
 

ABSTRACT 

SEWELL, JACQUELINE EVA. Addressing the Feasibility of Moving an Existing Cut and Sew 
Combat Shirt to Seamless Knitting. (Under the Direction of Dr. Karen K Leonas and Dr. Andre 
West). 

This body of research addressed a limited cost and time feasibility of moving an existing 

cut and sew combat shirt to seamless knitting.  

Seamless knitting, a method of knit production that does not require any garment 

construction post manufacturing, has a host of benefits, including: reduce floor space and 

production sequence by eliminating the need for cut and sew, reduce waste, reduce labor, 

produce higher quality products, and reduce cost. While this garment manufacturing method has 

a number of potential benefits, there is no existing research addressing the feasibility and 

benefits of moving an existing cut and sew garment to this method of production. The object of 

this research was to create a seamless prototype based off an existing combat shirt, create process 

map to analyze, identify, and address common challenges in seamless knitting, and address a 

limited time analysis of cut and sew garment production versus seamless knitting garment 

production. 

In this study an existing combat shirt, currently sold in the U.S. market, was chosen as a 

model, XGO’s DBL Combat Shirt Size L. An existing XGO shirt was analyzed. The knitting 

time, pattern cut time, fabric waste, sewing time, and thread use were calculated for the existing 

cut and sew combat shit. Based off of the silhouette and size of XGO’s shirt, a seamless 

prototype was created. Through prototyping trial and failures, a seamless knit trouble-shooting 

guide was created. This prototype phase also provided the time to knit a seamless shirt base.  

Results from this research show that to produce a seamless knit combat base shirt from 

start to finish, the equivalent a size L, it would take an estimated 51 to 52 minutes. To produce 

the base of XGO’s DBL Combat Shirt, through means of cut and sew production, it would take 



 

an estimated 35 minutes to completion, not taking into consideration the transportation time 

between knitting and the cut and sew phase for cut and sew garment manufacturing. This 

research also estimated that during the cut and sew garment manufacturing of the shirt, a total of 

593 square inches of fabric is wasted during the cutting phase and 8,671 inches of thread are 

used during the sewing phase.  

This body of work showed that is it feasible to transition a combat shirt from cut and 

sews to seamless knitting. There are resource reduction and reduced labor benefits to 

transitioning to seamless knit garment manufacturing. Once the initial programming of the 

seamless knit garment is completed, there is little to no labor needed from an operator. This give 

the potential for one operator to knit numerous garment simultaneously. Though there may be an 

increase in production time, as shown through this research, there will be no associated labor 

costs, transportation time or costs, no fabric waste, and no thread use. 
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CHAPTER 1: INTRODUCTION 

Introduction 

New technology has been incorporated into the textile and apparel market at a rapid pace 

for several decades; changing current and future supply chains. “New manufacturing 

technologies enable the apparel industry to move from labor-intensive production to capital-

intensive production” (CBI Ministry of Foreign Affairs, 2019, sec. 3 para. 1). This development 

and implementation of new technology has been driven by a number of reasons including: speed 

to market, interest in sustainability, increased labor costs, decreased workforce availability in 

developed countries, lean manufacturing and six sigma practices, increased understanding and 

capability in technology, change in customers perceptions and desires, need for more quickly 

adaptable production changes, desire for increased customization, and interest in reshoring. With 

the pressure of these drivers, companies should evaluate the potential of emerging technologies 

and learn to adapt existing products to the new technology and processes to remain competitive 

in the textile and apparel industry.  

Throughout history there have been a number of revolutionary breakthroughs that have 

changed garment-manufacturing technology. More recently, in 1995 there was a breakthrough in 

knitting technology with the creation of a knitting machine that produces garments but requires 

no cut and sew labor after knitting the fabric (Choi & Powell, 2005). This technology, seamless 

knitting, also known as 3D knitting, Whole Garment, or Knit and Wear, is paramount to new 

innovations and knits and has not only modernized knitting capabilities but also eliminated the 

cut and sew supply chain of garment construction. 

Seamless knit garment manufacturing has many advantages, some include: the ability to 

customize and individualize pieces with a personalized size easily, quick-response development 
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and production, elimination of cut and sew processes, reduced production sequence length, 

potential savings in terms of production and cost, reduced waste and increased garment 

sustainability, ability of multi-gauge knitting, elimination of any seams which can cause 

discomfort and improve overall garment comfort, improved aesthetic look, reduced floor space 

needed for knitting machines, eliminate floor space needed for cut and sew machines, lower lead 

time, reduced risk of damages or defects in the production of the garment, superior fit, ability to 

be more durable and longer lasting, and ability to program sophisticated styles and structures 

more easily (Choi & Powell, 2005; Lamar & Ma, 2013; Nayak, R., & Padhye, R. 2015; Peterson 

& Ekwall, 2007; West, 2016). 

However, while this technology has the potential to prove very beneficial for certain 

products, there is no existing research that addresses the transition from cut and sew to seamless 

knitting. As such, the aim of this research was to find a product that was: widely available, held 

in a niche market, has a specific end use, in a market looking for innovation, a widely applicable 

plain base knit, and have characteristics that could transition to seamless technology easily.  

Military or tactical garments are in a niche market, consistently being modified, as new 

innovations are available, and have a specific end use. A 2019 article published in Specialty 

Fabrics Review, written by Moravec, comments on the importance of innovation within the 

military and reaching military contracts. The article includes a quote from Edward Silva, the vice 

president of sales and marketing for Engineered Polymer Technologies (EPT). EPT is a company 

located in Hillside, N.J., which makes coated fabrics used for shelters, tarps, berm liners and 

other applications, saying the service branches are...  

“Constantly looking for the latest and greatest. You go back 30 or 40 years, it was the 

other way around,” he explains. “The military would invest billions in design and 
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develop new products, and 10 years later it would be available to commercial markets. 

Today it’s the opposite, especially for war fighters’ needs. The DoD is looking for the 

industry to come to them and say, ‘I have a new product that meets a need, or improves 

the performance for an existing application.’ If this innovation saves the DoD money, 

they will share the savings with the vendors—just call and ask.” (Moravec & Industrial 

Fabrics Association International, 2019, para. 27) 

Seamless knitting is a technology that could prove superior to cut and sew manufacturing in time 

to manufacture, manufacturing cost, and potentially garment performance for military or tactical 

apparel. In reviewing publicly available military and tactical garments, it was decided that a 

combat shirt met these requirements.  

Statement of the Problem 

The combat shirt, with versions used in all military branches and publicly available to 

federal law enforcement and civilians, are utilitarian garments made up of many pattern pieces, 

requiring skilled labor to sew. While these garments are generally formed from multiple fabrics 

and a complex pattern, the base of the shirt is a simple raglan cut, long sleeve, mock turtleneck 

shirt (Natick Soldier Research, Development & Engineering Center, 2016; PEO Soldier, 2017). 

The number of seams used in most combat shirts has the potential to make the garments weaker 

and less comfortable as well as raising the cost of production. The garment is currently 

constructed through cut and sew garment manufacturing, however with emerging technologies it 

is important to consider the potential of superior garment production methods.  

This research seeks to address the feasibility of moving the combat shirt from cut and 

sew to seamless knitting. Transitioning a combat shirt to seamless knit garment manufacturing 

could improve a number of things including: the quality of the shirt, decrease production time, 
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lower environmental impact, decrease labor needs, decrease cost, and potentially increase the 

life-span of the garment.  

Background and Need 

Combat shirts are issued to many troops in all of the military branches and non-military 

members, including first responders and civilians, can purchase versions of combat shirts. 

Federal and state governments also utilize combat shirts for a variety of tactical teams including, 

Drug Enforcement Administration (DEA), Federal Bureau of Investigation (FBI), Customs and 

Boarder Patrol (CBP), Central Intelligence Agency (CIA), Special Weapons and Tactics 

(SWAT), Immigration Customs Enforcement (ICE), Bureau of Alcohol, Tobacco, Firearms, and 

Explosives (ATF), National Nuclear Safety Administration (NNSA), and more. The shirt is 

designed to be worn next to skin directly under body armor in hot weather environments with the 

object of limiting heat stress (Natick Soldier Research, Development & Engineering Center, 

2016; PEO Soldier, 2017). The current shirts offered are tactical long-sleeve items constructed of 

various fabrics and structures (Natick Soldier Research, Development & Engineering Center, 

2016; PEO Soldier, 2017). The base shirt contains many pieces and numerous seams, creating 

issues regarding the ease, cost, and quality of construction, seams creating stress points for the 

wearer, specifically under body armor, and time required for production (Scott Hulett, PEO 

Solider Product Director- Combat Uniforms Solider Clothing and Individual Equipment, 

personal communication, June 2018). With new knitting technology, it is now possible to create 

whole garments with few or no seams.  

Outside of addressing the feasibility of moving combat-type shirts from the cut and sew 

garment-manufacturing method to seamless knit garment manufacturing, this study can serve as 
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a guide to help understand the process and how to evaluate the feasibility of transitioning other 

technical apparel items from cut and sew to seamless knit production.  

Research Question 

Is it feasible to move the sizing and silhouette of a publicly available cut and sew combat 

shirt to seamless knit garment manufacturing? If it is possible, how does the supply chain and 

production characteristics for the shirt change? 

This research study will address the feasibility of this in the following manner: 

1) Identify the steps to transition a cut and sew item to seamless knitting.  

2) Create a seamless prototype with the sizing and silhouette based off an existing 

combat shirt and addressing the feasibility of such. 

3) Create a process map to analyze, identify, and address common challenges in 

seamless knitting. 

4) Create a pattern based off an existing publicly available cut and sew combat shirt 

and utilize the pattern to calculate fabric knit time, pattern cut time, fabric waste, 

sew time, and thread usage. 

5) Utilize the data gathered in research object 2, compare to the data gathered in 

research objective 4. Analyze and discuss the supply chain and production time 

for both. 

In order to better understand the research questions and objectives, the research table is 

broken into three categories: research questions, activities to answer the research question, and 

results and analysis of the activities. 
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Limitations 

There were limitations in this research. The limitations included:  
 

• Limited access to the materials and resources used in combat shirts. 

• Limited to using the Shima Seiki’s 15 gauge Whole Garment machine, the MACH2XS, 

for transitioning a combat shirt from cut and sew to seamless knit garment manufacturing 

• There were assumptions made in the costing analysis component of the study 

• The results vary when looking at different combat shirts as the study is only based on one 

example of an existing combat shirt. 

• This study was focused on recreating the size and silhouette of a for sale combat shirt in 

seamless knitting. It did not address the various fabrics, structures, or components of a 

combat shirt. It did not address how the coloration process would shift if the combat shirt 

was produced through seamless knitting. It did not address the post-knitting processes 

such as washing, steaming, or removal of the excess yarns from knitting. 
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CHAPTER 2: LITERATURE REVIEW 

Introduction to the Textile and Apparel Supply Chain 

The textile and apparel supply chain can be long and complex. Working to combine or 

reduce processes can result in a more efficient production cycle. A typical garment starts at the 

fiber level. In a simple summary, fiber is spun into yarn, the yarn is made into fabric, which is 

then cut and sewn, and finally the garment is dyed or finished before heading to the retail market 

(Kincade & Gibson, 2010; Figure 2.1). Certain new technologies have the potential to reduce the 

length of the supply chain by combining several steps. However, in order to understand the new 

technology and its potential it is important to look at the textile and apparel supply chain and the 

different elements of it. 

 

Figure 2.1. Production cycle of textiles. Adopted from Kincade & Gibson, 2010. 

Textile Production: Fabrics used in Apparel OR Fabric Formation 

While the textile and apparel supply chain starts at the fiber level, what most people 

notice in a garment is the fabric. There are different ways to manufacture fabrics, and each 

manufacturing methods produce fabrics with different characteristics. Before addressing 

production methods, it is critical to understand what defines a textile fabric.  

