Dependent variables were narrowed down to
weight and BMI. The Rvalueof 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 dr8D waist girth measurements were more than 1 inch.
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Theprediction model for thevaistgirth measurement idesign 1the armsup poseis
presented itf11). Dependent variables were narrowed down to weight, BMI, waist depth, and
hip depth. TheR? valueof the predictioomodelwas0.726. 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 measurethents an

3D waist girth measurements were more than 1 inch.
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Figure55. Waist girth model prediction results of design 1. (a). Prediction results in the arms
down pose. (b). Predicted results in the aupgose.
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The prediction model for the waist girth measurement in design 2, thedammspose, is
presented it§12). Dependent variables were narrowed down to weight, waist depth, hip width,
and hipdepth. 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 predictednitaist g

measurements and 3D waist girth measurements were more than 1 inch.
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Theprediction model for thevaistgirth measurement idesign 2the armsup poseis
presented i1§13). Dependent variables were narrowed down to weight, BMI, hip width, and hip
depth.TheR? value of the predictiomodelwas0.787. 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.
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Figure56. Waist girth model prediction results of design 2. Ragdiction results in the arms
down pose. (b). Predicted results in the aupgose.

Theprediction model for thevaistgirth measurement idesign 3the armsdown poseis
presented if14). Dependent variables were narrowed down to BMI and waist dEpeR?
value of the predictiomodelwas0.768. 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 girdisurements and 3D waist girth

measurements were more than 1 inch.
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Theprediction model for thevaistgirth measurement idesign 3the armsup poseis
presented it§15). Dependent variables were narrowed down to BMI, waist width, waist depth,
and hip heightTheR? value of the predictiomodelwas0.802. Figure 57(b) shws 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 thanThagerformance of the

armsup model is slightly better than the arad®wyn model.
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Figure57. Waist girth model prediction results of design 3. (a). Prediction results in the arms
down pose. (b). Prectied results in the armg pose.

4.35.3 Hip girth prediction . The prediction model for the hip girth measurement in

design 1, the arradown pose, is presented in (16). Dependent variables were narrowed down to

weight and BMI. The Rvalue 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 dr8D hip girth measurements were more than 1 inch.
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Theprediction model for thaip girth measurement idesign 1the armsup poseijs
presented i§17). Dependent variables were narrowed down to weight, BMI, and hip depth.
R? value of the predictiomodelwas0.562. Figire 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 thaimdh.
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Figure58. Hip girth model prediction results of design 1. (a). Prediction results in thedanms
pose. (b). Predicted results in the awumpspose.

Theprediction model for thaip girth measurement idesign 2the armsdown poseis
presented i1§18). Dependent variables were narrowed down to BMI, waist width, and waist
depth.TheR? value of the predictiomodelwas0.607. Figure 59(a) shows the difface

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.
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Theprediction model for thaip girth measurement idesign 2the armsup poseijs
presented if19). Dependetvariables were narrowed down to BMheR? value of the
predictionmodelwas0.535. 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.
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Figure59. Hip girth model prediction results of design 2. (a). Prediction results in thedanms
pose. (b). Predicted results in the awumpspose.
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Theprediction model for thaip girth measurement idesign 3the armsdown poseis
presented i1§20). Dependent variables were narrowed down to BMI, waist width, and waist
depth.TheR? value of the predictiomodelwas0.455. Figure 60(a) shows the difference
between the predictedphgirth 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.
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Theprediction model for thaip girth measurement idesign 3the armsup poseijs
presented i121). Dependent variables were narrowed down to Bike R? value of the prediction
modelwas0.478. Figure 6() 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.
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Figure60. Hip girth model prediction results of design 3. (a). Prediction results in thedannrs
pose. (b). Predicted results in the awumpspose.

