
 ABSTRACT 

GABEL, ASHLEY ELIZABETH. Methodology for the Implementation of 3D Technologies 

in the Improvement of Athletic Wear. (Under the direction of Dr. Andre West). 

 

 The primary focus of this research is how to implement several new technologies in 

garment construction and 3D body scanning and demonstrate several preliminary studies that 

will help integrate textile research and 3D technologies into the athletic clothing industry. 

The technologies chosen for this study include two types of 3D body scanners; a laser-based 

scanning system from Human Solutions and an infrared depth sensor scanner from Size 

Stream, LLC. Several seamless knitting machines by Japanese company Shima Seiki were 

used, including the SWG021-N and the Mach2X-173 for knitting both small tubular structure 

samples and the latter for knitting completely seamless full garments in this research. Though 

the method proposed for statistically determining fit can be applied to many types of athletic 

garments, this research will focus on base layer style long-sleeve knit tops. The preliminary 

studies conducted include an analysis of an anthropometric survey taken at a local sprint 

triathlon and an assessment of compatibility between measurements from 3D scanners and 

final products of Shima Seiki WholeGarment® knitting machines. Also tested is the 

suitability of knit structures for use in certain areas of athletic tops and examining statistical 

methods for determining fit.   



 

 

 

 

 

 

 

 

 

 

© Copyright 2015 by Ashley Gabel 

All Rights Reserved



Methodology for the Implementation of 3D Technologies in the Improvement of Athletic 

Wear 

 

 

by 

Ashley Elizabeth Gabel 

 

 

A thesis submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the degree of 

Master of Science 

 

Textiles 

 

 

Raleigh, North Carolina 

2015 

 

APPROVED BY: 

 

 

_______________________________  ______________________________ 

Dr. Andre West     Dr. Trevor Little 

Committee Chair 

 

 

________________________________ 

Nancy Powell 

 



ii 

 

 

 

 

DEDICATION 

This thesis is dedicated to my parents, without whom I would not have made it to graduate 

school at all.  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 



iii 

 

 

 

 

BIOGRAPHY 

Ashley Elizabeth Gabel was born in 1991 in Columbus, Ohio. She grew up in the town of 

Worthington just north of Columbus and lived there until she went to college at age 17. 

Ashley attended Bowling Green State University for her Bachelor’s degree and The Fashion 

Institute of Technology for her Associate of Applied Science degree. In that time she worked 

for several companies both full time and as an intern; most notably The Walt Disney World 

Resort, Elie Tahari, and Express. After earning her Bachelor’s she applied to graduate school 

and began attending North Carolina State University. 



iv 

 

 

 

 

ACKNOWLEDGMENTS 

Though many people assisted in the development of this thesis and the ideas behind 

it, it would never have come to fruition without the assistance of my advisor Dr. Andre West. 

I want to thank you for helping me manage all of the excitement and frustration of both 

graduate school and the process of scientific research. You believed in me from the very 

beginning and supported my growth as a student every step of the way. I am so glad you 

convinced me to attend graduate school; I know now that I had many, many opportunities 

while working for you that I never would have considered possible anywhere else. I am truly 

grateful for your mentorship over the last two years. 

 I would also like to express my appreciation to my graduate committee members, Dr. 

Trevor Little and Associate Professor Nancy Powell. Thank you both for taking time out of 

your busy schedules to offer support and advice. I learned a lot from each of you during my 

time at North Carolina State University. Another member of the NCSU faculty who was very 

helpful during my time here is Brian Davis; he supervised countless hours in the knitting lab 

and was always there to help if and when I ruined my project.  

 My final acknowledgement goes to Marian Zengel, without whom I would not be the 

person that I am today. I was not sure I was in the right major until taking your introductory 

textiles course and seeing how truly passionate you are about what you do. I have not to this 

day seen anyone get so excited about textiles. You inspire me to wholeheartedly accept my 

inner fabric geek. Someday I hope to be half as inspirational to any of my future students as 

you have been to me. 



v 

 

 

 

 

TABLE OF CONTENTS 

LIST OF TABLES ................................................................................................................ vii 

LIST OF FIGURES ............................................................................................................. viii 

CHAPTER ONE: INTRODUCTION ....................................................................................1 

 

CHAPTER TWO: REVIEW OF LITERATURE ................................................................4 

2.1: A Brief Summary of Clothing in Sport ...............................................................4 

2.2: 3D Knitting for Sportswear ...............................................................................10 

2.3: Sizing Systems and Fit Determination ..............................................................15 

2.4: 3D Body Scanning Technologies .......................................................................16 

CHAPTER THREE: PROCESS AND METHODS ...........................................................21 

3.1: Triathlon Scanning Event ..................................................................................21 

3.2: Size Stream Scanning to Shima Seiki Knitting ................................................22 

3.3: Sample Knitting and Testing .............................................................................26 

CHAPTER FOUR: ANALYSIS ...........................................................................................30 

4.1: Analysis of Triathlon Scans ...............................................................................30 

4.2: Creating an Ideal Athletic Sizing System .........................................................40 

4.3: Athletic Sizing Comparison ...............................................................................43 

CHAPTER FIVE: CONCLUSIONS AND FUTURE RESEARCH .................................56 

REFERENCES .......................................................................................................................59 

APPENDICES ........................................................................................................................62 

Appendix A: Custom Measurement Scripts with Size Stream Scanner ...............63 

Appendix B: FAST Extension Meter Procedure.....................................................67 



vi 

 

 

 

 

Appendix C: Adidas Size Run Garment Specification Sheet.................................69 

Appendix D: Knit Notation of Samples ...................................................................70 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 

 

 

 

 

LIST OF TABLES 

CHAPTER THREE: PROCESS AND METHODS 

Table 1: Garment Shrinkage Test from Scanner to Knitting………………………... 26 

Table 2: Knit Sample Test Results…………………………………………………. ..28 

CHAPTER FOUR: ANALYSIS 

Table 3: Top Three Female Average Measurements.……………………………….. 33 

Table 4: Last Three Female Average Measurements……………………………….. 34 

Table 5: Top Three Male Average Measurements....……………………………….. 35 

Table 6: Last Three Male Average Measurements………………………………….. 36 

Table 7: Elite and Practiced Male Average Measurements…………………..…...... 38 

Table 8: Elite and Practiced Female Average Measurements…………………….....40 

Table 9: Male Athlete Size Run……………………………..………………....……. .41 

Table 10: Female Athlete Size Run…………………………..………………...……. 42 

Table 11: Statistics of Pro and Medium to Sample Two……………….…….…….... 52 

Table 12: Statistics of Semi-Pro and Large to Sample Three……………….………. 53 

Table 13: Statistics of Practiced and Extra Large to Sample Four………………..... 55 

 

 



viii 

 

 

 

 

LIST OF FIGURES 

CHAPTER ONE: INTRODUCTION 

Figure 1: Optical Triangulation Method for Body Scanning. Source: Curless and  

 Levoy, 1996, p. 1…………………………………………………………... 2 

CHAPTER TWO: REVIEW OF LITERATURE 

Figure 2: 2XU Men’s Triathlon Suit. Source: Dick’s Sporting Goods……...…….…. 7 

Figure 3: 2XU Women’s Triathlon Suit. Source: Dick’s Sporting Goods ……….…...7 

Figure 4: Nike Hyperwarm Flex. Source: KnittingINDUSTRY ……………………...9 

 Figure 5: Dimensions of Shima Seiki Mach2X WholeGarment® Machine………... 13 

Figure 6: Laser Optical Triangulation Method of Human Solutions Scanner …….... 19 

CHAPTER THREE: PROCESS AND METHODS 

Figure 7: Size Stream Standard Measurement Printout.………...………………….. 23 

 

Figure 8: Shima Seiki KnitPaint Measurement Input……………………..…..……..24 

 

Figure 9: Final Custom Measurement Program for Shima Seiki KnitPaint..……….. 25 

 

CHAPTER FOUR: ANALYSIS 

 

Figure 10: Female Finishing Times……………………………………….………… 30 

 

Figure 11: Male Finishing Times………...……………………………….……........ 31 

 

Figure 12: Average Body Data for Top Three Finishing Females………....……...... 32 

 

Figure 13: Top Three Finishing Females...…………...……………………….......... 33 

 

Figure 14: Last Three Finishing Females…………………………………………… 33 

 

Figure 15: Top Three Finishing Males…………………………..………………...... 34 

 



ix 

 

 

 

 

Figure 16: Last Three Finishing Males……………………...……...………………. 34 

 

Figure 17: Elite Male Size………………………………..…………….…………… 38 

 

Figure 18: Practiced Male Size………………………………………………………38 

 

Figure 19: Elite Female Size…………...…………………………………………… 39 

 