    Fiber  Yarn 

= Transportation 
 

    Fabric     Cut/Sew  

    Finishing    Retail 
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According to ASTM, an authority on developing international standards, a textile is 

defined as: 

A general term for fibers, yarn intermediates, yarns, fabrics, and end-use products that 

retain all the strength, flexibility, and other typical properties of the original fiber or 

filaments…General: A structure made from any combination of natural or manufactured 

fibers, having either a measurable staple length or a filament having a continuous length, 

that can transformed into a structure that is woven, nonwoven, braided, plaited, knitted, 

entangled or twisted and which subsequently retains its flexibility characteristics. 

Specific: applies to: (1) staple fibers and filaments suitable for conversion to or use as 

yarns, or for the preparation of nonwoven fabrics, (2) yarns made from natural or 

manufactured fibers, (3) fabrics and other manufactured products made from fibers as 

defined above, and from yarns, and (4) garments and other articles fabricated wholly 

from one or more of the above elements, and articles made principally from the above 

when the products retain the characteristic flexibility and drape of the original fabrics. 

(ASTM, D123-19 Standard Terminology Relating to Textiles. D13.58/D4849, 2019) 

While textiles are used in hundreds of applications, a common application is garments, also often 

known as apparel. Garments can include items such as trousers, shirts, coats, gloves, hats, 

jackets, skirts, dresses, and more (ASTM, D123-19 Standard Terminology Relating to Textiles. 

D13.59/D4850. 2019). When producing textiles for apparel items there are three common 

methods of fabric production: knitting, weaving, and non-woven (Spencer, 2001). These 

constructions vary in the equipment and process required for production. Fabrics created by these 

processes vary in mechanical formation and potential physical properties. The ASTM definitions 

of each type of fabric give insight into the general structure. A knitted fabric is defined as “a 
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structure produced by interlooping one or more ends of yarn or comparable materials” (ASTM, 

D123-19 Standard Terminology Relating to Textiles. D13.55/D5219. 2019), whereas a woven 

fabric is defined as “a structure produced when at least two sets of strands are interlaced, usually 

at right angles to each other, according to a predetermined pattern of interlacing, and such that at 

least one set is parallel to the axis along the lengthwise direction of the fabric” (ASTM, D123-19 

Standard Terminology Relating to Textiles. D13.13/D4845. 2019). Finally, a nonwoven fabric is 

a “textile structure produced by bonding or interlocking fibers, or both, accomplished by 

mechanical, chemical, thermal, or solvent means, or a combination thereof” (ASTM, D123-19 

Standard Terminology Relating to Textiles. D13.63/D7023. 2019). Each of these types of fabrics 

are defined by the combination of yarns or fiber to create a specific structure. Simply put knits, 

wovens, and nonwovens differ by the way which yarns are interlocked, as knits are formed by 

interloping yarn, wovens are formed by interlacing yarn at ninety-degree angles, and nonwovens 

are formed by bonding or interlocking fibers. The different construction methods that form fabric 

result in distinctive fabric properties that are suitable for certain applications. For example, knits 

are generally used for active wear as they commonly have more stretch and breathability. 

Nonwovens are often used for disposable items like paper towels, napkins, or diapers because 

they are less expensive and faster to produce than other fabrication methods, while wovens are 

usually the choice for items that need high tenacity and abrasion resistance, like military 

uniforms (Kothari, 2013; Moyo, Patanaik, & Anandjiwala, 2013; Ray, 2013). 
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Figure 2.2. Jersey knit structure.(Spencer, 2001, p. 3) 

 

Figure 2.3. Plain woven structure.(Spencer, 2001, p. 2) 

Knit Fabric Market Share 

While each method of fabric production previously discussed, holds a large market share 

in the overall textile and apparel business, the knit market is rapidly growing (Smith, 2013). In 

2014, Textile Asia reported that the knit sector led U.S. apparel imports with knitted garments 
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representing 72% of the market share in terms of quantity in number of garments (Smith, 2014). 

They reported that compared to 2013 statistics, the knit apparel grew 5.75%, while woven 

apparel only grew 1.2%. Looking at a global perspective, from 2007 to 2014, the value of knit 

imports from China grew $108.59 million dollars. U.S. knitting mills had $298.6 million of 

revenue, a 2.7% increase from 2017, and a 7.5% increase from 2016. "Knit apparel totaled 

42.963 billion in USD in 2013, a 4.45% increase over 2012. Knit apparel accounted for 71.8% of 

the value of U.S. apparel imports" (Smith, 2014, p. 10). These increases show that knit fabric and 

knit products in general are a large and growing segment of the textile and apparel market. This 

is a general market overview of all knits. It is important to recognize knits can be further 

segmented based on specific production methods, knit stitches and stitch combinations, intended 

uses, methods of production, and uses for knit items. Knitting will be explored in depth during 

this paper. 

New Age Technology/Technical Innovation Influx 

With increasing innovation and technology advancement, there has been an influx of new 

and updated machinery. “New manufacturing technologies enable the apparel industry to move 

from labour-intensive production to capital-intensive production” (CBI Ministry of Foreign 

Affairs, 2019, sec. 3 para. 1). This increase of new technology has been driven by a number of 

reasons including: speed to market, interest in sustainability, increased labor costs, decreased 

workforce availability in developed countries, lean manufacturing and six sigma practices, 

increased understanding and capability in technology, change in customers perceptions and 

desires, need for more quickly adaptable production changes, desire for increased customization, 

and interest in reshoring. Like many other industries, the textile and apparel industry is 

progressively becoming more automated and requiring less hands on labor. With this pressure of 
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drivers and influx of new available technology, companies must learn to adapt existing products 

to new technology and processes to remain competitive in the textile and apparel industry.  

Due to many of the reasons mentioned previously, there has been an escalation of new 

technology in all textile and apparel manufacturing methods including; nonwovens, wovens, 

knits, garment construction methods, finishing methods, and more. Some innovations that are 

leading to supply chain transitions include: traditional cut and sew production lines to sewbots, 

traditional screen printing to digital printing, conventional knitting followed by cut and sew to 

seamless knitting, apparel product development and fitting transitioning from prototypes and 

physical fit sessions to virtual reality and 3D rendering, evolution to smart factories using 

Robotics and Artificial Intelligence (AI), and more.  

With knit fabric and garments gaining market share, new knitting technologies and ways 

of knitting products, like the seamless technology, are becoming more prevalent and gaining 

attention in the textile and apparel industry. While all of the aforementioned technologies, and 

hundreds of others, are altering or revolutionizing the textile and apparel industry in some way, 

certain technologies like seamless knitting have a broader impact across the supply chain.  

This technology, requiring special machinery, has eliminated all cut and sew processes 

during the production of a knit garment. While certain technologies like sewbots are changing 

one phase of the garment making process, seamless knitting technology is combining the fabric 

construction phase, cutting and sewing phase into one process on one machine. This technology 

has the potential to create a transformative change in the knit supply chain by eliminating large 

table cutters, sewing machines, much of the human labor involved in the garment manufacturing 

process. In addition, time loss between moving rolls of fabric to a cut and sew factory and the 

associated costs are eliminated.  
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Knit Fabrics and Machines  

Qualities and characteristics of a knit fabric. There can be high variability in knit 

fabric characteristics based on a number of factors including: the yarn type used, gauge, machine 

type, takedown, stitch length, stitch structure, and more. Though there can be great variability, in 

general knits are unique from other fabrics in several ways. According to Wilson (2001), knit 

fabrics often exhibit a higher amount of elasticity and recovery when compared to woven fabrics 

of the same fiber and yarn components. Furthermore, when stretched, knit fabrics will usually 

return to their original shape and typically have forgiveness to deformation. This is due to the 

inherent stitch shape and, an interlocking of yarns in the loop structures, as opposed to the 

ninety-degree interlacement of woven fabric yarns (Wilson, 2001). In addition, knit fabrics’ 

exhibit higher air permeability due to the open loop of the stitch structure. Such properties can 

improve fit, decrease wrinkles, increase freedom of movement for the wearer, increase overall 

comfort, and allow for good drape, making them ideal for athletic applications or those that 

require increased elasticity and forgiveness (Haffenden, 2007; Wilson, 2001). 

Although knits inherently exhibit the qualities discussed above, the degree to which they 

possess these can be influenced by a number of factors. While knit structures can allow increased 

air permeability, elongation, stress to deformation, and recovery, these qualities can be 

influenced by the type of fiber, type of yarn, the fabric structure, and the machine used.  

Fiber. The type of fiber used in the yarn during fabric formation has an influence on final 

knit fabric properties. ASTM defines a fiber as “a generic term for the various types of matter 

that can be transformed into a yarn having a length, at least 100 times its diameter, and which 

can be used to produce a flexible structure by weaving; knitting; braiding; felting or any other 

means of processing,” however fibers for textile use must also have a “sufficient strength, 
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cohesiveness, and flexibility” (ASTM, D123-19 Standard Terminology Relating to Textiles. 

D13.92, 2019). Fibers differ in their physical and chemical properties. They can be natural, 

animal, vegetable, mineral, manufactured, regenerated fiber, or synthetic fiber (Collier, Bide, & 

Tortora, 2000). 

Yarn. Additionally, the type of yarn, made from fiber, also has an influence on final knit 

fabric properties. Yarns are assemblies or strands of fibers, which have been intertwined, twisted, 

or otherwise held together to create a connected or continuous strand (ASTM, 2019; Spencer, 

2001; Wilson, 2001). Yarns are classified in two categories, filament or staple, which define the 

length of the fiber. Yarns can differ in: type of fibers used, number of strands combined, also 

known as the ply, number of twists per inch, the direction of twist, S or Z, the diameter of the 

yarn, type of twisting or combining method, texturing process, and other special treatments or 

finishing (ASTM, 2019; Spencer, 2001; Wilson, 2001). These factors can affect yarn uniformity, 

degree of resilience in the yarn, yarn hairiness, yarn breaking strength, and more (Hergeth, Da 

Silva, & Marin, 2003; Manea, 2000; Spencer, 2001; Wilson, 2001). 

Fabric. Properties of a knit fabric can be further influenced by the type of structure 

chosen and the interdependence and formation of a stitch to the stitches above, below, and beside 

it (Wilson, 2001). Knit fabrics are formed by loops interlocking in their vertical or horizontal 

movements, also known as warp and weft structures (Spencer, 2001). Warp and weft will be 

expanded on in the following section. Knit structures chosen during the apparel design phase can 

influence the elastic recovery, opaqueness, dimensional stability and properties, as well as the 

shrinkage of fabrics (Lamar & Ma, 2013). While certain knit structures can result in increased air 

permeability and create more extensible and lighter weight fabrics, utilizing those structures in a 

fabric can also decrease strength, cover, stability, bursting strength, and increase opacity 
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(Spencer, 2001). The type of knitting stitches and the way the stitches interloop is dependent on 

machine type and capabilities.  

Knit machines. The type of machinery used to form a knit structure can affect the 

properties of a knit fabric. There are warp and weft machines. The way the loops are intermeshed 

and the type of structures in the knit fabric are dependent on the type of knit machine and its 

capabilities.  

Warp. A warp knit consists of loop structures, which are formed in the vertical direction 

with the direction of the yarn feed parallel to the direction of fabric formation (Nawab et al., 

2017; Reichman, 1972). In warp knitting, there is a package of yarn for every needle supplied 

from the warp beam or creel creating a simultaneous yarn-feeding and loop-formation action, 

meaning a set of needles forms a series of loops at the same time (Nawab et al., 2017; Reichman, 

1972; Spencer, 2001). According to Spencer (2001), warp knitting machines are classified into 

tricot and Raschel machines, based on the type of sinkers. This controls the method in which the 

fabric is held and the machine mechanism, meaning the fabric holding method and mechanism, 

the machine uses. While warp knitting has higher productivity, it accounts for a portion of 

knitting used for apparel as very little of knitting as it has less stretch and resilience compared 

with weft knitting. It is commonly used for end products other than apparel, and is therefore not 

often used for apparel (Choi & Powell, 2005; Spencer, 2001). 
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Figure 2.4. Structure of a warp knit fabric.Taken from Nawab et al., 2017. 