4.35.4 Inseam length prediction The prediction model for the inseam length
measurement in design 1, the amdasvn pose, is presented in (22). Dependent variables were
narrowed down to weight, bust height, and hip depth. PheaRe 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 medsweneemore

than 1 inch.
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Theprediction model for thenseam lengtimeasurement idesign 1the armsup pose,
is preseted in(23). Dependent variables were narrowed down to weight and hip h&luhR?

value of the predictiomodelwas0.472. Figure 61(b) shows the difference between the
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predicted inseam length and the inseam lengghsurement extracted from 3D scangl,0 out
of 33 subjects (30.30%), the difference between predicted inseam heegsurements and 3D

inseam lengtimeasurements were more than 1 inch.
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Figure6l. Inseam length model prediction resultgietign 1. (a). Prediction results in the arms
down pose. (b). Predicted results in the aupgose.

Theprediction model for thenseam lengtimeasurement idesign 2the armsdown
pose,s presented i24). Dependent variables were narrowed dowwaist height and hip
height. The R? value of the predictiomodelwas0.524. Figure 62(a) shows the difference
between the predicted inseam length and the inseam leregtburement extracted from 3D
scans, in 19 out of 113 subjects (16.81%), the differbat@een predicted inseam length

measurements and 3D inseam lengdasurements were more than 1 inch.
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Theprediction model for thexseam lengtimeasurement idesign 2the armsup pose,
is presented i(25). Dependat variables were narrowed down to height, waist height, and hip
height. The R? value of the predictiomodelwas0.679. Figure 62(b) shows the difference
between the predicted inseam length and the inseam leregtburement extracted from 3D
scans, ir8 out of 113 subjects (15.93%), the difference between predicted inseam length

measurements and 3D inseam lengdasurements were more than 1 inch.
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Figure62. Inseam length model prediction results of design 2. (a). Prediction results in the arms
down pose. (b). Predicted results ie #tirmsup pose.

Theprediction model for thenseam lengtimeasurement idesign 3the armsdown
pose,s presented i26). Dependent variables were narrowed down to height and hip height.
TheR? value of the predictiomodelwas0.530. Figures3(a) shows the difference between the

predicted inseam length and the inseam lengthsurement 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 lengtimeasurements wereame than 1 inch.
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Theprediction model for thenseam lengtimeasurement idesign 3the armsup posejs
presented i127). Dependent variables were named down to height and hip heigfihe R? value
of the predictiormodelwas0.588. Figure 63(b) shows the difference between the predicted inseam
length and the inseam lengtieasurement extracted from 3D scans, in 10 out of 32 subjects
(31.25%) the diffeznce between predicted inseam lengdasurements and 3D inseam length

measurements were more than 1 inch.
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Figure63. Insesam length model prediction results of design 3. (a). Prediction results in the arms
down pose. (b). Predicted results in the aupgose.
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CHAPTER 5. CONCLUSIONS AND FUTURE STUDIES
5.1 Conclusions

Thepurposeof this researclwasto develop a series of garments tbatildbe used as a
measuring apparatus in the 2D image body measuring system developed by the PrimeFit
research teano assist online shopping and customize clothimghe past few decades,
sportswear has gone thrdug 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 patrticipate in all kinds of sports and
work. In the 21 century, women want to pair technology with clothing to make their life more
efficient. These measuring garmeobuld 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 weweloped in sectioh.2, and three
stages of prototype develment, 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 measunements
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 desigesdeeeloped with three levels
of color distinction and three levels of pattern regularity. Five sizes developed from ASTM
D558511el were also assigned to each design to test the impact of apparatus fit on human body

measuring.
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Stage two focused on tegithe 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 ollected 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 wholbody scanner with participants wearing the apparatuses. Partscipaire
required to put on-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 imageludes one front view image and two sidew
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 designsf 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 ektoacted
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 dixtrac

Stage three focused on analyzing the collected 1D, 2D, and 3D data. The 1D data
collected from the online survey were separatedthm@esections: basic demographic data,
sportswear preference data, and measuring garments evaluation datantd is&wamong
college student participants, they prefer flexible andomganized sports like fitness in the gym,
walking, running, and yoga. The participants were only willing to pay less than 60 dollars for a

sportswear producand they value the quslimore tharfashion 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,
butthey 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 differevdrsize
compared to analyze the effect of garmenfTiite results suggested that when wearing a smaller
size ofthegarment, the bust girth and waist girth were significantly smallerttiegmest fitting
size measurements. When wearing a larger sizevdist girth, hip girth, and inseam length
were significantly larger than the best fitting size measuremiéstsould be noticed that all
differences of the mean were smaller than 0.5 inches. However, when making patterns for
apparel products, the bas@&se for bodice around bust is 4 inches, and 2.5 inches around waist
(Gill, 2011). Although these differences were significatrihe statistical level, they are very
acceptable in the apparel industry.