Figure 20: Practiced Female Size..…………………………….……………...…….. 39 

 

Figure 21: Female Waist to Hip Data for NHANES and Triathlon…………...……. 44 

 

Figure 22: Male Waist to Hip Data from NHANES and Triathlon…………………. 45 

 

Figure 23: Fit Analysis for Elite Male………………………………………………. 47 

 

Figure 24: Fit Analysis for Elite Female………...………………………………….. 49 

 

Figure 25: Fit Analysis for Adidas Small…………………………………………… 50 

 

Figure 26: Fit Analysis of Pro and Sample Two……………………………………. 51 

 

Figure 27: Fit Analysis of Adidas Medium and Sample Two………………………. 51 

 

Figure 28: Fit Analysis of Semi-Pro and Sample Three…………………...…...........52 

 

Figure 29: Fit Analysis of Adidas Large and Sample Three…………………........... 53 

 

Figure 30: Fit Analysis of Practiced and Sample Four……………..……………...... 54 

 

Figure 31: Fit Analysis of Adidas Extra Large and Sample Four….……………...... 54 

 

 

 

 

 



1 

 

 

 

 

CHAPTER ONE: INTRODUCTION 

For many sportswear companies, the sizing of athletic garments follows the same 

guidelines as sizing for everyday casual garments. This is not a precise way to size clothing 

for athletes as their body shapes tend to be different than that of the general population. Elite 

athletes’ body shapes and sizes are similar depending on the sports they partake in. When 

clothing is not sized correctly for its target market, numerous issues occur; in particular there 

are issues surrounding the fit and comfort, which are two of the most important factors when 

a consumer considers purchasing a garment. When creating garments for athletes these issues 

take an even larger toll: improperly fitting or uncomfortable garments can result in a 

significant toll on competitiveness. For example, the USA speed skating team struggled in 

the Sochi Winter Olympics and part of the blame fell on the skating suits that made them less 

competitive (Robinson & Germano, 2014). Proposed in this paper is a new sizing system for 

athletes based on athletic performance.  

In order to appropriately create a size distribution for athletes, specific data on 

athletes’ body types and performance must be gathered. Researchers at NCSU have collected 

data sets to find these details by scanning athletes at a sprint triathlon in the Raleigh, North 

Carolina area on August 17th, 2014. The research team chose to collect scans at a sprint 

triathlon because it is significantly shorter than a full triathlon, which encouraged people of 

all body types to participate due to a shorter and less intense training period than a standard 

triathlon. A sprint triathlon is also ideal for this study because it allows for collection of data 

for running, swimming, and cycling.  Participants were scanned using the Vitus Smart XXL 
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laser body scanner provided by Human Solutions. This is a laser-based body scanner made 

by Human Solutions Assyst AVM. The Vitus Smart XXL is ideal for this research because it 

uses the optical triangulation method with four separate lasers to find measurements that are 

accurate +/- 1 mm. (Human Solutions, 2002).  

 

 

 

 
Figure 1. Optical Triangulation Method for Body Scanning. Source: Curless and 

Levoy, 1996, p. 1 

 

 

 

Using Human Solution’s Anthroscan software, the scans taken were broken up into size 

segments based on the athletes’ performance in the triathlon.  The Anthroscan software 

allows the user to easily extract measurements from the scanner (Human Solutions, 2015).  

Each segment has significantly different body measurements, which were converted into 

measurements for sizing.  By using this segmented population that were not adverse to body 
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measurement, a more uniform sizing criteria has been assembled that could then benefit other 

segmented groups.  

Further research involved creating custom garments in each of the sizes for these 

athletes using a Size Stream 3D body scanner and the Shima Seiki Mach 2X 

WholeGarment® knitting machine. First the team tested various knit structures on the Mach 

2X machine and their impact on garment measurement. In the process, the structure 

capabilities of the Mach 2X were also tested. After steaming the samples of various 

structures, they were compared to the original measurements programmed into the Shima 

APEX design system. This determined important garment knitting factors such as stitch 

behavior and dimensional change. These factors were then programmed into a custom 

measurement list on the Size Stream body scanner so that the program output would reflect 

the participant’s custom measurements for a Shima Seiki knit top. 

 Athletic clothing has seen many improvements and changes in the last few decades. 

Most notably, athletic garments are now made of synthetic fibers and made to fit close to the 

body. Though these are positive improvements that assist the athlete both in training and in 

competition, the research being completed on athletic wear has increased significantly and 

athletes are becoming more competitive with each new technological development. This 

research covers how to implement many new technologies in garment construction and body 

scanning and demonstrates several preliminary studies that will help integrate textile research 

and 3D technologies into the athletic clothing industry. To implement significant changes it 

is important to gather more data on the subjects for which the industry is designing. Because 
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athletic garments fit close to the body, the garments made for this population have 

measurements that are comparable to their actual body measurements. Unfortunately, current 

athletic garments are not made to fit today’s wide range of athlete body styles (Helstein, 

2003). Another issue is the actual design of the garments intended for athletes. Currently, 

most companies design using the most cost-effective methods (jersey knits, cut and sew 

production) and not methods that are best for the athlete, the environment, and the economy. 

This research introduces several ways to improve athletic garments from a design and 

production aspect. The biggest issue with re-making a sizing system and creating one that is 

nationwide for athletes is determining what actually does and does not fit. This research 

proposes a way to quickly and efficiently determine whether or not a garment fits and by how 

much the garment does or does not fit. In this research, athletic base layer style long-sleeve 

knit tops are used, though the method could be applied to any type of garment. The use of 

this method in the fashion industry would eliminate many of the problems that arise on a 

daily basis; for example, the number one reason that garments are returned is because they do 

not fit properly, particularly when the garment has been purchased online (Petrova & 

Ashdown, 2012, p. 268). This very simple method will be able to tell the consumer before 

they purchase it (provided that they have body measurements available) whether or not this 

garment will fit, how it will fit, and where it will fit. If all of these methods would be adopted 

in the industry, athletes would be more competitive, environmentally conscientious, and 

probably overall happier consumers.  
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CHAPTER TWO: REVIEW OF LITERATURE 

2.1: A Brief Summary of Clothing in Sport 

Hassan (2012) wrote, “the performance of a sportswear is synonymous with its 

comfort characteristics” (p. 82). Until very recently, many sportswear garments were made 

from cotton or other natural fibers (Shishoo, 2005). This seemed to be logical since most 

natural fibers are hydrophilic and will therefore absorb the sweat that humans produce during 

exercise. Unfortunately this also makes the shirt, particularly when made of cotton, very 

heavy and cold and wet to the touch, which is uncomfortable for the wearer and may affect 

their athletic performance. Scientists in the sport and kinesthetic fields have been testing 

wearer comfort properties and have found that the reverse is actually true; larger denier fibers 

such as microfibers with no absorptive properties are actually significantly more comfortable 

for athletes in motion (Legerska et al, 2013). Several studies have been conducted on 

polyester fibers, fabrics, structures, and integrally knitted or seamless garments for use in 

sport clothing. In a study testing the thermal conductivity of polyester fibers, it was 

determined that “the geometric characteristics such as fineness, shape of cross section, and 

longitudinal profile of fibers significantly affect the transport of heat through the knitted 

fabrics” (Legerska et al., 2013, p. 1022). When designing sportswear for competitive 

athletics, it is important to know everything about the available materials -- even down to the 

cross-section shape of the fiber-- to ensure that the athlete is wearing a garment most suited 

to their needs.  
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 Another important factor to consider when creating a garment for athletes is the 

construction. Due to the nature of athletics, it is well known that sport garments should be 

made with knit and not woven structures (Demiryurek, 2013, Hassan et al., 2012, Duru & 

Candan, 2013). Knit stitches allow for a flexibility of movement that a woven garment, even 

one with stretch properties, would not allow. Researchers have begun to study differences in 

knit structure types; particularly the contrast between single jersey knit fabrics and other 

structures. One study contrasting differences between single jersey and 1x1 rib fabrics 

concludes that,  

“the thermal absorptivity (first feeling of heat exchange between fabric and human 

 skin) of 1x1 rib fabrics is, in general, slightly higher than that of single-jersey fabrics, 

 which can be related with the fabric weight or thickness. Thicker fabrics with higher 

 weight values have a high amount of fiber, and the thermal absorption or heat flux 

 from the skin to the garment increases, as expected.” (Demiryurek, 2013, p. 1751) 

Currently, most sportswear garments utilize single jersey fabrics because they are cost 

effective to produce. Demiryurek’s study shows, however, that fabrics with a rib structure are 

actually cooler to the touch and therefore might be more suitable for sportswear. As seen in 

Figures two and three, today’s triathlete suits are made not only with single jersey fabric, 

they also include several seams across the garment. Though these lines over the body look 

stylish, they are uncomfortable to the wearer as a seam will cause a bump or a ridge in the 

garment that will rub against the skin during movement. Duru and Candan wrote, “seamless 

technology, which in comparison to circular knitting technology may offer higher flexibility 
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in designing next-to-the-skin garments with optimized comfort properties for especially 

active sportswear” (2013, p. 592). The cooler rib fabric, a seamless construction, and even a 

garment with more coverage would likely be a more comfortable and more competitive 

garment for triathletes.  