Weft. A weft knitted fabric is formed with loops interlocking horizontally and building up 

row by row. According to Spencer (2001), only one package of yarn is needed for a weft knit, 

depending on the type of machine and fabric design. One or more yarns feed into a series of 

fixed needles, creating loop formation in succession rather than simultaneously. Weft knitted 

fabrics can be produced on a variety of machines including: circular, flat, and straight bar 

machines. In general, weft knit machines require less floor space, have lower total capital costs, 

are more versatile, have potential for quick pattern changes and short production runs, require a 

lower stock of yarn holding requirements, and are therefore more attractive than warp machines, 

especially to small manufacturers (Spencer, 2001). There are several types of warp knit 

machines, which will be discussed below.  

Circular. Circular machines have needles arranged in a cylinder shape, and the yarn, or 

yarns, are fed to the needles and traversed around the machine in a circular motion (Spencer, 

2001 Wilson, 2001). The machine creates tubes of fabric, which can then be slit into widths. 

Circular machines are known for their versatility, as well as quick production due to the fact that 

the yarn travels one direction as opposed to flat bed machines, which traverse back and forth, 
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slowing down at each end. Machine efficiency can be further increased by the number of feeder 

points, which directly correlates to the productivity of the machines (Wilson, 2001). However, 

while circular machines are capable of producing at high speeds, they have the least shaping 

ability and are not good for quick style overturn or custom pieces.       

Flat bed. Flat bed machines have a series of needles arranged in a straight line, resulting 

in the yarn traversing from left to right then right to left. This machine produces fabric in an open 

width but is limited by speed due to the needle bed arrangement, thus results in lower 

productivity than a circular knit machine (Wilson, 2001). While a flat bed machines cannot 

match the productivity of a circular knit machine, by increasing the number of carriages from 

one to two allows for a double in production (Brian Davis, Wilson College of Textiles Knitting 

Technician and Lab Manager, personal communication, 2019). Historically there were two major 

configurations within flat bed machines: a V-bed machine and a purl machine. Today only the V-

bed machine is used, as the purl machines were not only complex and slow, but modern 

advancements allow the V-bed machines to have the same capabilities of patterning, transfers, 

and needle bed racking that formerly was unique to the purl machine. V-bed machines are 

arranged in an inverted V shape, with two rib-gated needle beds placed at an angle, between 

ninety and one hundred and four degrees (Spencer, 2001). 

Knitting stitches. A knit stitch is the loop that is formed by the needle to create an 

intermeshing of structures. Loops have a face and reverse side, which is "defined by the 

relationship of the inclined portions which form the two sides of the loop" (Reichman, 1972, p. 

166). There are three main types of formations on weft knit machines that can create a variety of 

knit structures, all with different properties. These main formations are: knit, tuck, and miss 

(Figure 2.5, 2.6, and 2.7). 
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Figure 2.5. Technical face of a jersey knit fabric. (Spencer, 2001, p. 61) 

 

Figure 2.6. Technical face of a knit fabric with a miss stitch. (Spencer, 2001, p. 95) 
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Figure 2.7. Technical face of a knit fabric with a held loop. (Spencer, 2001, p. 92) 

A knit stitch is the basic formation of a loop, while a miss stitch, also known as a float, 

does not form a new loop, instead of passing the yarn across the needle where it does not receive 

it (Figure 2.6). Miss stitches are usually used for hiding a color of yarn behind the fabric or 

where there is a transition from one yarn to the next. A tuck stitch is the result of a held yarn, 

meaning that the yarn is taken by the needle to form a loop, but instead of casting off the loop 

previous to the next course being knit, the yarn is held and the needle receives a new yarn. Tuck 

stitches are used for a variety of reasons including: decorative, to produce certain effects, or 

improve the resistance of the fabric. However, tuck stitches do narrow the fabric and lower its 

extensibility (Wilson, 2001). While there are innumerable combinations of these structures, this 

review will focus on a few of the most popular as defined in Knitting Technology - A 

Comprehensive Handbook and Practical Guide by Spencer (2001). A plain knit fabric, also 

known as a jersey, is the simplest fabric structure, only requires one set of needles, and is formed 

by a series of knit stitches, with the face defining the front of the fabric and the reverse defining 

the back of the fabric (Wilson, 2001). A rib fabric combines the face and the reverse of a knit 
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stitch on one side of the fabric, requiring two sets of needles, are usually formed on V-bed 

machines or circular machines with a cylinder and dial. This fabric, unlike a plain fabric, is 

balanced, does not curl, and is more elastic than plain fabrics. A purl knit contains both face and 

reverse loops intermeshed in the same wale, facing both directions (Spencer, 2001; Wilson, 

2001). Purls can be knitted on a specialty purl machine, which is no longer in use today, or they 

require a rib loop transfer mechanism. An interlock fabric, inspired by rib, is a double-knit 

structure, also understood as two fabrics, which are interlocked or intermeshed together. 

Interlock structures require a special arrangement of needles which allows opposite needles to 

knit at different times, in turn showing the wales of the face loops on each side of the fabric in 

line with each other, thus disguising the reverse side of the loops (Spencer, 2001; Wilson, 2001). 

Knit structure is not the only factor when considering a fabric’s characteristics; machine gauge 

also plays a very important role. 

Gauge. Gauge is defined by the number of needles per inch or centimeter, depending on 

the numeric system used in the country of production and design (Spencer, 2001). However, 

fully fashion machines tend to measure gauge as the number of needles per inch and a half. Each 

needle correlates to a knit loop, meaning the number of needles per inch or centimeter is also the 

number of loops per inch or centimeter in the fabric, and the distance between one needle and 

another, known as the pitch, is directly proportional to the gauge (Spencer, 2001; Wilson, 2001). 

The gauge of the machine signals the amount of space between the needles, determining the 

maximum thickness of a yarn. Dividing the total number of needles by the length of the machine 

bed, in inches or centimeters, and then rounding up to the nearest whole number will reveal the 

gauge of a machine (Spencer, 2001). Common machine gauges can vary anywhere from 2 ½ 

gauge, or 2 ½ needles per inch, a very heavy gauge machine, to 32 gauge, or 32 needles per inch, 
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a very fine machine. Jersey fabrics are usually produced on finer gauge machines, ranging from 

an 18-32 gauge, whereas most commercial sweaters are produced on 2 ½-14 gauge machines, 

with the majority being knitted on a 7-12 gauge machine (Wilson, 2001). The higher the gauge 

of the machine, the closer the loops are intermeshed, creating a finer and denser fabric. In 

addition, the higher the machine gauge, the more time it takes to knit the fabric, therefore a long 

sleeve sweater produced on a 5 gauge machine can be knitted much more rapidly than a long 

sleeve tee shirt manufactured on a 28 gauge machine (Wilson, 2001).  

Knitting Machine Technology 

There has been a continuous increase in the popularity of knit fabric and its market share, 

as such, knit production methods and equipment have changed to keep up with demand. 

Knowledge of the history and development of past knitting machines provides understanding of 

present knitting machines and future potential.   

Over time there have been a number of revolutionary breakthroughs that changed knitting 

machine technology, knitting capabilities, and the knit industry overall. One of the most recent 

and significant breakthroughs in knitting technology occurred in 1995, with the creation of a 

knitting machine that could produce a finished garment requiring no cut and sew labor after the 

knitting process. This technology, also known as 3D knitting, seamless knitting, Whole Garment, 

or Knit and Wear, is paramount to new innovations and knits and has not only modernized 

knitting capabilities but also eliminated the cut and sew supply chain of garment construction. To 

properly understand this technology and how it has revolutionized knitting, one must look at the 

history of knitting (Choi & Powell, 2005).  
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Knit fabrics: History and development, types of knits, and production methods. 

Knit production: Past, present, and future. The period to which the first knitting 

remnants were found varies according to scholars. Some believe the first knitting techniques can 

be dated back to 1200-1500 B.C, while others believe that the first true knitting techniques, as 

defined in today's terms, are dated between 250 and 1100 A.D. (Gibson-Roberts & Robson, 

2005; Kadolph & Langford, 1998; Wilson, 2001). While hand knitting has been around for 

centuries, it was not until 1589 that the knitting process was mechanized through Reverend of 

Nottingham’s, William Lee of Calverton, invention of the knitting frame (Gibson-Roberts & 

Robson, 2005; Wilson, 2001). Spencer (2001) states that in 1769 the first power-driven knit 

machine appeared, developed by Samuel Wise. In this machine the foot pedals were replaced 

with a power-driven rotary shaft, allowing arms and levers to move the working parts of the 

knitting machine. Over time, other modifications to the knitting frame included a self-acting 

narrowing mechanism that replaced the hand-controlled loop transfer by Luke Barton in 1857, 

and the movable needle bar invented by Paget in 1861 (Spencer, 2001). While these 

modifications helped advance knitting machines by creating an increasingly automated system, it 

was not until William Cotton of Loughborough that knitting machines began to have the 

capabilities needed for mass production. Around 1846, William Cotton obtained a patent to 

replace the hand controlled power-driven rotary frame with an automatic fashioning multi-head 

straight bar frame, capable of producing fabrics at much higher speeds. His patent, deemed the 

‘Cotton Patent' or the ‘Cotton Machine', along with his later inventions of the vertically moving 

needle bar, the screw-controlled fashioning points, and the driving shaft to reduce machine 

vibration was the foundation for the knitting industry to turn from "a cottage-based to the mass 

production industry" (Spencer, 2001, p. 194). While the Industrial Revolution helped to move 
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knitting into a larger commercial market by mechanical developments, it was not until the late 

1880s, and the early 1900s, that the knit market gained fashion prominence. Throughout the 20th 

century, knitting gained in popularity and Nutting (1989) identified five trends that drove 

increased market growth. These trends included: 1) influence of new fibers and yarns, 2) 

electronics, computers, and computer-aided design, 3) integral garment production, 4) 

productivity and 5) control of fabric quality (Nutting, 1989). 

Key developments in mechanical knitting leading to whole garment knitting. While 

many of the historical knitting developments discussed above contributed to the development of 

the modern seamless knit garment machines, there were several key events essential to Shima 

Seiki’s release of the Whole Garment knitting machine at International Textile Market 

Association (ITMA) 1995. The concept of seamless garments dates as far back as the fourth 

century AD and was used for Egyptian socks during the Coptic era. The idea of producing 

seamless garments continued through the Medieval era for items such as socks, hats, gloves, 

hosiery, and other accessories (Glock & Kuntz, 2004). One of the first important developments 

leading to today’s seamless apparel was flechage, which allowed the width of a garment to be 

adjusted by utilizing transfers between the front and back needle beds. This method was later 

used in the first automatic V-bed seamless glove machine (Foster, 2017). After the potential of 

flechage was realized, the Basque beret became popular, utilizing a flat knitting machine to 

produce a number of inter-linked triangles, forming a simplistic soft rounded hat shape, known 

as a beret. A fully- fashioned hosiery machine was invented in 1959, followed by the automatic 

flat knitting machine in 1962 and the V-bed full-fashioned flat knitting machine in 1968. Many 

other smaller discoveries contributed to the technical development of seamless knitting. Foster’s 

(2017) work titled “Factors Influencing the Adoption of 3D Knitting Technologies by U.S. 
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Companies: A Case-Study Analysis", provided a thorough review of the developments in weft 

knitting from 1589 to 2015 that lead to the development and continued improvement of seamless 

knitting.  

The seamless knit market is growing and expanding into a variety of markets. Current 

areas where seamless knitting is prevalent include: prescription manufactured customized 

medical apparel, medical textiles, hosiery, intimate apparel, swimwear, upholstery, apparel, 

automotive textiles, industrial textiles, sports applications, safety gear, gloves, and wearable 

technology (Dion, 2012; Kanakaraj, & Ramachandran, 2010; Shima Seiki, 2019). 

Traditional Garment Construction Methods 

Cut and sew. Cut and sew is the most common method of production for knitted 

garments, and for garment construction from woven and non-woven fabric as well. Cut and sew 

garments are made from cut pieces of panels or lengths of fabric which are cut then sewn 

together (Peterson & Ekwall, 2007; Wilson, 2001). An example of this can be seen in Figure 2.8. 