The 2D representative measurements were extractedibing 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 measurantktitsre
was no significant difference. The resulting pedn model of three designs in two poses was
further comparedand the results showdidatthe bust girths significantly better in design 2 and
significantly worse in design®ut the waist girth, hip girth, and inseam length prediction
measurementdid not have a significant difference among the three designs. The prediction
model trained with armap pose images were slightly better than the prediction models trained

with armsdown images
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5.1.1. ResearclQuestion 1

Research questions 1 and 1b askmmbiaithe 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 measimg apparatus design was not significant. Research que$acnd 1lal
wanted to know how the design might impact the measuring results and what kinds of patterns,
colors, and style can be used to obtain accurate measurements. Based on the predicgégntmod
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, aftémreegenerations of development, resdears determined that a foot
strap and thumbhole would be necessary to cover arms arfddexqsltiple body shapes-or
research question 1c, the current designs have achieved satisfying predictions in inseam length,

but for hip girth, waist girth, and Btigirth, there still has some room for improvement.

5.1.2. ResearclQuestion 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 posesand their regression models tend to be similar. This result approved that theparms
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. ResearclQuestion 3

Research question 3 fe®ed 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 mediulow-price sportswear products with
relatively high quality and comforEashion abilitywas notvalued 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. lie tomments towardbreedesigns, 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 ly some consumers.

5.1.4. ResearclQuestion 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 measgr The measuring garments have some potential to be gym
suits for the participantdut 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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asignificant impact on prediction measurements provided more possibility foe fgsign 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
andcurious 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, ethnicitiemd body shapes to enrich the dataset for madbarningOther
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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Fredicting body measurements from ZD images has been newly developed as an easy and affordable way for
consumers to measure themselves. As the core measurement tool of this method, the measuring gaments need to be
developed as a set of socially acceptable gaments without influencing the measurement result.

To support the development of the measuring gaments, body measuring data and participants3€™  aesthetic
preference will be collected. To decrease the wariance and increase the significance of the analysis, the data collection
will mainly be focused on college female students between 18 and 30.

50-100 participants will be invited to collect the following information:

1la survey includes a) basic information (age, sex, ethnicity, weight measured by a weight scale and height measurad
through a wall-mounted ruler); b) sporis-related lifestyle preference; c) evaluation of the provided measuring garmenfs.
2)pocdy measurement data in the format of a 30 point cloud models wearing the provided measuring garments collected
through the Size Stream Body scanner.

3Jand 20 images of the participants wearing a provided mask and scan gamments taken with a cell phone provided by
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purchase. However, most customers have trouble measuring themselves accurately and comectly. Predicting body
measurements from 20 images has been newly developed as an sasy and affordable way for consumers to measure
themselwes. As the core measurement tool of this method, the measuring garments need to be developed as a set of
socially acceptable garments without influencing the measurement result The attitude of potential consumers will be
used to make sure that the developed measuring garments are acceptable to them, which indicates that they will be
maore likely to use the garments and wear them in their daily life. The collection of 200 images and 30 body scanning
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data will be used to analyze the predicted measurement of human body and make comparison o make sure the
measurement collected from the measuring garments are accurate.
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Fregnant women?
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Provide rationale for wity they are fhe focus popuistion and describe the isks associated with halr Involsment 35 panticlpanis

Fefusas?
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Sfdents?
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Are parmicipants in & class faught by Me principal invesogan?
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Are the research aciivitles part of the required course regquiements?
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Mo
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MiA
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Expiain the procedures and document permission for Socessing these reconds.