 

 

 

    Figure 2. 2XU Men’s Triathlon Suit    Figure 3. 2XU Women’s Triathlon Suit 

Source: Dick’s Sporting Goods Online Store 

 
 

 

The final and possibly most important factor tested is the influence of the garment 

overall on the body of the athlete (Gollnick, 2014). According to a study by Mounir Hassan 

on the health and performance of athletes, “an active sportsperson that wears poor breathable 

sportswear will experience an increase in their heart rate and rectal temperature more rapidly 

than one who wears breathable sportswear” (Hassan et al, 2012, p. 82). Hassan used several 

sample garments in this test, including a sample of 100% polyester and a sample of 100% 



8 

 

 

 

 

cotton. In addition to finding that the cotton sample causes excess stress on the respiratory 

and cardiovascular system;  

“the results showed that the sample with 100% polyester fibers demonstrated better 

physiological responses and performance by athletes compared to the other fabric 

types. This result was related to better moisture management, which was reflected in 

the amount of relative water vapor permeability (68%) and lower thermal 

conductivity, which support the body’s temperature regulation. Better moisture 

management increased the athletes’ cardiorespiratory fitness and performance” 

(Hassan et al, 2012, p. 87). 

As can be seen from Hassan’s study, polyester is the fiber that is most appropriate for use in 

sportswear. Not only is it more comfortable from a touch and heat regulating standpoint, it 

also helps to improve the overall comfort of the athlete throughout the period of exercise. 

Currently there are several companies taking the lead by putting the published 

scientific knitting research into production in their sportswear garments. Each of the 

companies has slightly different target markets and their products are specialized for various 

sports and athlete types. As a result, very few companies have decided to utilize knitting 

structures other than simple jersey in their products. Base layers are one category of garments 

that are more likely to use several knit structures in a single garment. A base layer garment is 

a long-sleeve knitted top worn usually by athletes who participate in winter sports in order to 

keep their bodies properly thermoregulated while exercising in the intense cold. Frederick 

Reimers wrote that base-layers are one of the most important pieces of clothing an athlete 
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can wear, particularly in the winter, because it is the layer that is closest to the skin and is 

therefore the most important to remove moisture and hold in warmth (2014). One example of 

such a garment is the Nike Hyperwarm Flex. This product was developed as a base-layer 

for athletes who exercise in the intense cold. The interesting part of this garment is the 

utilization of many knit structures in various places for increased thermoregulation. 

 

 
Figure 4. Nike Hyperwarm Flex®. Source: KnittingINDUSTRY Online. 

 

This is the first athletic product widely available to offer a completely seamless construction. 

The garment also offers increased knit density in the areas that are critical to providing 

warmth to the wearer and stretchable structures around the arms for increased stretch and 

flexibility. According to an article on the product, “mental acuity, muscle reactivity, 

flexibility, speed and agility are all negatively impacted if the athlete does not feel dry, warm 

and properly protected” (KnittingINDUSTRY, 2014, p. 4). The advertising for this product is 
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very well done and the images of the garment appear very high-tech. Unfortunately, upon 

closer inspection of the actual garment, most of the knit structures are jacquards, not mesh, 

made to look impressive to the untrained eye but truthfully just a jersey knit. It also becomes 

quickly apparent that this garment is not actually seamless; there are no seams on the sides of 

the torso, but the sleeves, armholes, neck, and top of the shoulders all have seams.  

There is one other garment that appears to be at the forefront of scientific research for 

the athletic industry: this garment is the latest baselayer from XBionic; a Swiss company. In 

the past ten years, XBionic has become known for their excellent garment design, 

functionality, and ergonomics (Innovation In Textiles, 2014). Their latest base layer, the 

Radiactor™, utilizes a special fabric that reflects heat as well as compression technology to 

support muscles. In this garment a rib structure is applied in certain areas to encourage 

directional airflow. Unfortunately this garment has seams down the arms, around the neck, 

and on the shoulders (Sierra Trading Post, 2015). Though several companies such as Nike 

and XBionic appear to be moving forward, the sportswear industry is lagging behind from a 

scientific and technological point of view. 

 

2.2: 3D Knitting for Sportswear 

 Many technologies and methods of construction are currently used in the knitting 

industry. The oldest and most prevalent among mass market brands and companies is cut and 

sew knitting, which involves knitting a large flat panel of fabric and cutting the pattern out of 

this panel in order for the final garment to be sewn together. Another method is fully-
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fashioned knitting, which is not to be confused with seamless full garment knitting. Full-

fashioned knitting became popular in the early 1960’s as a way to reduce waste and create 

smoother edges on garments. In this process each panel of the garment (front, sleeves, back) 

is knit as whole pieces and then each piece is seamed or linked together (Huntley, 1963, 

Spencer, 1989). A third method for constructing knit garments is using seamless full garment 

knitting. In this process, a single machine creates an entire garment in just one step; no 

seaming or linking required.  

Three major companies create machinery for use in fully-fashioned and seamless 

garment knitting. The forerunner in hosiery is Santoni, who make seamless circular knitting 

machines for creating socks and hosiery. Using circular knitting machines and heat-shaping, 

their hosiery is made in a very efficient process. Unfortunately since it is a circular machine 

with very specialized features it can really only be used for hosiery purposes (Santoni, 2015, 

Spencer, 1989). The two other major producers of fully fashioned and seamless knitting 

machines are Stoll and Shima Seiki. These two companies, based in Germany (Stoll) and 

Japan (Shima Seiki) have been in constant competition since Shima Seiki joined Stoll in the 

flat bed knitting machine industry in 1967 (Shima Seiki, 2009, Choi & Powell, 2005). In 

fully-fashioned knitting each piece of the garment is knit in panels; one panel for the front, 

one for the back, and one for each sleeve in a top and are “individually knit and fashioned in 

a flat condition with selvage edges and the garment is formed by sewing or looping together 

the edges of various panels” (Huntley, 1963, p.2). In 1995, Shima Seiki was the first to debut 

full garment knitting at the ITMA conference. Stoll released their full garment knitting 
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machines soon after and the two companies have remained competitive with each other since 

(Choi & Powell, 2005, Stoll, 2015). 

Each study agrees: the best way to create sportswear is through knitting. Dr. 

Anbumani (2007) wrote, “knitted fabrics are popular for their shape fitting properties, softer 

handle, bulkier nature and high extension at low tension.” (p. 3) These properties make 

knitted fabrics much more suitable for clothing that needs to be worn closer to the body; 

particularly for clothing worn in athletics, where the closer the outfit is to the body the more 

aerodynamic the athlete becomes. 

 Recently, knitting technology has undergone significant changes. Finer gauge 

machines are one such development that has recently become available to the industry due to 

a lowering of tolerances and the introduction of computerized metal machining. When 

knitting, knowing the gauge of the machine being used is important because the gauge 

indicates the number of needles per inch on the machine. The number of needles per inch 

then determines the size of yarn or number of ends that can be used to construct the garment. 

“The growing trend towards modern machines enables a wide range of product designs, use 

of finer yarns, as well as the use of fibers from both natural and synthetic origins” 

(Anbumani, 2007, p. 5). In 2008, knitting company Shima Seiki released their latest 

technology: a new and improved line of WholeGarment® knitting machines. These machines 

are capable of constructing a completely seamless garment in under an hour. It boasts speed 

and productivity times almost double that of the previous Shima Seiki machines, maxing out 

at knitting traverse time of 1.6 meters per second. The Mach 2X-173 is the machine used for 
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this project. The Mach 2X is 2,450 millimeters long, 867 millimeters wide, and weighs in at 

2,420 lbs (Shima Seiki MFG., Ltd., 2009). 

 

 
Figure 5. Dimensions of Shima Seiki Mach2X WholeGarment® Machine. Source: 

Mach2X Pamphlet from Shima Seiki, MFG. 

 

 

 

This machine also comes equipped with many features that its predecessors did not have. 