Cut Make Trim (CMT) (contractors) are common. These contractors receive the lengths or rolls 

of fabric, cut the garment pieces from the rolls, join them typically through sewing to produce 

the apparel product (Glock & Kunz, 2004). As such, this method of production is popular in 

countries with a large workforce and low labor costs, namely countries as South Africa or South 

East Asia (Peterson & Ekwall, 2007). 
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Figure 2.8. Cut and sew construction production. (Choi & Powell, 2005, p. 9) 

Fully-fashioned garment production. Fully-fashioned garment production is a 

construction method unique to knit garments. A fully-fashioned garment is typically made of 

individually shaped and sized knit garment pieces, produced through increasing or decreasing 

wales through the transfer of stitches on the knitting bed (Reichmann, 1972; Wilson, 2001). An 

example of the shaped pieces produced by fully-fashioned knitting can be seen in Figure 2.9. 

Fully-fashioned garments require any trimmings or pockets to be knitted separately from the 

garment pieces and then attached. The individual pieces are then fashioned together by 

overlocking, cup seaming, or linking, also known as looping (Reichman, 1972; Wilson, 2001). 

Cup seaming utilizes a chain stitch to join the selvedges of two pieces of knitted fabric together 

producing a traditional seam. Linking is similar to cup seaming, in that it joins two edges of a 

knit together. Linking produces a chain stitch, similar to what is used during cup seaming. 

Linking or looping is most often used to join collars, sleeves, front, and backs together, as well 

as ribs to sleeves and waistbands (Reichman, 1972). The time it takes a skilled laborer depends 

on the product and gauge of the knit. For example, it can often take 12 minutes to link a fully-

fashioned sweater on a 12 gauge machine and 20 minutes to link a sweater knitted on an 18 

gauge (Peng, Jiang, Cong, Luo, & Zhao, 2018).  
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Figure 2.9. Fully-fashioned construction.(Choi & Powell, 2005, p. 9) 

Integral garment production. Integral knitting is similar to fully-fashioned knitting 

where the garment is knitted in individual shaped pieces and the pieces are joined through means 

of overlocking, cup seaming, or linking. However, unlike fully-fashioned garments, in integral 

knitting any trimmings, pockets, or buttonholes are knitted into the garment pieces, and therefore 

do not need to be attached in a separate process (Peterson & Ekwall, 2007). 

Whole garment/ seamless/ 3D garment production. There are many terms to describe 

seamless knitting, including Whole Garment, Knit and Wear, complete-garment knitting, and 3D 

knitting. For the remainder of this thesis, the term seamless knitting will be used. All of these 

terms refer to an entire knitted garment produced on one machine that does not require any 

subsequent shaping, cutting, or joining processes (Hunter, 2004; Legner, 2003; Mowbray, 2004; 

Figure 2.10). Garment shaping for seamless technology occurs through wale or course shaping; 

these methods increase or decrease the number of stitches on the row or column respectively, 

allowing for seamless garment shaping and design (Figure 2.11 and 2.12; Madhumathi, 2012). 

The knitting process for seamless garments, much like integral knitting, includes adding all 

trims, pockets, or buttonholes during the knitting of the garment (Peterson & Ekwall, 2007). 

Madhumathi (2012) reported that there was a potential for seamless garment technology to hold 

up to fifty percent of the industries sales by 2022. 
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Figure 2.10. Seamless garment knitting construction.(Choi & Powell, 2005, p. 11) 

 

Figure 2.11. Narrowing with bind off on seamless knitting.(Spencer, 2001, p. 187) 

 

Figure 2.12. Widening with Split-Stitch on Seamless Knitting.(Spencer, 2001, p. 187) 

Advantages of whole garment knitting. Seamless technology is becoming increasingly 

popular due to a host of advantages over traditional knit, cut, and sew processes (Choi & Powell, 

2005; Spencer, 2001).  
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Some include: 

• Ability to easily customize and individualize pieces to a specific fit 

• Quick-response development and production 

• Elimination of cut and sew processes 

• Reduced production sequence length 

• Reduced floor space for machines 

• Eliminate time and costs associated with transportation from the fabric production 
facility to the cut and sew facility 

• Elimination of labor associated with the cut and sew phase  

• Lower lead-time 

• Potential savings in production and cost 

• Reduced fabric and yarn waste 

• Increased garment sustainability 

• Ability of multi-gauge knitting 

• Elimination of any seams which can cause discomfort and overall improved comfort 
 
• Improved aesthetic look 

• Reduced risk of damages or defects in the production of the garment 

• Superior fit 

• Potential to be more durable and longer lasting (Choi & Powell, 2005; Lamar & Ma, 

2013; Peterson & Ekwall, 2007; West, 2016; Nayak, R., & Padhye, R. 2015).  

Seamless knitting has the potential to change garment production and is becoming 

increasingly prominent due to the host of advantages it can provide. To fully understand the 

impact of seamless knitting, it is important to examine the advantages. The advantages including; 

reduce floor space and production sequence by eliminating the need for cut and sew, reduce 
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waste, reduce labor, produce higher quality products, reduce cost, and have a considerable and 

positive impact on the manufacturer, will be expanded upon in the next section.  

Reduced floor space and production sequence. Garments produced through traditional 

cut and sew processes can have a complex supply chain and the parts or pieces of the garment 

may have to travel to several different manufacturers before becoming a complete garment (Choi 

& Powell, 2005). Because a variety of steps and machines are required for cut and sew, it takes 

more floor space and a longer production sequence when compared to seamless knitting. 

Although fully-fashioned and integral knitting does not require cutting, eliminating one phase of 

the production sequence, the garment pieces still must be joined by means of seaming. Seamless 

knitting is the only type of garment production that only requires one machine and no process 

after the initial knitting phase (Figure 2.13). 

 

Figure 2.11. Supply chain of different construction methods. (Chircop, ND). 

Reduced waste. Seamless knitting can reduce fabric, yarn, and thread waste. When a 

garment is produced through means of cut and sew, up to thirty percent of the original fabric 

wasted, often ending up on the floor of the mill (Peterson & Ekwall, 2007). Other means of 

production, like fully-fashioned or integral knitting, eliminates all or the majority of the cutting 
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process, as well as removes any additional fabric waste that is associated with cut and sew 

production. While the fully-fashioned or integral knitting production methods result in lower raw 

material consumption and costs and a reduced step in the garment making process when 

compared to cut and sew, Peng et al. (2018) reported that fully-fashioned still consumes more 

yarn and thread when compared to seamless knitting production (Peterson & Ekwall, 2007). 

Reducing fabric waste and thread use is not only beneficial in a monetary sense, as consumer 

concern is raised in sustainability of textiles and apparel, reducing the use of unnecessary 

resources can become a marketing strategy to the consumer or benefit a company’s image.  

Reduced labor. Garments produced through traditional cut and sew processes are more 

labor intensive to produce when compared to seamless, fully-fashioned, or integral knitting. 

Fully-fashioned and integral knitting do not require the cut phase, eliminating one step of the 

process. However, unlike in cut and sew or seamless production methods, both fully-fashioned 

and integral garment require overlocking, linking, or cup seaming (Peterson & Ekwall, 2007). 

These processes require skilled labor and are more time consuming than traditional sewing. Peng 

et al. (2018) reported that fully-fashioned garment production has a much higher labor use than 

seamless knitting. Seamless knitting is the only garment construction process that does not 

require any labor post knitting.  

Improved attributes. Seamless knitting is known for certain improved attributes or 

characteristics when compared to cut and sew garment. For example, seamless knitting can 

maintain a more consistent appearance as seams, accessories, and add-ons can be integrated into 

the garment at the machine level, eliminating human error that may occur during those processes 

(Peterson & Ekwall, 2007). Seamless knitting eliminates all seams, reducing the potential for 

human error during sewing or joining. Reducing human labor components and the transfer from 
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one machine to another during garment construction can allow for a product to be more uniform 

throughout, as the entire garment is produced on a singular machine (Madhumathi, 2012; 

Peterson & Ekwall, 2007). Additionally, seamless garments do not have the small punctures that 

may be created by a needle and thread during the sewing processes, which can weaken and 

damage the fibers. Frequently seam ruptures cause premature garment failure, as the places 

where the fabric pieces are joined is often the weakest part of the garment (Madhumathi, 2012). 

Thus seamless garments have the potential to be more durable to wear. While there are different 

levels of garment quality, manufacturers or companies aiming to provide a consistent product 

with improved attributes can benefit from using seamless knitting technology.  

Cost and time effective. Madhumathi (2012) states that seamless technologies can save 

forty percent of the cost when compared to alternative existing apparel production systems. In 

addition to cost savings, seamless technology can allow for much quicker production. When 

compared to other traditional knitting and garment construction methods, seamless garments take 

on average 30–50% less time to make than a cut-and-sew version of the same garment, 

minimizing the traditional labor-intensive step of cutting and sewing and thus saving cost and 

time (Legner, 2003; Millington, 2001; Nayak & Padhye, 2015).  

Comfort. Seamless garments can be more comfortable for the wearer for several reasons, 

including superior fit and elimination of uncomfortable seams. Seamless garments can be easily 

tailored to a specific individual’s body through 3D scanning and utilization of CAD platforms. 

Even if body scanning and individual measurements are not used, seamless garments are said to 

increase comfort for the consumer by reducing stress points and or bulkiness caused by seams 

(Choi & Powell, 2005; Madhumathi, 2012; Peterson & Ekwall, 2007). Seams, a variety used in 

all other garment production methods, can be the cause of discomfort or irritations.  
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Challenges and barriers to seamless knitting. While seamless knitting technology has 

advantages, challenges and barriers have also been identified. Some of these include: machine 

expense, complexity of machines, need for skilled labor and personnel, decrease in knitting 

speed when compared to circular knitting, transitioning from cut and sew to seamless 

technologies requires a reconfiguration of the supply chain, and a fault during knitting, like a 

hole or barre, damages the entire garment, and slow industry adoption to seamless technologies 

due to all of these factors (Lamar & Ma, 2013, Peterson & Ekwall 2007). Though seamless 

knitting saves yarn and labor costs, the final garment, due to the investment required for 

technology and trained personnel, initially it is often more expensive than cut and sew garments.  

Though seamless garment technology is constantly improving, there are several key 

barriers. First, and most pronounced, is the high cost of the machinery as well as the lack of 

skilled programmers and technicians needed to create the electronic program, understand 

settings, operate, run, and maintain the machines. A less obvious but common issue is 

maintaining equal tension on the fabric as it moves through the take-up rollers; if the tension is 

not equal loops can easily extend or break. In addition, when an error during knitting occurs that 

results in a hole in the fabric, the entire garment is damaged as opposed to all other garment 

manufacturing technology where just a single piece of the garment would be damaged and could 

easily be replaced. Another issue arises is during alternate needle selection, used to allow the 

transfer of loops during the garment shaping process, there is a potential for less elasticity, 

particularly in areas like the cuff, when compared to a cut and sew or fully fashioned garment 

(Kanakaraj, & Ramachandran, 2010; Madhumathi, 2012). 
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Seamless Knitting Machinery 

There are two major manufacturers of seamless knitting machines, Stoll and Shima Seiki. 

While the machinery and the programming differ, they perform the same basic functions. 

On the most basic level, both Stoll and Shima Seiki seamless knitting machines utilize a 

CAD system to create the program that the machine reads. Both machines utilize v-bed knitting 

and a series of carriers to transport the yarn across the bed. Stoll’s “Knit & Wear” is comparable 

to Shima Seiki's “Whole Garment” machines. Both companies’ machines offer seamless ready to 

wear garments that do not require any additional construction processes after coming off of the 

machine. Both companies’ machines have capabilities for complex structures and designs, multi-

gauge knitting, and offer basic pre-made apparel and accessory templates. As for machine 

mechanisms, both Stoll and Shima Seiki machines house the same basic functions, however, 

each company has developed a specific way of performing these functions. For example, while 

both machines utilize takedown systems, Stoll developed the Stoll-multiflex® fabric take-down 

system, while Shima Seiki utilizes a “pulldown device”. Choi and Powell (2005) thoroughly 

reviewed the differences and similarities between the Shima Seiki and Stoll machines.  

Shima Seiki equipment was available for this thesis research. As such, for the purposes of 

this study, Shima Seiki’s Whole Garment machines and operational functions will be explored in 

depth in the next section.  