Empicyess?
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Dascribe where (I the WOrKDISCE, oUT of e Workplace) Scivitles will be conouctad.

From wihom and how will penmission o conduct reseanch on the employess be obianed?
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15 the empioyer Invoived in fhe research achities i any way?
Mo

Flease explain:
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Mo
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Impaired decision making capacityLagally Incompetent?
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Mentalemationaldevelopmentalipsychlatc chalenges?
Mo

Identisy the challenge and sxpéak the Lnique MSKS for this pODUTSHon.

Describe any special provisions necassaly for consent and other study acthviies (e.g, legal guardlan for hose unable to consent].

Peopie with physlcal chalenges?
Mo

identiy the chalienge and axpiak the uique Asks far this population.

Describe any special provisions necassaly for working wih this popwiation (e.g., winesses for the Wisually impaired)

Economicaly or educationaly disadvantaged?
Mo

Raclal, athnic, religious andior other minorkies ?
Mo

Mon-Engiish speakers?
Mo

Describe the procedwes Used [0 OVENTome any ianguage bamer

Wil 3 transator be wead?
Mo

Provide information about the fransiator (who they are, relation o Me communiy, why Fou have selected Mem for use, confidentally measures belng
wilzed).

Expiain the necessky for the use of the vulnerabie populations Rsted
The student age group is selected as the target participant group because 1) students are easy to recruit; 2) they share
similar body shapes and measurements which reduces the total vanance and the required sample size, and 3) they
share similar clothing interests.

Sfzie how, where, when, and by whom consent wil be obfained from esch particlpant group. Idendy the iype of consent [e.g, writien, veral,
electronic, efic.). Label and suhmit af consent fanms.

Recruiting emails will be sent to potential participants through researcher's NCS5U email account (see attachment, Li
14281 recruiting email content docx).

The email explains basic information abouwt the project and types of data that will be collected. A link to a digital copy of
the consent form is included. A link to booking appointments through Google calendar is also included. Once
participants have decided to join the research, they can use the Google calendar link to book appointments.

Participants will come to the scanning location based on appeintment time they sign up for. The scanning kocation is in
room 3412 at College of Textiles, NC State University. Upon their amval, they will be presented with the atached
consent form in paper by the researcher. The research will then explain the consent form and participants will be asked
fo read it carefully before signing. Participamts hawve the rght to reject and leave i they are not conformable of
participating in the research at any point.

There is no direct immediata/direct benefit to the participant.

Attachment

1. Li 14281 informed consent form.docx

2. Li 14281 recruiting email content docx

I any panicipants are minors, describe the process for obtaining parenfal consent nd minor's 35ent (mingr'’s agreement fo parficlpate).
kA

Are you appiying far a waler af the requirement for consent (no consent Infarmation of any kind prowvided o participants ) for any parficipant groupys) in
your study?
Mo

Describe the WOEEOUTES Sndir participant group for which you are appiying for 3 wailver, and jusmy Wiy fis waher is needed and consent is not
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Mo

Mdentiy Which required elements of CORSEN! you are atering, JESCADE tNe PEtiCIpant Qroupys) for Which this Waler Wil appiy, and justy why this
walver [5 needed.

Are you applying for @ walver of signed consent (consent iformation &5 prowided, but participant signatures are not coliected)? A walver of signed
consent may be granfed only i The reseanch involes no more than minkmal riskThe research Involves no procedures for which consent is narmally
requied outside of e reseanch contest

Mo

Wolld 3 Signed consent Jocument be the only GICUMER! or recond KNG the paricipant & Me researcn?
No

Is there any deception of the human subjects volved in this study?
Mo

Describe why decepiion Is necessary and describe the debnefing procedures.Does ihe deception require 8 walver or aferation of Informed conzent
InfYmation FDescrbe denvising andéor ASCIREURE FOCEOUTES 0 SUDME materals fr Feview,Are partcipants given the opton to destroy their data
they do ot want to be & part the study after dSClosWE T

For each parmicipant group please Indicate how many Nakiduals fom Mat group Wil be involved In the research. EsTmales or ranges of the numbers
of paricipants are accepiable. Pisase be aware thal panticipant numbers may affect study sk I your parficipation fofalks oifer by T0% from what was
anginally Sporoved, Rotty e IRE.