These features include the R2Carriage, i-DSCS+DTC, 4-bed configuration, SlideNeedle, 

pulldown device, air splicer, and several others. The R2Carriage or Rapid Response System 

uses a lightweight carriage and upgraded software to achieve significantly improved course 

speed. This speed directly results in higher productivity than previous models. The i-

DSCS+DTC is a Digital Stitch Control System with intelligence similar to previous models, 

only now it comes with Dynamic Tension Control. The addition of DTC allows the machine 

to actively control feed in two directions using electronic control of yarn tension. According 

to Shima Seiki, this will allow for greater speed, productivity, and the use of complex yarns 
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such as stretch yarns and slub yarns. The dynamic tension control is particularly useful for 

sportswear garments, which tend to utilize stretch microfilament yarns, which were not 

previously possible to knit on large, complex machines. This function also has the ability to 

control stitch length by measuring the amount of yarn that goes into the machine, which is 

very important when working with stretch yarns as the tension on stretch yarns varies 

throughout the garment then the garment will appear warped, have varying stitch lengths, and 

will not fit properly. Measuring the amount of yarn going into the machine allows for 

improved tension and stitch length regulation. The Mach2x features a four needle-bed 

configuration with Shima’s patented SlideNeedle™. The four-needlebed setup allows for 

several bed transfers to be able to happen at once; making the Mach2X one of the only 

machines able to make fine gauge rib structures for whole garments. The SlideNeedle is the 

first change to a latch needle made in over 150 years. It features a two-piece slide system 

made of flexible materials that extends past the end of the needle to aid in complex yarn 

transfers. SlideNeedles are also mounted in the center of the needle space instead of off to the 

side, which allows for completely symmetrical loop formation and higher end quality 

garments. The Mach2X has a new pulldown system as well. This system features two 

separate front and back panels for controlling tension separately. These panels also have 

many different sections in order to facilitate varying tensions in different portions of the 

garment. This pulldown system helps make garments much more dimensionally accurate. 

The final new feature of this machine is the Air Splicer, which is an optional feature. Instead 

of using knitting time mechanically knotting yarn ends, the air splicer feature allows yarn 
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ends to be cut and twisted via a burst of pressurized air. This feature works directly with the 

i-DSCS+DTC (Shima Seiki MFG., Ltd., 2009). Using the technology in the Shima Seiki 

Mach2X machine, many different structures can be seamlessly integrated into one garment. 

This is useful in creating sportswear because different parts of a body in motion need 

different applications; the athlete needs flexibility in the shoulders, breathability on the lower 

back, and warmth coverage around the chest for ideal thermoregulation. The technology in 

the Mach2X is ushering in a new era in the science of garment making; particularly in the 

areas of construction and custom sizing. 

 

2.3: Sizing Systems and Fit Determination 

 Sizing systems are planned and executed by a company’s patternmakers for a specific 

target market. There are three major ways of creating a sizing system: the proportional 

method, the ray method, and the group method. The most popular method of pattern and size 

development is the proportional method. Here, intervals from the body-sizing table are 

applied to the construction points of just one pattern. This saves cost by only requiring one fit 

model but also has equal ease amounts for each size. The ray method chooses a focus point 

on the body and size intervals are applied to construction points on the garment pattern. The 

major shortcoming of this method is that ease amounts are constant across each size; it is 

now understood that garment ease should vary from size to size in order for the best fit to be 

achieved (Petrova and Ashdown, 2012).  The group method of patternmaking takes two sizes 

at the far ends of the size spectrum and construction points are found and converted into in-
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between sizes. This method is costly because two base patterns must be developed and two 

fit models are needed to assess the fit of the two base sizes. Because of the added cost, this 

method is rarely used. (Petrova and Ashdown, 2012). Because each patternmaking method 

can be applied differently, they are each most appropriate for different situations. This 

analysis will implement the group method because it is the best utilization of the specific data 

set.  

 In Myers-McDevitt’s (2009) technical design guide, a well-fitting garment begins 

with accurate measurements, needs proper ease amounts for the size, has no wrinkles or 

gapes, and makes the wearer more attractive. Assessing fit also requires previous knowledge 

of how the garment is supposed to look.  According to Gina Pisut and Lenda Connell (2007) 

female fit preferences are very exact and over 80% of women can find at least two areas of 

their body where garments do not regularly fit them. Evaluation of fit for a whole size 

spectrum can be very challenging; particularly for designers working with products in 

competitive fields where just a slight advantageous difference can mean the success of the 

product. This is especially true in the sportswear world, where the best-fitting and most 

technologically advanced garments provide a competitive edge to the athlete. 

  

2.4: 3D Body Scanning Technologies 

From the inception of mass customization, the individualization of products while 

using large-scale production techniques, the best way to gather data on body types and sizes 

is through anthropometric studies (Welborn, 2007). An anthropometric study involves 
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collecting measurements from human participants in order to gain a better understanding of 

the dimensions of the population. Originally these studies were done by hand with several 

people specially trained in anthropometric measuring recording data from participants. Now 

most of the measuring in anthropometric studies is done by 3D body scanners. In the past 

decade, over 28 anthropometric studies have taken place with body scanners around the 

world on all populations from 5-year-old children to adult Indian females to Greek men 

(Gupta, 2014). Unfortunately, the groups in the study are very general; for example, there is 

no specific age, behavioral, or physiographic breakdown further than very large and very 

vague demographic data. This puts specialty stores and brands at a disadvantage. There is no 

reason for them to actively use the data in these studies when only a very small portion of the 

participants scanned are in their target market. Even when companies identify their target 

market, grading their patterns to perfectly cover several sizes requires many years of trial and 

error, in conjunction with working closely with a grading expert, for the technician to be able 

to properly fix pattern problems (Myers-McDevitt, 2009). This method of sizing guesswork 

not only takes a lot of time and effort to learn and train but is also inaccurate and inflexible to 

the constantly changing physical characteristics of the target market. Using the data from 

anthropometric surveys to create sizing systems would be faster, easier, more cost effective 

in the long run, and above all more accurate. Theoretically, every target market sizing range 

could be accurately identified through a large enough survey that asked a few simple 

questions relating each scan to demographics and behaviors (i.e. whether or not the person in 
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the scan exercises regularly). 3D scanning technologies provide an immense opportunity, 

particularly in the area of fashion research.  

 3D body scanning made its first steps into public research in the early 2000’s. Earlier 

models of scanners existed but did not stand up to scrutiny from the anthropometry field and 

did not uphold ISO 20685, which sets the international standards for 3D surface scanning 

systems. The International Standards Organization writes requirements, specifications, and 

guidelines that ensure products and services are performing at a certain level and properly 

achieving their purpose (Lu & Wang, 2010).  In the case of body scanners, the standards 

ensure that the scanners are accurately measuring subjects within a certain error percentage. 

In recent years body scanning technology has become much more advanced and has found 

uses in many different applications including research in the medical field, anthropometric 

sizing, and apparel industries. Four basic types of scanners have emerged for these purposes: 

white light scanners, infrared depth scanners, laser scanners, and millimeter or radio wave 

scanners (Simmons & Istook, 2003, Lu & Wang, 2010). 

The first scanner selected for this research was the Vitus Smart XXL laser body 

scanner provided by Human Solutions. This is a laser-based body scanner made by Human 

Solutions Assyst AVM. The Vitus Smart XXL is ideal for this research because it uses an 

optical triangulation method with four separate laser towers to find measurements that are 

accurate to +/- 1 mm. (Human Solutions, 2002). 
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Figure 6. Laser Optical Triangulation Method of Human Solutions Scanner. Source: Human 

Solutions Assyst AVM. 

 

 

 

 Another feature of this scanner is the ANTHROSCAN Survey Software that is 

capable of statistical evaluation and analysis for very large data sets. Scans are saved as 

BLOB’s (binary large objects) in the Anthroscan database. The database table spaces hold 

scan measurement data, socio–demographic data and user defined data parameters, such as 

participant age. Common data import structures allow central data processing regardless of 

the scan location. The solution is characterized by three sections, a set up and definition 

section, a data management section for scan selection, and a report generation with an 

analysis section that uses statistical tools that have a graphical representation. Anthroscan’s 

database is compatible with many other companies’ analysis software and can be easily 

analyzed outside of these parameters. 
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 The second scanner selected was the Size Stream 3D Body Scanner that uses infrared 

depth sensor technology; specifically it uses 14 sensors placed at six different angles around 

the body and seven different heights. It is non-contact and gathers 400 body measurements 

using 100 landmark points on the body.  Unlike other scanners, the infrared depth scanner is 

not sensitive to light or color variance so this scanner does not require as large of a booth and 

the scan subject can wear any style or color of clothing. The sensor itself is very much like 

the Kinect sensor used for gaming with the Microsoft Xbox® systems. The sensors in the 

Size Stream 3D body scanner have the ability to produce a single color image in 3D, and now 

with its most recent software update there are 14 high-quality images available; one from 

each sensor position (Size Stream, LLC, 2014). Combine these with accurate measurement 

data from the body scanner and the result is a method to compare actual flat measurements 

with on-the-body measurements. 
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CHAPTER 3: PROCESS AND METHODS 

3.1: Triathlon Scanning Event 

On August 17th, 2014 a team from Human Solutions and North Carolina State 

University’s College of Textiles attended the Rex Wellness Sprint Triathlon in Raleigh, 

North Carolina to scan triathlon participants with a VitusSmart XXL body scanner. Each 

participant willing to be scanned went through a similar process: upon approaching the tent, 

they were asked to sign a consent form and complete a short survey of questions to gather 

information such as participant number, age, number of races run per year, and what race 

they are attending next. Once they stepped into the enclosed scanning space a researcher 

requested that they remove all loose-fitting clothing and stand on a short platform with their 

arms slightly away from the body. Researchers then began the twelve-second scan. At the 

conclusion of the scan, participants exited the scanning area and were offered pre-packaged 

refreshments.   