The Shima Seiki Machines Operational Mechanisms 

The Shima Seiki Whole Garment systems are fully automated V-bed machines utilizing 

four beds to create a seamless garment. Shima machines house an electronic selection system, 

similar to those selection systems used in any mechanized knitting system (Spencer, 2001). 

Cams push the butts of needles up, traversing from left to right on both front and back beds 
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passing through the selection systems, two to four, depending on the type of machine (Peng et 

al., 2018; Spencer, 2001). The systems house a complete camming system as well as a two-way 

transfer mechanism, allowing stitches to be transferred from one bed to the other seamlessly, 

regardless of carriage direction. Shima Seiki machines, like other conventional V-bed machines, 

utilize takedown rollers to hold equal tension on the fabric as the garment is knitted. This step is 

especially important in whole garment knitting, as an error in one loop can create a garment that 

does not meet quality standards. The Whole Garment machines have three separate systems, two 

for each arm of the garment and one for the body; each of these is called a carriage. The three 

tubes, two arms and one body, are knitted separately by the carriage systems and then joined at 

the underarm point by taking the two arm systems out of the knitting zone. The carriage system 

that was previously used to knit the body tube joins the three tubes at the underarm, shoulders, 

neck, and then finishes knitting the garment (Kanakaraj & Ramachandran, 2010; Rao, 2012; 

Taylor, 2015). Taylor (2015) provided a full review of the Shima Seiki technology covering: 4- 

needle bed technology, the compound side needle, stitch control systems, and the SDS- one 

Apex 3 system.  

Shima Seiki machines. Currently, Shima Seiki offers five variations of Whole Garment 

knitting machines including; the MACH2XS, the MACH2X, the MACH2S, the SWG 021 

N2/041 N2/061 N2/091 N2, and the FIRST 124/154, each with a different specialty including 

gauge, speed of knitting, machine size, and the type of items it is capable of knitting.  

The MACH2XS machines are capable of knitting full-sized seamless garments. This 

machine was available to be utilized for the purposes of this study, as such it will be explored in 

depth in the following section.  
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MACH2XS. According to Shima Seiki (2019), the MACH2XS is known as their 

"flagship" Whole Garment machine, features four needle beds combined with the Shima Seiki 

original SlideNeedle, designed specifically for seamless knitting, allowing ease during flechage 

knitting. The MACH2XS utilizes a four-bed needle configuration, which combines a traditional 

V-bed machine with an additional two needle beds attached on top. The four-needle bed allows 

for an increase in knitting capabilities including transferring, design and patterning potential, 

gauge options, and knitting speed, allowing the capability of producing a wide range of seamless 

garments. While there are several types of knitting needles that can be used, the needles used on 

the MACH2XS, deemed “The Original SlideNeedle”, are specific to Shima Seiki. The 

SlideNeedle utilizes a new design of the traditional latch needle, with a flexible two-piece slider 

mechanism that allows extension beyond the needle hook for complex transfers to allow 

symmetrical loop formation, pertinent in the creation of the tubes and garment shaping that form 

a seamless garment. The system utilizes a computer controlled take down mechanism that has 

one and half-inch separate sections, which allow for individually controlled tension sections. 

This reduces the potential for one of the disadvantages of seamless knitting, by providing three-

dimensional shaping while limiting stretching knit loops, thus reducing breakages. This is 

particularly important in a seamless garment as one yarn break can cause the entire knitted item 

to drop from the machine (Shima Seiki, 2019).  

Shima Seiki software capabilities and development. According to Shima Seiki (2019), 

all of their machines link to the SDS-ONE APEX3 software. This software is exclusive to Shima 

Seiki and set up to create a seamless process between initial product design and final production. 

While Shima Seiki (2019) software is first and foremost designed for seamless garment 

programming, it also houses extensive development capabilities, including: flat knitting, circular 
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knitting, textile development, and print development. According to Shima Seiki (2019) by 

utilizing the APEX3 software through the entire design process, it is possible to reduce the time 

spent in product planning and sample making phases significantly, reducing the cost associated 

in those phases with labor, materials, and shipping fees. The flat knitting software, also known as 

KnitPLM, capabilities include "design and color way tools, as well as various other functions 

specialized in the planning and design of apparel products" (Shima Seiki, 2019). The object of 

this software is to allow for fully integrated apparel manufacturing from planning and design 

through production and sales promotion, even going as far to link washing, steaming, and quality 

checkpoints (Shima Seiki, 2016; Shima Seiki, 2017). To achieve this the flat knitting portion of 

the APEX3 design program includes six stages, each with a variety of specialties including: 

planning, patternmaking, virtual sampling, programming, production, and sales promotion 

(Shima Seiki, 2019). The first stage, planning, is crucial for the knitwear designer and 

programmer. This stage includes yarn scanning, fashion illustration, pattern designing, colorway 

simulations, illustration stitch conversion, and a pattern check. The software also houses 

advanced virtual sampling including 3D rendering, real-time 3D view, loop simulation, product 

imaging, and virtual sampling applications. This allows designer and programmers to have a 

superior understanding of the item or garment created on the virtual program before physical 

knitting takes place, reducing time during the prototype and sampling stage. The knit 

programming system is where the programmer or designer develops the program that Shima 

Seiki knitting machines read when knitting a seamless garment. The software includes visual 

shaping, creating knit data, yarn carrier settings, knitting assist, knit viewer, and loop simulation. 

The knit programming, or knit data, is at the foundation of product creation, giving the ability to 

size, program, and visualize apparel items (Shima Seiki, 2019). The CAD program houses a 
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diverse set of garment styles and knit structures, which are color-coded and written in knit 

notation in the software, known as the knit data. The knit data communicates with the machine 

how and when to form loops and when to transfer loops. The APEX3 software allows the user to 

utilizes the pattern, size, and data developed for the garment and run the program through virtual 

simulation. The virtual simulation gives the user an opportunity to evaluate what the garment and 

structure will look like when knitted and address any potential problems in the program. The 

program runs a self-check, which allows it to identify errors that may result in machine issues 

during knitting. This analysis reduces the number of knit trials and protects the machine from 

any potential issues the program may cause (Rao, 2012). In 2017, Shima Seiki (2019) released a 

updated version of the software with new operation steps. The new method of operating was 

developed to enhanced working efficiency by 40%. 

Development, design, and programming of seamless garments. CAD programming on 

purpose-built computers is becoming an increasingly integral part of the design process today, 

whether it is used for architectural, engineering, or design (Eckert & Martin, 1994). According to 

Taylor (2015) and Eckert and Martin (1994) the initial design and programming of a seamless 

garment using CAD software is a complex and time-consuming process. Furthermore, knitwear 

programming uses both technical and design skills and the process can take anywhere from days 

to months, depending on the complexity of the program. Though little documentation was found 

on the process of transferring a cut and sew garment to a seamless garment, there are resources 

that can aid in the general understanding of knitwear programming. 

Taylor (2015) explored the development of seamless silhouettes and reviewed three 

“research practitioners”. While this research dealt with the creation of apparel items using the 

Shima Seiki technology, this review, as others, was concerned with the unique shaping and 
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innovative silhouette possibilities. In order to use unique shaping techniques or to create an item 

outside of Shima Seiki’s provided library the programmer or designer must create new packages 

within the software, which requires advanced programming knowledge and an experienced 

knitting technician (Taylor, 2015). 

Eckert and Martin (1994) provide some valuable information regarding the process and 

the job of the knitwear designer and programmer. First and foremost, they comment that the role 

of the knit technician is to work with the designer to knit the design at a reasonable cost, 

minimize problems, and produce acceptable results. "This requires detailed knowledge of the 

capabilities of the knitting machine and the limitations of what can be achieved with a particular 

yarn, as well as competence with the CAD system" (Eckert & Martin, 1994, p. 413). Eckert and 

Martin note that price constraints and length of time to knit can drive much of the knit 

programming process. Comparing knit designers or knit technicians to computer programmers, it 

is paramount there is an understanding of stitch structure, cost, machine feasibility, and 

knitability, the ease of knitting the program, in addition they must be able to modify those values 

to achieve the end desired result (Eckert & Martin, 1994).  

Though many design models exist, little existing research was found on the steps and 

process of transitioning a garment from the knit, cut, and sew process to seamless knitting. This 

transition requires a complete shift of the supply chain, combining three previously separate 

processes and eliminating the transportation usually required between the independent phase. For 

Example, if a garment consisted of three types of fabric structures, the supply chain for cut and 

sew could look like this:  
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Figure 2.12. Cut and sew supply chain and seamless knitting supply chain. Adopted from 
Kincade & Gibson, 2010. 

Furthermore, seamless knitting requires a different skill set and knowledge base than that 

used for cut and sew garment manufacturing. While seamless knitting technology can offer a 

host of benefits, transitioning an exiting garment from cut and sew to seamless knitting requires 

careful planning and a through understanding of the technology and machinery. Some basic 

methodology can be adapted from traditional apparel design models and applied to the process of 
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transitioning from cut and sew to seamless garments. Ma (2013) provided a review of the 

existing design models and process of developing a knitwear item. Through this review, it was 

found that while a multitude of design models exist, only a few focused on shaped panels or 

seamless knitwear and none were specific enough to guide an inexperienced programmer 

through the process. To understand how shaped panel or seamless garment knitting differs from 

cut and sew and build a design model specifically for seamless garment creation, Ma focused her 

research on the relationship between stitch structure and garment size. Through variety of 

samples containing various knit structures also known as jersey, tuck stitch, and miss stitch 

structures, Ma found that the different knit structures, produced from the structures mentioned 

previously, affect overall garment size and shape. While garment shape and size are defined after 

the knitting process for cut and sew garments, garment shape and size are defined prior and 

during the knitting process for shaped panel or seamless garments. After mathematically 

evaluating the relationship between stitch structure, which can change the size and shape, she 

aimed to develop a model to assist shaped panel or seamless garment designers through the 

entire process by providing an engineered design process, predicting garment size, and providing 

assistance to creating knit programs (Figures 2.15, 2.16, 2.17). She achieved this by interviewing 

knit designers and creating a case study to thoroughly understand beginning knit programmers 

needs when creating shaped panels or seamless garments. Through this process, a model was 

developed to be used during the design and programming phase. The model consists of three 

phases: garment style generation, digital design with CAD/CAM, and knit garment prototyping. 

The chart model for each phase is pictured in Figure 2.13-2.15 (Ma, 2013).  
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Figure 2.13. Phase One in knit garment prototyping.(Ma, 2013) 

 

Figure 2.14. Phase Two in knit garment prototyping.(Ma, 2013) 
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Figure 2.15. Phase Three in knit garment prototyping.(Ma 2013) 

Through evaluation of additional knitwear models (Eckert, 2006; Pitimaneeyakul, LaBat, 

& DeLong, 2004; Yang & Love, 2008), engineered design models (Chapman 2008), and general 

apparel production models, it was found that Ma’s model was the most applicable to the creation 

of seamless apparel items in the Shima Seiki software. While other design models may be more 

applicable to fast fashion or large companies using trends to develop certain apparel items, the 

most relevant model to grasp the design steps to developing a garment in the Shima software is 

Ma’s model.  

While Phase One of Ma’s model deals with concept generation and trend research, which 

is not applicable to this study, methods of garment analysis, defined by Glock and Kuntz (2004) 

as visual inspection, augmented inspection, or laboratory analysis can be placed previous to Ma's 
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phase one. By using methods of garment analysis prior to using Ma's model, one is able to take 

an existing garment and evaluate its features to re-create all or some of the garment. After 

evaluating the existing cut and sew apparel item, one can use parts of Ma’s model to guide the 

prototyping and design process to produce a whole garment version of the original cut and sew 

item. While this information can be used as a base and guide to build an understanding of 

transitioning a cut and sew garment to seamless knitting, the author found no literature that talks 

about the transition. To fully capitalize on seamless technology, research should focus on a 

widely applicable guide to aid in the transition of a cut and sew item to seamless knitting 

garment manufacturing.  

Product to be Transitioned 

There were a variety of different products that were considered as the model to transition 

from cut and sew to seamless knitting. The aim of this research was to find a product that was 

widely available but still held a niche market. The product needed to have characteristics that 

could transition to seamless technology easily and prove the transition could be beneficial.  