50-100 females

How wil poientiad participants be be found and selected fov MCIUSIoN in the study?
By sending out advertisement emails in HC State email list. By contacting faculties in the College of Textiles and kindly
ask them to spread the information to their students. The recruiting email includes the information that we are looking for
female college students. Will alse include our blurb on Facebook and the Prime Fit Website (wew theprimefit.com) and
will encourage women to share with their friends for a snowball effect.

Attachment: Li 14281 recruiting email content.docx

For each parficipant group, how wil poentis! paricipants be appmached abow the research and Invied fo paricipale? Pisase upload Necessary
scripts, tempiates, fabing paints, Myers, lurbs, and announcements.

By spreading out advertisement emails in NG State email list. By contacting faculties in the College of Textiles and
kindly ask them to spread the information to their students.

Attachment: Li 14281 recruiting email content.docx

Descrbe any inclusion and exciusion cfera for your particpants and descrbe why those ciiera are necessary (I your siudy concentraies on &
parficular popuiation, you do not need fo repeat your description of hat popwation here. |

Participanis are reguired to be female college studenis, age 18 through 30. This is applied to reduce variance in the
sample data.

15 there any reEtionship belween researchar and Participants - SUCh 25 feachensiudent ampioyeremployes?
No

What Is the justfication for wsing this participant group insead of an unelted parfcipant group? Pleasa ouline the steps faken to mitgate this
relationshi.

Describe any [5ks S550CHEd WIth CONOUCTINg FoLr FEs8anh With 3 reiEted pardcipant group.

Describe how ihis reEtonship wil be managed io reduce sk duning the research.

How wil (ks to confldentialty be managed?

Address any CONCEMS reganing dats quaity (e.g. nan-candld responses) Mial coukd esult from Mis reiEtanship.
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i the folowing Questions descibe in i3y fems al shudy procadures that will be expenenced by each group of parficipants in this study. For 2ach group
oOf participants in your study, provide 3 step-by-step descripfion of what they wil experience fom begianing & end of the sfudy scivities.

1. Potential participants will first receive an email regarding basic information of the research and a link that they can use
i book scan appointments.

2. Once they agree to participate, they will come to the scan location (room 3412 during their appointment time).

3. Upon the amival of the participants, they will first be asked to read and sign comsent forms.

4. After that, they will be asked to fill in the first section of the survey (basic information part), the survey is attached.

5. They will then they will be body scanmed wearing the provided scanm garments, there is a private changing area
protected with a booth for participants to put on measuring garments next to the body scanner.

G. Immediately afier the scan, we will take the bust and waist measurement manually in order to validate the scanned
measure output.

7. Finally, 200 images of the paricipants wearing a provided mask and scan gaments will be taken with a cell phone
provided by the researcher (the cellphone will be a personal phone belong to researcher). The participants will put on up
fo 3 different set of measuring garments (closed fiting space will be provided) and two 20 images will be taken while
wearnng each set Images from the cell phone will be permanently removed and stored in a locked Google drive (images
willl be transferred through a code protected computer using USEB), acocessible only by the researchers. The cell phone is
also locked with an access code. The cell phone will not be connected to Wi-Fi throughout the research process.

The measuring garments are designed to be covernng most of the human body. The gamments will be washed every day
after being used.

Attachmemnt:
1. Li 14281 survey.docx

Describe haw, where, when, and by whom data wil be collected,
All data will be collected in room 3412 at College of Textiles by the researcher during participants' assigned appointment
time.

Sockl?
fes

Psychaloglcal?
Mo

FinanclalEmployabiiy?
Mo

Legai?
Mo

Physical?
fes

Academic?
No

Empicyment?
Mo

Financlal®
Mo

Meaica)?
Mo

Privare Bahavior?
Mo

Economic Status?
Mo

Sexual lssues?
Mo

Relgious izsuesBelefs?
Mo

Describe the nafure and degree of sk mar this sfudy poases. Describe the Sfeps faken o minimize Mese Msks. You CANNCT leave fiis blank, say
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WA, NONE’ ar IO MIKE. Y0U can 53y "There 15 minimal risk 2550ckated With s research.”