 The Rex Wellness Sprint Triathlon consisted of a 250 yard swim, a ten mile bike ride, 

and a 3.1 mile run. The start times of the race began at 7 a.m. and were staggered throughout 

the morning. Though the research team had originally intended to scan participants before the 

race, it was determined that participants were eager to spend their pre-race time preparing, 

stretching, and watching others with earlier start times begin. The most active scanning 

period was the time after participants finished the race until the time that the awards 

ceremony began. During this time the researchers collected 83 scans. Four of these scans did 

not have useable scan data and five did not have useable finishing times, which left 74 
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complete scans for analysis. The total number of participants over 18 years old that finished 

the race is 341, therefore 22% of available participants were sampled.  

 From here the scans were saved on a USB flash drive that only the research team had 

access to and imported into a private section of the ANTHROSCAN database along with 

their demographic data. In accordance with the rules and regulations set forth by the IRB at 

North Carolina State University, they were then split into finishing groups and the data was 

analyzed to create a new sizing system for men and women that can be applied to athletic 

garment making.  

 

3.2: Size Stream Scanning to Shima Seiki Knitting 

 The Human Solutions scanner was suited for scanning triathlon participants because 

of its associated data analysis software that facilitated analyzing the collected body data. For 

this portion of the research, the Size Stream 3D infrared body scanner was better suited 

because of the flexibility of its scanning program. The custom measurements program 

associated with the Size Stream scanner gives it the capability to be compatible with other 

technologies that require measurement inputs. This portion of the research utilized the Size 

Stream 3D body scanner and the Shima Seiki APEX One® design software, specifically 

Shima’s KnitPaint™ program which assists in design and development of garments for 

Shima Seiki knitting machines. The KnitPaint software requires the input of several garment 

measurements as well as wales and courses per inch measurements before the design process 

begins. Normally, a student or professional designing on this system would need a co-worker 
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to take these measurements for them, which can be a lengthy process depending on the style 

of garment being created. This process could easily be streamlined by using a measurement 

printout from a body scanner. 

 The Size Stream scanner comes equipped with a Custom Measurement Scripts 

program where the user can define their own set of custom measurements using simple 

coding and algorithms based on existing landmarks and 150 measurements (see Appendix 

A). In order to make the scanner measurements compatible with the Shima Seiki machines, a 

custom measurement file had to be made according to how the KnitPaint™ program defines 

measurements.  

 

 
Figure 7. Size Stream Standard Measurement Printout  
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Figure 8. Shima Seiki KnitPaint™ Measurement Input. Source: Shima Seiki KnitPaint™ 

Software 

 

 

 

The custom measurement file was created specifically for knit tops because that was 

the focus of the research. It addressed the needs for several sleeve types, including Shima 

Seiki defined raglan and set-in sleeve type A. The custom measurement program is also more 

accurate than measuring by hand because it takes the measurements on both sides of the body 

and averages the two (for example: sleeve length takes shoulder to wrist measurement on 

both sides and gives average as output). The nature of using averages in this software 

unfortunately makes it unsuitable for amputees or those who are severely asymmetrical in 

some way. The final program is shown in Figure 7 running in Size Stream Studio.  
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Figure 9.  Final Custom Measurement Program for Shima Seiki KnitPaint™ 

 

Several garments were knitted on the Shima Seiki Mach 2X-173 using the 

measurements extracted from the Custom Measurements program. These garments were 

created with two ends of 100% Polyester yarn donated by Unifi The polyester yarn is 70 

denier per yarn and 4 plies were run through each yarn carrier, making the resulting yarn 280 

denier. A jersey structure was knitted for the main body, and a 2x2 rib structure at the hem 

and cuffs. Each sample was programmed using Shima Seiki software then knitted and 

steamed. No other processes were applied to these garments. Samples were made to test 

shrinkage on the Mach 2X from the input stage to the final garment post-steaming. The 

results are found in Table 1. 
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Table 1 

Garment Shrinkage Test from Scanner to Knitting 

Measurement Name Scanner Shima Input Off Machine After Steam Shrinkage 

Body Length 20.81 20 7/8 19     16 1/8 22.76% 

Chest Width 17.3 17 1/4 16     15     13.05% 

Shoulder Width 15.37         

Back Neck Width 6.36 6 3/8 7     6     5.89% 

Straight Armhole 8.21         

Underarm Pos from Top 6.74 6 3/4 6 1/2 5 3/8 20.38% 

Waist Pos from Top 16.57 16 5/8 16 5/8 9 1/2 42.86% 

Waist Width 17.18 17 1/8 16 1/8 14 7/8 13.14% 

Hem Width 17.88 17 7/8 15 1/4 14 3/4 17.49% 

Neck to Sleeve Length 33.28 33 1/4 31 1/2 27     18.80% 

Sleeve Width 5.18 5 1/8 4 3/4 4 3/8 14.64% 

Sleeve Length 29.08         

Cuff Width 3.13 3 1/4 1 7/8 2 1/4 30.77% 

Stitches Per Inch   17w x 21c 18w x 21c 18w x 27c   

 

 

 

As Table 1 demonstrates, the overall shrinkage throughout the programming, knitting, 

and steaming process is very dramatic. There are several methods for correcting the final 

measurements on the next sample; the two simplest methods would be applying the 

shrinkage percentages to the input measurements or resetting the Stitches per Inch (SPI) to 

the count after steaming (18w x 27c).  

 

3.3: Sample Knitting and Testing  

 Five samples were created and tested to determine which structures would be best to 

use in which areas of an athletic garment. All preliminary samples were knit on the 15 gauge 

Shima Seiki SWG-021N machine. This machine was chosen because it is one of the knitting 

machines readily available in the knitting lab at North Carolina State University. This 

machine is much more convenient for sampling than the Mach 2X because it has only a 10 
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inch needle bed and is therefore very efficient at knitting small pieces. It also relates back 

closely to the 15 gauge Mach 2X machine which can be used for large samples or full-sized 

garments. The samples tested include a jersey knit, an alternating knit-tuck stitch pattern, an 

alternating knit-miss stitch pattern, and two pointelle stitch variations. Knit notation grids for 

each sample can be found in Appendix D. Each sample was made from two ends of 100% 

polyester donated by Unifi and one end of Lycra® from Dr. Andre West. The donated 

polyester is Repreve® yarn that is just over two denier per filament and has 34 filaments per 

yarn, making each yarn 70 denier. The yarn is also double ply, which makes each yarn a total 

of 140 denier. Because the machines utilized in the North Carolina State University knitting 

lab are 15 gauge machines, the yarns were run with two ends per carrier, meaning each 

carrier was knitted with 4 ply 280 denier yarn. 

 These fabrics were tested using the FAST (Fabric Assurance through Simple Testing) 

System Extension Meter to determine stretch (see Appendix B for instructions). This test 

uses three different levels of grams of force per centimeter to determine stretch—5, 20, and 

100. Table 8 below shows the results of the extension test as well as the design inputs for 

each of the sample fabrics. The results for each of the fabrics at 100 gf/cm are not shown 

because each sample reached the maximum stretch allowed by the machine (21.5) with this 

amount of force applied. 

 

 

 

 

 

 



28 

 

 

 

 

Table 2 

Knit Sample Test Results 

Knit Samples        

Made with 2 ends 100% Polyester and 1 end 

Lycra® on 15 gauge machine     

          Elongation (V) Elongation (H) 

Fabric Structure Length Width SPI 5 gf/cm 20 gf/cm 5 gf/cm 20 gf/cm 

Input   

200 

needles 

120 

needle

s 17x21         

F1 

Jersey 

Knit 6 3/4 7 1/2 16x30 0.6 21.2 1.8 21.5 

F2 

Alt. Tuck 

Stitch 4 3/4 9     13x21 1.4 21.5 4.4 21.5 

F3 

Alt. Miss 

Stitch 4     6 7/8 19x25 0.3 15 0.2 18 

F4 

Pointelle 

Var. 7 1/4 7       2.7 21.5 0.6 21.5 

F5 

Pointelle 

Var. 7     7 1/4   1.5 21.5 2 21.5 

  

The results show that the most flexible samples are Fabric 4 and Fabric 5 in the 

vertical direction and Fabric 2 and Fabric 5 in the horizontal direction. These results are 

mostly as expected; due to the nature of tuck stitches, the fabric is allowed to stretch easily, 

but only in the horizontal direction. Both pointelle variation fabrics include stitches being 

tucked and displaced in order to create openings in the fabric, which allow for greater stretch 

and movement in all directions. These fabrics would be best placed on the areas of the body 

that require the most stretch; namely the elbow, the shoulder, and even the sides of the torso. 