It was decided the garment to transition from cut and sew to seamless knitting needed to 

have a plain base with a specific end use in an innovative market. Military or tactical garments 

are in a niche market, consistently looking for innovation, and have a specific end use. A 2019 

article published in Specialty Fabrics Review cites the importance of innovation within the 

military.  

Finally, an emphasis on innovation is important when researching military contracts. 

According to Silva, the service branches are “constantly looking for the latest and 

greatest. You go back 30 or 40 years, it was the other way around,” he explains. “The 

military would invest billions in design and develop new products, and 10 years later it 
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would be available to commercial markets. Today it’s the opposite, especially for war 

fighters’ needs. The DoD is looking for the industry to come to them and say, ‘I have a 

new product that meets a need, or improves the performance for an existing application.’ 

If this innovation saves the DoD money, they will share the savings with the vendors—

just call and ask.” (Moravec & Industrial Fabrics Association International, 2019, para. 

27) 

Seamless knitting is a technology that exists in niche markets in the industry and could prove 

superior in both cost and performance for military or tactical apparel with the right application. 

In reviewing publically available military and tactical garments, it was decided that a combat 

shirt held these requirements.  

About the combat shirt. The military has a lengthy history of uniform changes and 

improvements, as they work to create better clothing systems for the solider. In 2007 the Army 

unveiled a new Army Combat Uniform pushing the existing uniform to take advantage of 21st 

century technology. At this time, the Army Combat Shirt (ACS), was released and is a moisture 

wicking knit shirt made from an Fire Retardant, FR, cellulosic fiber, with the object of providing 

the military forces with a comfortable lightweight garment to wear in hot climates under the 

improved tactical vest, IOTV (Natick Soldier Research, Development & Engineering Center, 

2016). The ACS allows soldiers to comfortably, and safely, wear well-fitted plates on top of the 

shirt. All branches of the military utilize combat shirts including, by the U.S. Armed Forces, 

including the Marines, Coast Guard, Navy, Army, and the Air Force (Natick Soldier Research, 

Development & Engineering Center, 2016). 
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Figure 2.16. Army Combat Shirt produced by MASSIF.(MASSIF website, C2019) 

Since the introduction of the combat shirt into the military, many independent companies 

have produced their own version of the combat shirt. These companies sell to current military 

members and non-military members including first responders and civilians. Federal and state 

governments also utilize the combat shirts for a variety of tactical teams including, DEA, FBI, 

CBP, CIA, SWAT, ICE, ATF, NIH, NNSA, and more (Table 2.1). 
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Table 2.1. Federal and state governments utilizing combat shirts. 

DEA Drug Enforcement Administration https://www.dea.gov/ 

FBI Federal Bureau of Investigation https://www.fbi.gov/services/cirg 

CBP Customs and Border Patrol https://www.cbp.gov/about 

CIA Central Intelligence Agency https://www.cia.gov/index.html 

SWAT Special Weapons and Tactics https://www.fbi.gov/services/cirg 

ICE Immigration and Customs Enforcement https://www.ice.gov/ 

ATF Bureau of Alcohol, Tobacco, Firearms, 
and Explosives https://www.atf.gov/ 

NNSA National Nuclear Safety 
Administration 

https://www.energy.gov/nnsa/national-nuclear-security-
administration 

NASA National Aeronautic and Space 
Administration Police https://www.nasa.gov/ 

BOP Bureau of Prisons https://www.bop.gov/ 

 

Not only are combat type shirts utilized by working professionals, many avid hunters and 

shooters also use these shirts. Since the popularity of the shirts has grown rapidly, many tactical 

and gear companies across the United States are producing versions of a combat shirt. A brief 

market search conducted by the author, utilizing a Google search with key words such as tactical 

shirt, combat shirt, army combat shirt, and top combat shirts, revealed some of the companies 

producing combat shirts available to civilians. Some of the companies include: Cyre Precision, 

Blackhawk, 5.11, Patagonia, Under Armor, Arc’terxy, Rothco, TRU-SPEC, MASSIF, Propper, 

First Spear, and XGO. Table 2.2 identifies specific shirt’s brand name, price, and the website 

where the shirt can be viewed. Each offers a slightly different version of the shirt. The most 

common variations on combat shirts are in the combined fabric types (knit, woven, and 

nonwoven) and fabric structures. Some additional variations include fiber type, yarn type, 

finishing, colors and prints, closures utilized, pocket reinforcements, and others. While shirts 

outside of those provided to the Armed Forces can be produced anywhere in the world, many are 

produced in the United States. Typically the shirts that are non-FR fabric have a lower price 
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point marketed toward less professional use and are produced outside the United States. Many of 

the FR shirts marketed toward professional use have higher price point, comparably, and are 

produced in the United States. Further product descriptions of combat shirts on the market are 

found in APPENDIX B.  

Table 2.2. Company offerings of combat shirts. 
Brand Price Website 

TRU-SPEC $61.95-$78.95 https://www.truspec.com/uniforms/tactical-response-uniform-
tru/tru-14-zip-combat-shirt 

MASSIF $219.99 https://www.massif.com/armycombatshirttypeii.html 

XGO $219.99 https://www.proxgo.com/products/fr-defense-base-layer-dbl-
combat-shirt-flame-retardant 

Crye Precision $173.40 https://www.cryeprecision.com/ProductDetail/aprcse02lgr_g3-
combat-shirt 

Arc’teryx LEAF $239.00-$259.00 https://www.tacticaldistributors.com/products/arcteryx-
assault-shirt-ar-multicam?variant=5899553345 and 
https://www.tacticaldistributors.com/products/arcteryx-leaf-
assault-shirt-ar?variant=5899415105 

Propper $59.99 https://www.propper.com/tac-u-combat-shirt.html 

5.11 $65.99 https://www.511tactical.com/rapid-assault-shirt.html and 
https://www.galls.com/5-11-tactical-rapid-assault-shirt 

Under Armor $89.99 https://www.underarmour.com/en-us/mens-ua-tactical-
combat-shirt/pcid1279639 

First Spear $213.00 https://www.first-spear.com/technical-apparel/the-asset-
technical-field-shirt 

Rothco $59.99 https://www.rothco.com/product/rothco-military-fr-nyco-
combat-shirt 

Condor $59.95 https://tacticalgear.com/condor-combat-long-sleeve-shirt-
multicam 

Note. Developed By the author. 

While there are many companies producing versions of the combat shirt, most of the 

shirts have many distinct similarities. The specifications for combat shirts can communicate 

standards like quality, fit, characteristics such as fiber, yarn, color, fabric construction, and 

weight, and performance as well as the acceptability of materials and finished goods (Glock & 

Kuntz, 2004). While there is no industry standard for the combat shirt regarding the fiber, fabric, 
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fit, shape, and accessories, such as pockets and closures, most of the current combat shirts 

offered are modeled after the shirt the Army issues to its troops.  

The official Army Combat Shirt comes in three types, the ACS Original Unisex (Type I), 

the ACS Plate Carrier Version Unisex (Type II), and the ACS Plate Carrier Version Female 

(Type III), and two classes including, the Universal Camouflage Pattern in Foliage Green and the 

Operational Camouflage Pattern in Tan. The body of the shirt is constructed with a solid color, 

while the sleeves have the printed camouflage pattern. The shirt is produced in seven sizes from 

X-Small to XXX-Large, with Medium being the most popular. The base shirt uses materials of 

three different knit constructions in to optimize comfort for the wearer and the durability of the 

shirt (Scott Hulett, personal communication, June 2018).  

Details of product selected. According to Natick Soldier Research, Development & 

Engineering Center (2016) and PEO Solider (2017) the combat shirt is first and foremost a 

tactical and utilitarian item. The base of the shirt is a knit fabric, raglan shoulder, long sleeve, 

and mock neck. This simple base is applicable to a large variety of items and uses, contributing 

to a wider area of research. This product can be broken down to a simple base layer, which can 

be used as a model for other similar apparel items to transition from cut and sew to seamless 

knitting. Not only is this item applicable to a wider area of research, there are a few other key 

factors that make a combat type shirt an ideal candidate to transition from cut and sew 

production to seamless knitting.  

Further addressing the suitability of a combat type shirt to move to seamless knitting 

from cut and sew is the fact that many of the combat type shirts available to the general 

population are produced in the United States, and all of the official military combat shirts must 

be produced in the United States (Appendix B). Combat shirts that must be sourced and 
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produced in the United States for the military or companies that choose to produce in the United 

States should take advantage of technology that reduce labor costs. In countries with high labor 

costs, utilizing production methods that lessen labor costs can be a way to reduce costs or 

compete in a global setting. 

Additionally, there are advantages for U.S. domestic sourcing including: speed sourcing 

or quick response, flexibility in sampling and production, shorter lead time, nearness to markets, 

well-developed distribution systems, availability of sophisticated technology, up-to-date worker 

skills and techniques, elimination of potential language barriers or cultural barriers, elimination 

of potential quotas and tariffs, minimum turnaround time between orders, and easier direct 

access to manufacturers (Glock & Kuntz, 2004). 

Equally important, while the number and type of pattern pieces differ slightly for all of 

the combat type shirts produced, the general complexity and silhouette of a combat type shirt 

makes it a good candidate to transition from cut and sew production to seamless knitting 

technology. The combat shirt issued to Army personnel, what many commercial producers 

model their versions of the combat shirt after, is relatively complex and made up of a higher 

number of pattern pieces when compared to an average long sleeve shirt or sweater. Twenty-one 

individual pattern pieces make up the Type I ACS shirt, forty-six individual pattern pieces make 

up the Type II ACS shirt, and thirty-six individual pattern pieces make up the Type III ACS 

shirt. Because of this, the time for cutting and sewing a combat shirt is greater than the cut and 

sew time for an average long sleeve shirt. Combat shirts tend to be more complex because of the 

variety of additional components, number of fabric types typically incorporated, and the 

silhouette of the garment. Any shirt that has a unique silhouette, utilizes several types of fabrics, 
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or requires a number of add-ons in specific places, could potentially benefit from utilizing a 

technology that would reduce labor costs (S. Hulett, personal communication, June 2018).  

Finally, it is important to recognize that seams can often be the weakest place on a 

garment, causing premature failure. Seamless knitting eliminates seams, eliminating the potential 

of rupture, creating a potentially longer lasting and more durable garment. For garments that may 

have an increased amount of stress or wear on seams, like a combat type shirt, may benefit in 

transitioning from cut and sew production to seamless knitting.  

Addressing a combat shirt’s suitability to transition from cut and sew garment production 

to seamless knitting, it is important to analyze an existing shirt to gather specifications beyond a 

visual analysis. Analyzing an existing combat shirt can provide further information, which will 

aid to the transition to seamless knitting.  

Costing an Existing Cut and Sew Garment 

Garment analysis. Visual inspection, the least complex type of garment analysis, 

evaluates the garment, providing a general description with overall garment appearance and 

aesthetics, addresses the fabric type and quality, identifies and locates stitch and seam types and 

number of stitches per inch (Rathinamoorthy & Surjit, 2018). The augmented visual analysis 

goes more in-depth to provide exacting information including fiber type fabric structure, yarn 

twist, the method of coloration, and more. Laboratory analysis abides by American Society for 

Testing and Materials (ASTM), American Association for Textile Chemists and Colorists 

(AATCC), British Standard Institution (BS), or International Organization for Standardization 

(ISO) test methods to provide the most controlled, thus most reliable results. Glock and Kuntz 

(2004) developed an outline model, which can be followed to thoroughly evaluate an existing 

garment. As shown in Figure 2.17 there are seven parts to the garment analysis: style description, 
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positioning strategy, sizing and fit, material selection, component assembly, final assembly, and 

finishing, and style presentation.  

 

Figure 2.17. Parts of garment analysis. Adapted from Glock & Kuntz, 2004, 127. 
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According to Glock and Kuntz (2004), there are three methods of garment analysis 

ranging in complexity: 1) visual inspection, 2) augmented visual inspection, and 3) laboratory 

analysis. Consumers engage in some form of garment analysis each time they shop and most 

apparel professionals employ multiple types of garment analysis throughout their careers. 