There is minimal risk associated with this research since subjects will not be scanned in their undergarments. Thers will
be a private space for participants to get changed in the 30 body scanner booth (there is no camera in the changing
Fom .

I you are Sccessing privale reconts, descrbe How you Sre gaining 3ccess [0 MEese recorms, What frmalion you need Tom Me Mecores, and how Fou
will recelvefecord Jala.
A

Are you asking participants fo disclose iarmation about sther ndhiduals fe.g., fends, family, co-warkers, efc.)?
Mo

¥ou have Indicated that you wik 35K participants to discioss Information aBout other Indlviduals (see Popuiations fab). Describe Me dats you wil colect
and iscuss how pou Wil protect confidantallty and the privacy of these Mirtpary nahidusss,

K you are colecting formation that parficipants might consider personal o sensifive or that ¥ revealed might cause embamassment, ham fo
rEpUtStan oF could reasonably (Nace Me SUBJEcts af risk of crimingl or il Fabiy, WhSE MEssSUres Wi FOU fake B3 profect participants fom Mose
fsks?

Participants have the right to be a part of this study, to choose not to participate, or to stop paricipating at any time
without penalty.

When 2D images are taken, participants are weanng provided scan gaments that cover most part of a body. They will
also be asked to wear 3 mask that protects their faces from being captured.

When doing 30 body scannimg, participants will chamge their clothing in a closed space to protect their privacy.

I any of the study procedures sould be considered Asky in and of themseives (e.g study procedwes Ivoling Upseting questions, sressiul siuations,
plysical HEKS, §10.) WhaP MeasUTes Wil you ike 10 profect parmicipants fom Mmase nsks?

The study procedurss are minimal risks. Participants hawe the right o be a part of this study, to choose not to
participate, of to stop participating at any time without penalty.

Describe the aniicipated direct benafts io be gained by each group of paricipants in s sdy (compensation Is ot a direct benedt).
There is no direct immediate/direct benefit to the participant

Participants will get printouts with their body measurements. The body measurements can be used for size
determination and clothing customization.

I o direct benedit is axpected for participants descrbe any indirect benallts thaf may be expected, SUch a5 fa the Sclendfic community or fo sockefy.
The measurement sheet can help participants better understand their body shapes It may also moetivate them to
maintain good health. it can also help them choose clothing size when they go shopping. The purpose of the study is to
develop a body measurement system for daily use. This is beneficial for users who want to measure their body in an
easy and cheap way.

W pou e receing akead)y exising dats Wimou Ienters for s Sudy?
Mo

W you Be receling akead)y exlsing dats Which Incides identiers for ms Siudy?
Mo

Describe how ihe benefls balance ouf the Rsks of Mis Sy,

W dats be colected anonymously (meaning fat your do not ever colect dafa i & way that would alow you fo Mak sy Mentfying infmation to 2
participant) 7
Mo

W any ideniping Irmation be recorded with e d583 (ex: name, phone number, ID35, e-malls, atc.)?
No

WIN Jou LSE @ maEster ST, CrOSSWalk, o OMer means of kNG & paricipant's identty o the Jals?
Mo

WIU & be possible i identfy 3 paricipant ndirectly fram he dats calected 2. it identication fom demagraphic nMarmation)?
Mo

AU FECOTINgS?
No

VIdeD FECorings?
Mo

Images?
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fes

Digalelectronic fes?
fes

Paper documents (Inciuding nofes and journals)?
fes

Physiologlcal Responses?
Mo

Qnilne suvey®
=

Resiricied Compier?
fes

Password Profected Wes™
fes

Firewall Systam?
fes

Locked Prvaie Office?
fes

Locked Fi¥ng Cabineis ?
Mo

Encrypted Fies?
=

Describe ail paricipant Mentifers Mat will be collecied [whether ey will be retained or Rt and expiak why ey ane necessary.
Participanis' email addresses are required when they sign up for the appointment time. This is required by Google
Calendar. However, this information will mot be linked to their body data.