The least flexible fabric is Fabric 3, the miss stitch variation. This result is expected because 

missed stitches create small, taut floats that do not allow stretch in certain areas of the fabric. 

In this case, the missed stitches appeared throughout the fabric allowing for minimal stretch. 

This fabric would be best placed in areas that do not need to stretch or need some structural 
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reinforcement. For example, tight-fitting tops will generally ride up into the abdominal 

region, so some reinforcement would be helpful there and on the lower back.  
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CHAPTER FOUR: ANALYSIS 

4.1: Analysis of Triathlon Scans 

Seventy-four scans were taken at the sprint triathlon discussed at the beginning of 

Chapter Three. Of the 74 complete scans collected, 44 scans are of men and 30 are women. 

Their overall finishing times are fairly evenly spread, with men’s times ranging from 50-85 

minutes and women’s times from 55-103 minutes (see Figures 8 & 9). The females had a 

wider spread of finishing times but a lower number of overall scans; this led to slightly 

staggered results and a non-normal distribution of finishing times. The male participants have 

many more scans and a smaller spread of finishing times. The distribution of male finishing 

times is much closer to a normal distribution than the female. 

 

 
Figure 10. Female Finishing Times 
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Figure 11. Male Finishing Times 

 

Using Anthroscan software to create average avatars, researchers compiled the scans 

of the top and bottom three finishers for both men and women. The finishing times of each of 

the athletes is the basis for separating participants into sizes based on performance; the top 

finishers will be averaged together to create the first size and the final finishers will be 

averaged together to create the last size. This software uses a Principal Component Analysis 

(PCA) method, which analyzes each body part individually and compiles the results into one 

averaged avatar. Figure 9 shows the scans of the top three female competitors and their 

corresponding averaged avatar in gold.  
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Figure 12. Average Body Data for Top Three Finishing Females. Source: Human Solutions 

Anthroscan Software 

 

 

 

Researchers used this avatar averaging tool to create several average body avatars that 

were measured and compared to demonstrate the differences in body types scanned at this 

event. The groups examined were the three males and three females with the fastest finishing 

times and the slowest finishing times. Figures 13-16 and Tables 3-6 represent the average 

avatars for several of these groups (both male and female average avatars) and the 

measurements of these average avatars. 
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Figure 13: Top Three Finishing Females  Figure 14: Last Three Finishing Females 

Source: Human Solutions Anthroscan Software 

 

 

 

Table 3 

Top Three Women Average Measurements 
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Table 4 

Last Three Women Average Measurements 

 
 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Top Three Finishing Males        Figure 16. Last Three Finishing Males 

Source: Human Solutions Anthroscan Software 
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Table 5 

Top Three Men Average Measurements 
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Table 6 

Last Three Men Average Measurements 

 
 

 

 

When researching the population of triathletes, researchers anticipated they would 

find samples to be very close in size across the spectrum. It is regularly argued in many 

sports texts, particularly The Sports Gene by David Epstein (2013), that although training 

does a good deal for improving athletes, there are some people who absolutely have a genetic 

advantage over others in particular sports. Therefore, the research team expected to collect 

many scans from participants who were very tall and had narrow hips (p. 47). As can be seen 

from the average measurements of the top and bottom three finishers, the sample included a 

wide variation in body types. For example, the average waist girth of the top three females is 

27.94 inches, while the average waist girth of the last three finishing females is 36.79 inches. 
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For men the gap is slightly smaller, with the top three at 32.44 inches and the final three at 

39.5; still a 7 inch difference.  

 The research team separated the men and women each into four size categories. The 

sizes are labeled Elite, Pro, Semi-pro, and Practiced. These labels were chosen because of 

their relation to the various levels of the athletic world. In descending order of performance, 

the most prestigious athletes are considered “elite,” and the athletes that tend to perform at a 

lower level require more practice, hence the size term “practiced.” The sizes were determined 

by the athletes’ finishing times with Elite sizes being the ones that finished fastest and 

Practiced sizes being the last to finish. To determine these sizes, males and females were all 

split into four equal groups. Because the male finishers had 44 useable scans, there are 11 

avatars averaged together to create each size. The Elite man shown in Figure 15 includes the 

first 11 male race finishers while Figure 16 includes the last 11 male race finishers.  
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Figure 17.  Elite Male Size         Figure 18.  Practiced Male Size 
 

 

 

Table 7 

Elite and Practiced Male Average Measurements 

Measurement Name Elite Practiced 

Neck at Base Girth 16.91 18.11 

Torso Width at Waist 13.84 17.47 

Across Shoulder 16.99 19.9 

Across Front Width 15.34 17 

Bust/Chest Girth 40.19 43.13 

Across Back Width 16.38 17.47 

Neck to Waist CB 17.29 17.14 

Waist Girth 33.63 37.58 

Middle Hip 35.05 38.27 

Waistband 34.5 37.55 

Hip Girth 39.94 41.29 

Arm Length to Neck Back 32.18 32.37 

Arm Length 23.68 29.48 

 

 

 

For men, the Elite group contains the top 11 scans and the Practiced group contains 

the bottom 11 scans. Comparing again at waist measurements, the Elite group is now only 4 
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inches smaller than the Practiced group. The Elite group measurement changed only one inch 

after taking the top three competitors and adding and averaging together the next eight scans. 

The Practiced group’s waist girth measurement changed almost two inches when averaging 

the next eight scans with the bottom three. Though the spread has slightly decreased with the 

addition of more scans, this range of measurements is much more practical for creating a 

complete range of sizes to fit males of various body types. The female Elite and Practiced 

Sizes had similar results. 

 

  
Figure 19.  Elite Female Size                Figure 20.  Practiced Female Size 
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Table 8 

Elite and Practiced Female Average Measurements 

Measurement Name Elite Practiced 

Neck at Base Girth 14.96 15.67 

Torso Width at Waist 12.49 16.48 

Across Shoulder 17.11 18.18 

Across Front Width 13.89 14.86 

Bust/Chest Girth 33.95 38.94 

Across Back Width 13.8 16.45 

Neck to Waist CB 14.85 16.3 

Waist Girth 27.95 34.69 

Middle Hip 33.42 39.93 

Waistband 30.71 36.96 

Hip Girth 39.09 42.42 

Arm Length to Neck Back 28.8 28.78 

Arm Length 21.05 20.63 

 

 

 

The Elite size average avatar includes the top 7 female scans and the Practiced size 

includes the last seven race finishers. The female size groups include less scans than the male 

size groups because the data set incorporated fewer female scans. As can be seen in the 

measurement tables, the Elite and Practiced groups for both men and women (which include 

the top and bottom 25% of participants scanned) create two very distinct sizes. Using these 

two sizes as the “small” and “extra large” it is possible to create an ideal size run. 

 

4.2: Creating an Ideal Athletic Sizing System 

 An ideal athletic sizing system can be created using the group method of 

patternmaking (discussed in Chapter Two) with the Elite size as the smallest size and the 

Practiced size as the largest. To do this, the measurements must first be equally distributed 

into four sizes. The standard system uses the terms small, medium, large, and extra large, but 
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this size range will be labeled Elite, Pro, Semi-Pro, and Practiced. The names were chosen 

because they denote various levels of athletics, as does this size range, which is based on 

performance.  Table 9 below shows the breakdown and even distribution of measurements 

amongst the four sizes; the columns in between show the differences in each measurement. 

 

 

Table 9  

Male Athlete Size Run 

Measurement Name 

(Inches) Elite  Diff. Pro  Diff. 