Garment analysis can provide information such as: cost to manufacture, time to manufacture, 

color and coloration method, finishes used, seam locations, types of seams, and a number of 

individually sewn components, fabric weight or thickness, and more. Garment analysis can allow 

a thorough understanding of a garment: meaning the garment or parts of the garment could be 

reproduced without the original manufacturer’s specifications. Garment analysis can be involved 

and comprised of a multitude of steps, Glock and Kuntz (2004) have outlined some of the 

processes and steps to garment analysis in their book Apparel Manufacturing Sewn Product 

Analysis. 

Stitches and seams. When completing an apparel analysis, one of the necessary steps is 

to locate the garment seams and identify the type of seam and the stitch used to create the seam. 

The U.S. Federal Stitch and Seam Specifications, Federal Standard 751a, are recognized 

worldwide and used to identify and classify stitches, seams, and stitching in the United States. A 

stitch is defined as one constant thread forming strands or loops repeatedly passing through a 

material in evenly spaced intervals. A seam is defined as a sequence of stitches joining two or 

more materials. Finally, stitching is defined as an arrangement of stitches used to finish an edge 

or for decorative purposes. Stitches are categorized in stitch classifications. Glock and Kuntz 

(2004) define stitch class as classes that are “specific to the type of machine that is used and the 

mechanism for controlling the lower thread” (p. 161). Stitch length, width, depth, tension, and 

consistency can greatly affect a garments appearance, durability to wear and strain, and cost. 
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Stitches per inch (SPI) or stitch length, can determine how strong a seam may be. For example, a 

seam with a higher SPI is more durable to wear, superior quality, has increased holding power, 

and greater seam strength than a seam with a lower SPI. The stitch length is directly related to 

sewing speed as each stitch requires one revolution from the stitch sewing mechanism on the 

sewing machine, which has a cap on revolutions per minute, allowing them to only make a 

certain number of revolutions per minute. Not only does a higher SPI require more sewing time, 

it also equates to more thread use and increased labor expenses. When costing a garment, cost is 

defines as the total dollar amount invested by the manufacturer in the product, it is necessary to 

identify the stitch classification then find the stitch type (Glock and Kuntz, 2004). Glock and 

Kuntz (2004) outlined stitches, seams, and thread, and created a stitch class chart, which can be 

used to identify the stitch name and class of a stitch used in a garment during garment analysis. 

After identification of the stitch type, one must measure the length of stitches and the SPI. From 

there one can calculate the thread and time needed to create the seams. Utilizing this in 

conjunction with labor time and wages, it is possible to calculate the cost and time to make a 

garment's seams.  

Product costing and product price. According to Glock and Kuntz (2004), the process 

of costing determines the cost of producing and marketing a certain product, which then 

determines a products price and the company's profit margin on said product. A product’s price 

is based on a number of things including, the cost of manufacturing the product, also known as 

the costing, the market competition, and the value the consumer will place on the product. When 

calculating the pricing of a product it is important to understand the number of factors involved. 

There is a relationship between cost, price, and profit which take into account the manufacturers 

and retailers perspectives on a product. Glock and Kuntz (2004) provide a pricing table (p. 226): 
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A. Manufacturing costs (MC) + Operating expenses (OE) + Profit (P) = Manufacturer’s 

price 

B. Manufacturer’s price (MP) = Retailer’s cost (RC) 

C. Retailer’s cost (RC) + Operating expense (OE) + Profit (P) = Retailer’s price (RP) 

While this is a simple formula, each of these encompasses numerous factors. For example, a 

manufacturers price includes three subcategories: raw materials, direct labor, and factory 

overhead. Each of these subcategories also includes numerous factors. For example, factory 

overhead could include the cost of rent, cost of the general factory building and floor upkeep, 

water bills, electricity bills, cost of machine upkeep, cost of service personnel, building security 

costs, maintenance workers, and more. The graph below provides an example of a basic cost 

sheet divided into seven categories: piece goods, trim and findings, direct labor, manufacturing 

overhead, total manufacturing costs, administrative expenses, selling expenses, and profit 

analysis. This chart will provide information on a products total costing with a price breakdown, 

the price, and the profit.  
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Figure 2.18. Basic costing chart sheet. From Glock & Kuntz, 2004, p. 231). 

According to Glock and Kuntz (2004) there are four stages in the costing processes, 

preliminary or pre-costing, cost estimating, recosting, and actual cost. Preliminary or pre-costing 

is completed in the initial phase of a product’s development to determine the feasibility of 

manufacturing and marketing within the determined price range. Cost estimating is more detailed 

and includes an analysis of the individual product components and the assembly processes for 

each component. The material cost component includes the direct costs of fabric, trim, and 
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materials established during the sampling, which takes place in the preliminary costing phase. 

The recosting phase is completed after garment and production patterns are refined and is used to 

optimize production time and costs. Finally, the actual cost is determined by collecting statistical 

data during product production. The actual cost is monitored on a real-time basis to ensure that 

the product can be produced in time at the cost calculated and does not need to be altered or 

removed from production (Glock & Kuntz, 2004). 

Labor costing and SAM. Labor costing is a component of time during manufacturing. 

Labor costs are often measured in production standards, which is defined as “the time required to 

complete one operation or cycle using a specific method that will produce the expected quality” 

(Glock & Kuntz, 2004, p. 237). The production standards are used for more than estimating labor 

costs as they can also be used to identify problems during production, establishing an average 

production standard for normal working conditions, determine a department or plant production 

capacity, for continuous improvement opportunities, and more (Glock & Kuntz, 2004; Karthik, 

Ganesan, & Gopalakrishnan, 2016; Rathinamoorthy & Surjit, 2018). Production standards are 

commonly expressed in Standard Allowed Minutes (SAM) however they can also be expressed 

as standard minute value (SMV; Glock & Kuntz, 2004; Sarkar, 2016). 

Labor costing is part of the cost that makes up the “Manufacturing Costs (MC)” in Glock 

and Kuntz’s (2004) pricing table discussed in the Product Costing and Product Price section.  

A. Manufacturing costs (MC) + Operating expenses (OE) + Profit (P) = Manufacturer’s 

price 

Labor costing begins with a detailed step-by-step breakdown of each operation necessary to 

produce the final product. There are standardized charts which list a variety of operations and the 

average SAM each operation requires. While SAM is standardized, labor costs are not as they 
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are often based on plant location, job availability and competitiveness, the skill level of 

employee, type of operation and its complexity, and more. When calculating the cost and time to 

produce a product, machine and time are calculated separately. When calculating the cost and 

time to sew a seam, each line of stitching is influenced by the length of the seam, the number of 

stitches per inch, and the speed of the machine in revolutions per minute (RPM). The SAM for 

stitching can be calculated by multiplying the seam length with the stitches per inch and dividing 

that by the RPM of the machine (Glock & Kuntz, 2004). However there is more to take into 

consideration for total sewing time other than just SPI and RPM.  

According to Carr and Latham (2000), a typical sewing operation can be sectioned into: 

ply separation, pick up, orient, mate, control through sewing and dispose. ‘Handling’ is a term 

commonly used to describe actions that not sewing but must take place during the joining 

process. These include: bundle handling, various aspects of machine attention, and personal 

needs. According to Carr and Latham, actions such as these make up 80% of the total time spent 

during sewing. Therefore, the physical sewing time makes up only about 20% of the total time to 

construct the garment, the production standard. To determine production standards, often work 

measurement techniques such as time studies are used to determine the sequence of production 

processes as well as the time required to complete each process. Time studies are used for 

numerous reasons including process optimization but in the purposes of costing can be used to 

give an estimate for the SAM for a particular process (Carr & Latham, 2000). 

Significance of Research 

Although no previous research was located by the author that focuses on the design and 

manufacturing of seamless Army combat shirts or tactical combat shirts, in May 2018, the Naval 

Clothing Textile Research Facility put forward a proposal to the Navy's Small Business 
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Innovation Research (SBIR) and Small Business Technology Transfer (STTR) titled “Seamless 

Knitting for Military Protective Clothing” showing interest in the application of seamless 

garments for technical military items. The object of this proposal was to receive funding to 

evaluate the possibility of moving the Navy base layer and physical fitness uniforms from cut 

and sew production to seamless knitting. The objective of the proposal, Navy SBIR 2018.2 - 

Topic N182-124 (2018), was to “introduce new, improved knit technology to provide more 

comfortable knitwear for the Sailor by improving fit, increasing air permeability, wicking away 

moisture, reducing seams and chafing, reducing bulk, and providing the potential for increased 

protection (Flame Resistant [FR] and No Melt/No Drip) while reducing waste and saving time 

and money for the Government” (Navy SBIR, 2018, para. 1). The project brief concluded with a 

small paragraph about interest in the seamless technology from the Joining Service Chem/Bio 

clothing group and the NAVAIR, with some interest also coming from the Marine Corps (Navy 

SBIR, 2018). The proposal now includes several key statements, which allude to the potential 

success of the seamless knit technology in military use. The output of the work is equally 

important as it states, "information from this project will be leveraged for further work and 

recommendations to implement technology upgrades in equipment and manufacturing 

techniques to gain significant cost savings for the government, and even for the individual 

warfighter as some of these items are purchased using dwindling discretionary clothing funds.” 

There are no updates or results to the project yet as the contract is currently being carried out and 

such information would be proprietary. 

In a more general sense, while there is research and published information relating to the 

creation of seamless garments and basic formation methods, there was no research found by the 

author that evaluates the design process and feasibility of transitioning an existing cut and sew 
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item to seamless knitting. The author found is one peer-reviewed article that addresses the 

process of creating a seamless garment in the Shima Seiki software in an attempt to create a 

production and design guide (Peng et al., 2018). The article also evaluated the knitting time, 

labor costs, and yarn consumption in various sweaters through seamless knitting and fully 

fashioned. The article by Peng et al. (2018) proved that the knitting efficiency increased and the 

number of labor hours decreased when manufacturing sweaters through seamless knitting 

technology rather than fully fashioned methods. The research also showed that the percentage of 

increased knitting efficiency and labor hour reduction grew as the machine gauge became higher. 

This finding was not a surprise understanding that the fully-fashioned method of production 

requires linking, a process high in human labor. The higher gauge fabric requires a higher gauge 

linking machine, which consumes more time during linking (Peng et al., 2018). While this article 

is insightful to the seamless knitting process and proves that seamless manufacturing does reduce 

labor, reduce knitting time, and reduce yarn consumption, it only proves this in comparison to 

the fully-fashioned method of production.   
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CHAPTER 3: METHODOLOGY 

Overview 

The following chapter describes the experimental research methodology used in this 

thesis.  

This research was designed to address various components of the feasibility of moving a 

cut and sew combat type shirt to seamless knitting. There were two overarching objectives in this 

research; the first was to determine if it was possible to move the base layer, including the sizing 

and silhouette, of a combat shirt to seamless knitting, and the second was to evaluate the time 

and supply chain of a cut and sew combat shirt to a seamless knit one. The final outcome of this 

research was to determine if a combat type shirt would be a good candidate to move production 

from cut and sew to seamless knitting.  

In order to better understand the research questions and objectives, the research table is 

broken into three categories: research questions, activities to answer the research question, and 

results and analysis of the activities. 

Table 3.1. Research Questions and Objectives 
Research Question Activities Results/ Analysis 
Is it feasible to 
move the sizing and 
silhouette of a 
publically available 
cut and sew combat 
shirt to seamless 
knit garment 
manufacturing? 

Identify the steps to transition a 
cut and sew item to seamless 
knitting.  
Create a seamless prototype 
with the sizing and silhouette 
based off an existing combat 
shirt and addressing the 
feasibility of such. 

Utilizing the knowledge gained, create a process 
map to analyze, identify, and address common 
challenges in seamless knitting. 
Identify a knitting time for a seamlessly knit 
garment with the sizing and silhouette of an existing 
cut and sew combat shirt.  

If it is feasible, how 
do the supply chain 
and production 
characteristics 
change? 