Diata obtained from body scanners, in the form of 30 point clouds, is generally unidentifiable. Participants will wear a
mask when their pictures are taken. File encryptiom using Microsoft Emcrypting File System will be used to protect the
confidential data. The data will be putin a secure hard drive and kept in a locked office in Wilson College of Textiles.

I any inks between data and paricinants are to e retained, how wil o profect the confidentialty of the data?
While appointments will be managed through a Google calendar, there will be no direct link from the data to the
participants.

Participanis will complete and sign a paper consent form that has a randomly generated code attached. The code can
be used to validate that each participant consented fo be involved in the study and linked to paricipanis' research data.
The paper consent forms will be filed in a locked office away from any other data.

Images will be taken with a cell-phone because that is how consumers will ulimately use the application. The c=ll
phone can be connected dirsctly to a password-protected computer to downlaad the images using the normal USEB
cable.

I you are collecing data electronicanly, what (I any) idenMabie information Wil be collecled by e host site [such as emall andior IF acddress) and wil
this information be reparted fo you?

Mo identifiable information will be collected by the host site. All body related data is collected throwgh a specific
computer and a specific cell phone. These electronic devices are password protected. Participant's data will be
represented in an sight digits code instead of their names. Therefore, no link will be created between data and subjects.
Besides the listed body data and basic information, mo other data will be collected.

Describe any ways that pariclpants themseles or third partes tiscussad by participants could be Mentifed indirectly from the dats cofieced, and
describe messwes iaken io profect idenites.
The third party can't identify the pariicipants indirectly from the data collected.

For aif recordings of any type-Describe the fype of recordingys) fo be mede Describe the safe storage of recordings Who will have access fo the
recordings? WIN /ecordings be used i publicalions or dafa reporting? WIN images be altersd [0 de-ident¥y WiV recordings be transcribed and by
whom?

The data that will be collected from participants include:

1} demographic data (age, sex, ethnicity, weight, height) collected through a guestionnaire, a weight scale, and a
wall-mounted ruler;
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2} body measurement data in the format of 30 point clowd models (wearing the provided scan garments) collecied
through the Size Stream body scanner;

3} Manual measurements of the bust and waist taken with a tape measure

4}and two 2D images of the participant weanng a provided mask and scan gaments taken with a cell phone provided by
the researcher.

An eight digital code will be generated and linked to the data. All body-related data is collected through a specific
computer and a specific cell phone. These electronic devices are password protected. Questicnnaires will be locked in
researcher's office. The office is code protected.

Currently, only the listed researchers (Jiayin Li, Cynthia |stcok, and Andre West) in the consent form will have access to
the recordings. Potentially, the collected data may be used for future research as an existing database. Since no
identification will be saved, neither currently researchers or future researchers will be able to identify any participants.
The analysis result will be used for publication purpose; however, the original recordings will not be published.

Images are for the purpese of measurement collection. No de-identification process will be included.

Describe how data wii be repored [aggregets, Individual fesponses, wse of divect Quoles) and describe how ldentiles will be profecied in Study
repons.

Collected data will be analyzed to test the accuracy of measurement prediction. The result will be published. Howewver,
the orgimal recordings will not be published. Therefore, no identities will be reported.

W anyone beskies the PI or the resasrch t2am have scoEss fo the dats (Inciaing competed SUTVEYS) from the moment they are collectad unil they
are destroyed?

The collected data may be used for future research as an existing database. Since no identification will be sawved,
neither currently researchers or future researchers will be able to identify any participants.

Describe any COMPEnsaton fMal particinants wil be algiiie fo receive, including what the compensaton 15, any Sy requirements, and how & wil
be defversd.
The subject will be offered with a printout of their body measurements and a short slesve t-shirt as compensation.