Semi-

Pro  Diff. Practiced 

Neck at Base Girth 16.91 +0.4 17.31 +0.4 17.71 +0.4 18.11 

Torso Width at Waist 13.84 +1.21 15.05 +1.21 16.26 +1.21 17.47 

Across Shoulder 16.99 +0.97 17.96 +0.97 18.93 +0.97 19.9 

Across Front Width 15.34 +0.55 15.89 +0.55 16.44 +0.55 17 

Bust/Chest Girth 40.19 +0.98 41.17 +0.98 42.15 +0.98 43.13 

Across Back Width 16.38 +0.36 16.74 +0.36 17.1 +0.36 17.47 

Neck to Waist CB 17.29 0 17.29 0 17.29 0 17.29 

Waist Girth 33.63 +1.32 34.95 +1.32 36.27 +1.32 37.58 

Middle Hip 35.05 +1.07 36.12 +1.07 37.19 +1.07 38.27 

Waistband 34.5 +1.02 35.52 +1.02 36.54 +1.02 37.55 

Hip Girth 39.94 +0.45 40.39 +0.45 40.84 +0.45 41.29 

Arm Length to Neck 

Back 32.18 +0.06 32.24 +0.06 32.3 +0.06 32.37 

Arm Length 23.68 +1.93 25.61 +1.93 27.54 +1.93 29.48 
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Table 10  

Female Athlete Size Run 

Measurement Name 

(Inches) Elite  Diff. Pro  Diff. 

Semi-

Pro  Diff. Practiced 

Neck at Base Girth 14.96 +0.24 15.2 +0.24 15.44 +0.24 15.67 

Torso Width at Waist 12.49 +1.33 13.82 +1.33 15.15 +1.33 16.48 

Across Shoulder 17.11 +0.36 17.47 +0.36 17.83 +0.36 18.18 

Across Front Width 13.89 +0.32 14.21 +0.32 14.53 +0.32 14.86 

Bust/Chest Girth 33.95 +1.66 35.61 +1.66 37.27 +1.66 38.94 

Across Back Width 13.8 +0.88 14.68 +0.88 15.56 +0.88 16.45 

Neck to Waist CB 14.85 +0.48 15.33 +0.48 15.81 +0.48 16.3 

Waist Girth 27.95 +2.25 30.2 +2.25 32.45 +2.25 34.69 

Middle Hip 33.42 +2.17 35.59 +2.17 37.76 +2.17 39.93 

Waistband 30.71 +2.08 32.79 +2.08 34.87 +2.08 36.96 

Hip Girth 39.09 +1.11 40.2 +1.11 41.31 +1.11 42.42 

Arm Length to Neck 

Back 28.8 0 28.8 0 28.8 0 28.8 

Arm Length 21.05 0 21.05 0 21.05 0 21.05 

 

 

 

As can be seen in Tables 9 and 10, the sizes have been evenly spaced in order to 

create a flow in sizing from the smallest to largest. Though some measurements have 

significantly larger grades than a standard size run (the women’s Waist Girth increases by 2 

¼ inches for each size), these sizes are likely to fit a wider variety of people because of the 

larger variation in certain areas. Although some areas of the body showed great variation, 

other areas showed little to no variation across the data set and can therefore be held constant 

for the whole size run (women’s arm length, men’s neck to waist measurement). Body 

measurements were used to create these size measurements because athletic garments fit very 

closely to the body and are made with stretchable fabrics for most sports and athletic 

activities (Palmieri, 2014). 
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4.3: Athletic Sizing Comparison 

Beginning in 1999, the United States was host to the National Health and Nutrition 

Examination Survey (NHANES). One portion of the NHANES study was to gather body data 

of participants through body scanning, which resulted in a large collection of body 

measurements from the general population. Figures 19 and 20 demonstrate the recorded 

differences in waist and hip girths in the NHANES survey and in the data set collected at the 

sprint triathlon. The red data points are the data recorded at the triathlon while the data points 

in green are the ones recorded by NHANES.  
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Figure 21. Female Waist to Hip Data from NHANES and Triathlon. Source: Human 

Solutions’ ISize Portal 
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Figure 22. Male Waist to Hip Data from NHANES and Triathlon. Source: Human Solutions’ 

ISize Portal 
 

 

 

As can be seen in the figures, the male data collected at the triathlon follows the 

NHANES waist and hip data fairly well, though there are still a few outliers. The female 

data, however, has significantly larger hip girths and smaller waist girths than the participants 

in the NHANES study. This is an indication that there are significant differences between the 

body shapes of the athletes in the triathlon study and the population surveyed in the 

NHANES study. Unfortunately, due to limited access to the ISize Portal from Human 

Solutions, the only size survey with which a comparison was established is the NHANES 

survey. It is unknown how these participants would match up with other sizing surveys such 

as the SizeUSA survey by [TC]2. 
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Traditionally, determination of garment fit on the body has been viewed as subjective. 

Athletic garments, particularly those for competitive athletes, fit extremely close to the body 

and therefore have very little room for a “fitting error.” Unfortunately, there is not yet a way 

to determine whether or not a garment fits without first trying it on and finding which size is 

more comfortable than the others, which even then is a subjective process.  In the statistics 

world, however, each simple linear regression has what is called a Pearson product moment 

coefficient of correlation. This number, falling between -1 and +1, is “a measure of the 

strength of a linear relationship between two variables x and y.” (Mendenhall & Sincich, 

2012, p. 16) The correlation coefficient follows the slope of the line; -1 implies a perfect 

fitting line with a negative slope (y decreases as x increases) and +1 implies that the data 

points fit exactly on the line with a positive slope (y increases as x increases). A value of zero 

implies very little or no linear relationship between the data points and the line of best fit. 

The nature of the correlation coefficient allows one to determine how well the data fits the 

line with one simple percentage; in this same way, the correlation coefficient can be used to 

determine how well a body-hugging garment will fit a person. 

In addition to using the correlation coefficient, the slope of the line of best fit can also 

be used to determine how a garment would fit a person. If a garment were to fit a participant 

exactly to the body (like a second skin), the data points would all be completely collinear and 

(because of the way they are graphed) would create a line with a slope of 1. Because it can be 

determined that the data points above the line represent areas where the garment is too large 

and points below the line represent areas where the garment is tight or too small, it can 
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logically be concluded that a line of best fit with a slope less than one will generally fit 

snugly or tight and a best fit line with a slope greater than one will fit loosely on the sample 

participants. 

 The figures below represent a simple stratified sample of scanned participants who 

should fall into specific size categories. For example, a scanned male triathlete that would 

fall into the Elite size range is compared to the measurements of the Elite garments.  

 

 
Figure 23.  Fit Analysis for Elite Male 

 

As shown in the figure, the male body measurements fit the Elite garment 

measurements quite well. Any point seen above the line is where the garment would be very 

snug or required to stretch; for example, the two largest points, the hip girth and bust/chest 
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girth are 39.94 inches and 40.19 inches on the garment, and this sample participant measures 

40.85 and 41.01 inches respectively. The points below the line are areas where the garment 

would be slightly too large on the participant, such as the waist girth which is 33.63 inches 

on the garment and 32.9 inches on the participant. Though these sound like large differences, 

the correlation coefficient for this comparison is 99.67%, which implies an extraordinarily 

large correlation. This regression line has a slope of 0.973, implying that this garment would 

have an overall tighter fit.  

For further comparison and validation of this new size range, the female participants 

falling into each size group have been compared both with the Athletic Performance sizing 

system created earlier and the Adidas sizing system extracted from several sample garments 

(see Appendix C). It should be noted that the set of measurements for the Adidas garments 

contains one less data point than the set of measurements for the Performance sizing data. 

Due to the construction of the chosen Adidas garments, an across shoulder measurement 

could not be properly obtained and was therefore left out of the comparison.  
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Figure 24. Fit Analysis for Elite Female 

 

 

 

This graph shows a comparison between the measurements of a female participant 

labeled “SampleOne” and the measurements of the female Elite size. The correlation 

coefficient for this set is 99.35% and the slope of the line is 1.076. Below is a comparison 

graph of this same sample participant with the measurements of the Small Adidas garment. 



50 

 

 

 

 

 
Figure 25.  Fit Analysis of Adidas Small 

 

 This set has a correlation coefficient of 93.35%, which is comparatively smaller than 

the correlation of this participant’s measurements to that of the Elite size. The slope of this 

line is 1.029, which implies that this garment will be only slightly large on this participant. 

Figures 24-29 show the other size run comparisons and their resulting correlation 

coefficients.  
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Figure 26. Fit Analysis of Pro Size and Sample Two 

 

 

 
Figure 27. Fit Analysis of Adidas Medium and Sample Two 
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Table 11 

Statistics of Pro and Medium to Sample Two 

Size Correlation Coefficient Slope 

Pro 99.09% 1.000 

Adidas Medium 90.59% 0.923 

 

 

 

 
Figure 28.  Fit Analysis of Semi-Pro and Sample Three  
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Figure 29.  Fit Analysis of Adidas Large and Sample Three 

 

 

 

Table 12  

Statistics of Semi-Pro and Large to SampleThree 

Size Correlation Coefficient Slope 

Semi-Pro 98.77% 1.083 

Adidas Large 90.17% 0.950 
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Figure 30.  Fit Analysis of Practiced and Sample Four 

 

 

 

 
Figure 31.  Fit Analysis of Adidas Extra Large and Sample Four 
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Table 13 

Statistics of Practiced and Extra Large to SampleFour 

Size Correlation Coefficient Slope 

Practiced 99.61% 1.065 

Adidas Extra Large 93.74% 0.914 

 

These graphs demonstrate several important differences between the performance-

based size run and the size run made by Adidas. First, each pair of correlation coefficients 

clearly dictates that the performance-based size run has measurements more harmonious with 

the actual measurements of athletes. Second, the Adidas size run is much smaller than the 

performance-based sizes. Adidas garments are likely made to fit a smaller group of athletes 

than is included in this data set, which seems to be a common problem among athletic 

garments. Athletes come in all shapes and sizes and the design of athletic garments should be 

reflective of the true population, not the idealized one.  
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CHAPTER FIVE: CONCLUSIONS AND FUTURE RESEARCH 

 Though sportswear has significantly changed in recent years, it still has many more 

changes to make to keep up with research and technological advances. Possibly one of the 

largest leaps forward was the realization that micro-synthetic fibers are a better fit than 

natural fibers for athletic clothing; they allow sweat to be absorbed into the air faster than 

natural fibers, which have a tendency to hold in sweat. The industry is using mostly jersey 

knit fabrics, which are in fact warmer to the touch and hold in more moisture than rib knit 

fabrics. Garment construction is lagging as well, though a ‘seamless knit’ design is growing 

in popularity among many retailers. Most of the garments claiming to be seamless are not 

truly seamless, but they certainly could be if Stoll’s or Shima Seiki’s technology was used in 

everyday production. Shima Seiki’s Mach 2X machine is doubly suited for the purpose of 

athletic wear because it is the first of their WholeGarment® machines to be able to produce a 

full-gauge rib construction on a seamless garments. Previous machines made by Shima Seiki 

had only two beds of needles and so could not produce full-gauge rib fabrics.  

In order to create truly perfect athletic garments, it is important to have accurate data 

on the population that is being served. As can be seen in section 4.3, the Athletic Sizing 

Comparison, athlete bodies are not the same as the general population but also represent a 

wider range of sizes than many current athletic wear companies recognize. More data is 

required on the exact dimensions of the athletic population. The best and most efficient way 

to gather more data on athletes is through 3D body scanning. Like many technologies, body 

scanners are becoming more cost efficient and scanners have a smaller ‘footprint’ or physical 
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size with each new generation of scanners introduced (Barrie, 2014). Soon, it is likely that 

portable scanning devices will be widely available and significantly more data can be 

gathered at a fraction of the cost and planning that is currently required.  Using the methods 

introduced here, this widely-available data can then be turned into a much more complete 

and accurate sizing system than any being used today.  

 There are many steps between where the industry is now and where they will need to 

be in order to produce garments at the level suggested in this research. The first and largest 

issue is the availability of body scanning data to both companies and the public. Once that is 

achieved and data can be compiled into a standardized form, it will still take some time for 

the clothing industry to thoroughly process these results and adjust their sizing systems 

accordingly. This type of segmentation was relatively quick and easy to do; particularly if 

compared to the fact that patternmakers and grading experts have been trying to size 

garments correctly for particular target markets since the 1940’s (Gupta, 2014). This method 

of segmenting a target market and combining associated scans would be much more practical 

to implement in the marketplace than the trial and error of today’s patternmakers. Great 

strides in improving athletic garments could be made industry wide if truly seamless knitting 

were to be adopted. This would be an investment, but it would require significantly less labor 

(one trained or skilled person can oversee many machines) and would eliminate a significant 

portion of the waste created in the cutting and sewing process. The lessened labor cost could 

allow for other opportunities as well; particularly the reshoring of American businesses. The 

ease of programming garments instead of drawing full-sized patterns could increase 
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availability of made-to-measure garments. Once all of these technologies have been 

implemented, creating garments in this manner would be simple, cost-effective, and above all 

better for clothing quality and consumer satisfaction. 
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Appendix A: Custom Measurement Scripts with Size Stream Scanner 
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Source: Size Stream, LLC. (2014). Custom Measurement Tutorial.pdf 
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Appendix B: FAST Extension Meter Procedure 

1. Cursor down to the FAST-3 and hit Enter. Hit Enter again. 

2. Extension test are carried out in the warp and weft directions at three different loads; 

1) E5 -5 gf/cm, 2) E20 -20 gf/cm, and E100 -100 gf/cm on each strip of fabric. In the 

bias direction each test is only carried out at 5 gf/cm. 

3. Beginning with the warp strips, place the first strip between the jaws, securing the 

upper clamping knob first. Allow the strip to hang through the lower jaws under its 

own weight then secure the lower jaws. 

4. After both clamps are threaded, this sample will be subjected to three different loads. 

a. E5- Begin the tests with both weights on the beam on the left of the meter. 

Turn the locking know on the front of the meter clockwise, this releases the 5 

gf/cm load which is exerted with the two weights in place. Wait until the 

audible beeps are heard and turn the locking knob anti-clockwise- back to the 

starting position.  

b. E20- Remove the smaller of the two weights from the beam, with the locking 

knob still in the starting position. After the weight is clear of the beam, turn 

the locking knob clockwise fully releasing the 20 gf/cm load. Wait until the 

beeps are heard and turn the locking knob anti-clockwise back to the starting 

position. 

c. E100- Remove the second of the two weights from the beam, with the locking 

knob still in the starting position. When the weight has been removed, turn the 
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locking knob clockwise fully, thus releasing the 100 gf/cm load. Again wait 

until the beeps are heard and turn the locking knob anti-clockwise back to the 

starting position. Replace both weights on the beam, with the smaller weight 

at the top.  

 

All warp and weft samples are to be tested with this procedure. While taking these 

readings always ensure that they are being entered in their respective columns.  

 

 

 

 

 

 

 

 

 

 

 

 

Source: (1989). Fabric assurance by simple testing. CSIRO Division of Wool Technology; 

Sydney, Austrailia. 
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Appendix C: Adidas Garment Size Run Specification Sheet 

          

Measurements 

(Inches) 

Size 

Small  + Medium  + Large + 

Extra 

Large 

Front Body Length 24 1/2 1 1/4 25 3/4  1/2 26 1/4  1/2 26 3/4 

Across Chest (5" from 

top) 12     0     12     1     13      1/8 13 1/8 

Waist (14" from top) 15 3/4 1     16 3/4 1 5/8 18 3/8 1 5/8 20     

Across Bust (1" under 

arm) 17 1/4  5/8 17 7/8 2 1/8 20     1 5/8 21 5/8 

Hem Width (top) 17 7/8 1 1/4 19 1/8 1 3/8 20 1/2 1 1/2 22     

Neck Width 11 1/8 0     11 1/8  3/8 11 1/2  1/4 11 3/4 

Front Neck Drop 4 5/8  3/8 5      1/4 5 1/4  1/8 5 3/8 

Back Neck Drop 1 1/2  3/4 2 1/4  1/4 2 1/2  1/4 2 3/4 

CB Neck to Wrist 31 3/4  7/8 32 5/8 1     33 5/8  7/8 34 1/2 

Under Arm Length 19 1/2 0     19 1/2  1/8 19 5/8  1/8 19 3/4 

Hip (17" from top) 16 3/4  5/8 17 3/8 1 3/8 18 3/4 1 1/4 20     

Hem Length 2 3/4 0     2 3/4 0     2 3/4 0     2 3/4 

Cuff Length 2     0     2     0     2     0     2     

Muscle (1" down arm) 5 3/4  1/4 6      5/8 6 5/8  3/8 7     

Elbow (7" down arm) 5 1/4  1/8 5 3/8  1/2 5 7/8  3/8 6 1/4 

Cuff Width 3 3/4  1/8 3 7/8  1/8 4      1/8 4 1/8 

Across Back (5" from 

top) 14      1/4 14 1/4  1/4 14 1/2  3/4 15 1/4 

Hem Width (bottom) 17      3/4 17 3/4 1 1/4 19     1 1/2 20 1/2 
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Appendix D: Knit Notation of Samples 

F1: Jersey Knit Sample 

X X 

X X 

 

F2: Tuck Stitch Sample 

X o 

o X 

 

F3: Miss Stitch Sample 

X   

  X 

 

F4: Pointelle Variation One 

X X X X X > X X 

X X > X X X X X 

X X X X X X X > 

X X X X > X X X 

X > X X X X X X 

X X X X X X > X 

X X X > X X X X 

> X X X X X X X 

 

F5: Pointelle Variation Two 

X X X X 

X X X < 

X X X X 

X X > X 

X X X X 

X < X X 

X X X X 

> X X X 

 

 

Key   

Knit X 

Miss   

Tuck o 

Move 

Right 
> 

Move Left < 