Expialn COMPENsancn provisions IF the partoipant withoraws [iice i Competion of the Sy,

If a participant withdraws prier to completion of the study, she will siill get a short sleeve t-shirt, however, she may or
may not get a measurement primiout depending on how far she goes. This is because measurement printout is
generated from the collected body point cloud.
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Appendix B

"Measuring Garment" Consumer Evaluation Survey

Section 1: Basic Information
1. Age:
2. Genderd FEMALE % MALE

3. Ethnicity:® White® African Americanm® Hispanic® Asian® Native American

(o]

Multiracial (please list all ethnicities that apply)

(o]

Other (please write the ethnicity that applies to you)

4. Are you currently enrolled as a college studem?YES? NO

Following is filled by the researcher:
Participantdés | D number:

Weight: Ibs. Height: inches
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Section 2: Sportsrelated Lifestyle and Preferences

1. How often do you engage in active exercise?

0 Less than once a month 1-3 times a montA Once a week

0 2-4times a weeR more than 4 times a week

2. What do you most often do for exercig€hoose all that apply)

5 Fitness/Gyn? Walking® Running® Swimming® Hiking® Dancing® Bike Riding
5 Yogad Aerobics® Pilates® Team Spod?® Other (Please specify)

3. How often do you buy new activewear (either a top, a bottom, or any other item of activewear)

5 Less than once a yearOnce ayea¥ Once a quarter Once a montl Several times a

month

4. What are your favorite activewear bdaf? Select the top 3 you like.

[ed]

Nike 9 Adidas® Puma® UnderArmourd Lululemond Fabletic® Other (Please specify)

5. What do you mainly use activewear f@€hoose all that apply)

[od]

Exercise® Lounging at homé As everyday wea As a fashion statement

6. Whatre the top 3 things you care about while shopping activewear?

5 Fit of clothes 5 Comfort 5 Quality and breathability of the material
5 Design and fashion aspect 5 Versatility, ability to wear outside the gym
5 Durability, ability to wash easily 2 Price 5 Other (Please Specify)

7. How much are you willing to pay for an activewear top?

(o]

Less than $30 % $30-$60 5 $60-$100 3 $100$200 5 More than $200

8. How much are you willing to pay for an activewear bottom?

(o]

Less than $30 % $30-$60 5 $60-$100 3 $100-$200 5 More than $200
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Section 3: Evaluation of Designed Measuring Garents

A. Pleaseanswer the following questions after trying3 Measuring Garments.

1.Select your evaluation of the fit from5l

1:very tight  2:slightly tight  3: fits perfectly ~ 4: slightly loose  5: very loose

Garmentl: 1 2 3 4 5
Garment2: 1 2 3 4 5
Garment3: 1 2 3 4 5

2.Select your evaluation of tltemfortfrom 1-5

1: veryuncomfortable 2: slightlyuncomfortable 3: neither 4:comfortable 5: very

comfortable

Garmentl: 1 2 3 4 5
Garment2: 1 2 3 4 5
Garment3: 1 2 3 4 5

B. Please answer the following questions base on the é&sthns below (the 5 designs will be
attached):

1. Select your evaluation of each set of measuring garments ffofi 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: veryunlikely 2: somewhat unlikely 3: neither likely nor unlikely 4: somewhat likely 5: very

likely
Designl: 1 2 3 4 5
Design2: 1 2 3 4 5
Designa3: 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 unlikelgdmewhat likely 5: very

likely
Designl: 1 2 3 4 5
Design2: 1 2 3 4 5
Designa3: 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
Designl: 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.

Designl
Design2

Design3
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Appendix C. Histograms Q-Q plots of Difference between the 2D and 3IMeasurements
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Torso label:
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Appendix D. Performance ofPrediction ModelsTrained with Torso-labeledI mages

Design 1:

col_3d_bust_girth prediction results_up col_3d_bust_girth prediction results_down

4 ly™-y|==1": 15 cnts ly~-y|=>=1": 18 cnts

ly~-y|<1": 18 cnts ly™-y|<1": 15 cnts

Diff b/w true and prediction values in inches
o

Diff b/w true and prediction values in inches
o

0 5 10 15 20 25 30 0 5 10 15 20 25 30
Sample index Sample index
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