Create a pattern based off an 
existing publicly available cut 
and sew combat shirt and 
utilize the pattern to calculate 
fabric knit time, pattern cut 
time, fabric waste, sew time, 
and thread usage. 

Utilizing data gathered previously, compare, 
analyze, and discuss the supply chain and 
production time for both. 
By moving a combat shirt to seamless knitting… 

1. How would production times compare? 
2. How would the supply chain be affected? 
3. How would fabric usage or thread waste be 

affected? 
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The methodology for this research was broken into two phases; Phase One consisted of 

creating the seamless prototype, utilizing a 15 gauge Shima Seiki Whole Garment machine to 

determine a production time for a seamless knit garment. The silhouette and size for the seamless 

prototype were based on the existing cut and sew combat shirt. Based off the prototyping work 

done in Phase One, a process map was developed to help others systematically analyze, identify, 

and address common challenges in seamless knitting during the garment prototyping and 

development phase. Phase Two was comprised of a limited production time analysis between the 

existing cut and sew combat shirt and the seamless prototype created. A publicly available 

combat shirt, was analyzed to determine fabric knit time, fabric cut time, fabric waste, sew time, 

and yarn usage and then compared to the data retrieved from the seamless prototype. 

Research Objectives 

1. Calculate the current fabric usage, thread usage, and labor time needed to construct 

the base layer of an existing publically available combat shirt  

2. Address the steps to transition a cut and sew item to seamless knitting 

3. Create a seamless prototype with the sizing and silhouette based off an existing 

combat shirt 

4. Create a process map to analyze, identify, and address common challenges in 

seamless knitting 

5. Utilizing data gathered in research object 1, compare to the data gathered in research 

objective 3. Analyze the supply chain and production time for both.  

6. Address the feasibility of transitioning a combat-type shirt from cut and sew to 

seamless knitting  
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Phase 1 

Background. 

Technology and machinery. To develop the seamless prototype, the initial step was 

identifying machines capable of producing a seamless shirt at North Carolina State University’s 

Wilson College of Textiles Knitting Lab. The Knitting Lab has two Shima Seiki machines 

capable of producing seamless shirts, one 8 gauge and one 15 gauge. The 15 gauge machine, 

MACH2XS, was selected for this research due to the fact that most combat shirts are made on a 

jersey circular machine ranging from 22-28 gauge.  

Knitting technique/knit machine software. The prototype work to create the seamless 

knitted garment began in the SDS-One Apex3 Software. This software pairs with the Shima 

Seiki machines to create the programs necessary to knit a seamless garment. Though the SDS-

One Apex3 software is comprehensive, the knit program was created in one portion of the 

software deemed KnitPaint.  

About the Combat Shirt. Though there are many publically available combat shirts, 

XGO’s Performance Defense Base Layer (DBL) Combat Shirt (SKU DBL3-P-493-XS) was 

selected as the model shirt for this research for several reasons. First, XGO holds a large 

presence in the Combat Shirt market as one of the only knit-only combat shirts. XGO Combat 

shirts do not use woven pocket reinforcements or woven sleeves like many of the other shirts, 

making it an especially ideal candidate to move to seamless knitting. Second, the Wilson College 

of Textiles has good relations with XGO and the company was able to donate two Combat Shirts 

to this research. Two shirts, one shirt made with FR modacrylic/rayon blend, and the other made 

with a polyester and poly/spandex blend, were received on April 11, 2019. The FR 

modacrylic/rayon blend shirt can be found for sale on XGO’s website at: 
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https://www.proxgo.com/products/fr-defense-base-layer-dbl-combat-shirt-flame-retardant. The 

polyester blend shirt can be found for sale on XGO’s website at: https://www.proxgo.com/ 

products/performance-defense-base-layer-dbl-combat-shirt. Both of the shirts donated for the 

project were size Large. Due to the limited raw material resources for this study, it was decided 

that the XGO polyester blend shirt would be the model for transition from cut and sew garment 

production to seamless knitting garment production. With limited resources, there were no FR 

modacrylic/rayon blends available at NC State’s Wilson College of Textiles, however there was 

a selection of polyester blend yarns to choose from. Both XGO shirts are very similar in style, 

sizing, and silhouette; the main variation is the blend of yarn. To provide an understanding of the 

shirt silhouette, the types of fabric, where the fabrics are placed, and the seams, the specifications 

for the polyester blend combat shirt are listed on XGO’s website as follows: 

• Patent Pending High-Performance Knitted Combat Shirt 
• Athletic/Trim Fit 
• Licensed MultiCam® 
• MultiCam® 4-Way Stretch Sleeve Weight - 8.5 oz 
• Tan 499 Body - Weight - 4.0 oz 
• MultiCam® Sleeves - 86% Acclimate® Dry Polyester / 14% Spandex 
• Tan 499 Body - 100% Acclimate® Dry Polyester 
• MultiCam® Sleeves - UPF (Sun Protection) Rating - 50+ 
• Tan 499 Body - UPF (Sun Protection) Rating - 35+ 
• MultiCam® Velcro patches (both arms) 
• Accessible zipper storage sleeve pockets (both arms) 
• Stretch woven elbow and forearm patches for added support against elements 
• Superior Acclimate® Dry Moisture Management 
• Ag47® Anti-Microbial Protection 
• Rolled Shoulders and Under Arm Gussets - Increased Mobility / Reduced Irritation. 
• Zipper “garage” covers zipper eliminating irritation under the chin when fully 

zipped 
• Accessible Elastic Thumb loops for added support when needed. 
• Clean Seam® Next-To-Skin Comfort, Extra Length (Body), Durable, Breathable & 

Won’t Shrink 
• 100% USA Made & Berry Compliant!!! 
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To transition XGO’s DBL Combat shirt, the process was broken into four main steps: A) 

“Pre-Program Work”, B) “Creating the First Prototype”, C) “Subsequent Prototyping 

Development”, and D) “Process Map Creation”. Step A is broken into four subsequent stages, 

Step B is broken into three subsequent stages, and Step C is broken into five subsequent stages. 

Each of these subsequent stages have detailed step-by-step directions, providing programming 

guidance and creating a systematic way to develop prototypes. Step A provides a base 

knowledge and understanding of the machinery, the limitations of the machinery, the settings 

that should be used, the raw materials that should be used, and the target product. Step B will set 

the fundamentals for developing the first prototype and exploring necessary machine settings. 

Step C will utilize the knowledge gained from Step B to improve and create future prototype, 

with the object of getting to the target garment sizing and silhouette. Step D will employ all of 

the knowledge gained from Steps A-C to build a process map ot systematically analyze, identify, 

and address common challenges in seamless knit prototyping. The methodology for this was 

originally modified from Ma’s (2013) model and then adapted and adjusted to be suitable for this 

research. The object of these steps is to create a method in which can be repeated, as well as 

correctly be able to identify errors that occurs in the knitted garment prototypes. Ideally, each 

prototype is a stepping stone from the last, changing or fixing a select number of elements every 

time. Upon creation of a prototype that meets the appropriate sizing and proportions of XGO’s 

DBL Combat Shirt, a process-map will be created utilizing knowledge gained from the 

prototyping process to create a systematic method to address common issues in seamless 

knitting.  
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Creating the seamless prototype. 

Step A: Pre-program work, prior to knitting the first prototype. 

I. General “knowledge building” coined by Ma (2013) 
a. Understand cut and sew garment construction as well as whole garment 

construction 
b. Evaluate potential whole garment limitations 
c. Understand knit structures/ properties and potential uses 
d. Understand machine type, gauge, and what yarn size and material can be used 

II. Pre-Program Work 
a. Identify what components of the XGO combat shirt will be explored to 

transitioned into seamless knitting and which components will not be addressed in 
the study. Record.  
b. Edit/create a virtual simulation of the XGO shirt  

c. Print virtual simulation (front and back) to use for sizing information 
d. Measure, accurate to .00 inch, to collect sizing needed from XGO shirt 
e. Record any silhouette notes needed  
f. Record all sizing data on printed virtual simulation 

III. Addressing machine and yarn needs 
a. Evaluate yarn inventory available at NCSU Wilson College of Textiles and record 

those that are appropriate  
b. Evaluate pre-knitted samples of yarn sizes, stitch length, number of ends of yarn 

per carrier, number of courses and wales, etc. 
c. Evaluate and select yarn based on pre-knitted sample, the equivalent of Ma’s 

(2013) “yarn swatch tests” 
IV. Machine and CAD “knowledge building” coined by Ma (2013) 

a. CAD software training on designing digital patterns and knit programs 
b. Machine operation training including: yarn set up, yarn threading, yarn tension 

adjustments, machine setting adjustments, machine production  
 

Step B: Creating the first prototype. 

I. Raw Materials and Fiber 
a. The yarn size for the seamless knit prototypes was selected based on the machine 

parameters.  
b. The fiber type for the seamless knit prototypes was chosen to match the fiber type 

used in the existing cut and sew XGO combat shirt.  
c. The final yarn chosen for the prototype was based on the “pre-program work” 

discussed prior.  
II. Machine Settings 

a. The machine settings and machine set up were based on the yarn, the desired 
product outcome, and from knitting experts. (Davis, B., Personal Communication, 
West, A., Personal Communication)  

b. The initial settings chosen for the first prototype were based off Creating the 
Seamless Prototype,  Step A, “Pre-Program Work”, step and advice from experts.  
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c. After the initial machine settings and set up were chosen, they were adjusted 
based on the outcome of each prototype.  

III. Creating the First Program 
a. Understand style development, structure selection and design for the combat shirt 

(taken from Ma) 
b. Open “Knit Paint” 
c. Create a “new file” 
d. Name the file, select where to save the file, and machine type and gauge: 

“MACH2XS-123XS 15G”  

 
Figure 3.1. Creating the First Prototype, Step IIId 
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e. Select shirt type and basic construction: “Sweater”, “Epaulet”, and “Turtle” 

 
Figure 3.2. Creating the First Prototype, Step IIIe 
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f. Input the correct courses and wales 

 
Figure 3.3. Creating the First Prototype, Step IIIf 
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g. Input sizing based off measurements taken in step 1 

 
Figure 3.4. Creating the First Prototype, Step IIIg 
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h. Select the hem type: “2x2 rib” 

 
Figure 3.5. Creating the First Prototype, Step IIIh 
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i. Adjust the “Visual Shaping” if necessary 

 
Figure 3.6. Creating the First Prototype, Step IIIi 
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j. Make any stitch adjustments necessary and check the pattern silhouette 

 
Figure 3.7. Creating the First Prototype, Step IIIj 

k. Select “S Paint” to process the pattern 
l. Develop the “Package” 

 
Figure 3.8. Creating the First Prototype, Step IIIl 
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m. Select the claw to continue processing the pattern 

 
Figure 3.9. Creating the First Prototype, Step IIIm 

n. Process program made  

 
Figure 3.10. Creating the First Prototype, Step IIIn 



74 

 

o. Address errors in program and make any necessary adjustment 

 
Figure 3.11. Creating the First Prototype, Step IIIo 

p. Save the Program on a thumb drive  
IV. Knitting the Program   

a. Upload the program created in step B “Creating the First Prototype” to the 
knitting machine 

b. Program machine with correct settings identified in step 2 
c. Knit program 

 

Step C: Subsequent Prototyping. All subsequent programs were developed from the first 

program and Step A, “pre-program work,” is not necessary. All of the pre-program work 

knowledge gained in Step A, as well as the data from Step B, will continue to be applied to Step 

C. The only exception in which Step A may be revisited is to address a different type of yarn. 

After the first prototype garment is knitted, it will be used as an evaluation tool for the second 

program, from then on each subsequent prototype will be utilized as an evaluation tool to 

develop the next prototype. Thus knitting steps subsequent from the first prototype are: 
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I. Knit Evaluation 
a. Allow the garment to condition in a room and relax, evaluate garment, and 

identify errors in the previous knitting program and actual garment. Address 
errors to determine the object of the next prototype.  

b. Measure and record garment sizing on virtual flat sketch.  
c. Count and record courses and wales in the different knit structures used in the 

garment. 
d. Prepare garment for washing (tie off any ends needed, etc). 
e. Wash garment on hot cycle on gentle to balance the washing machine. Home 

laundering machine- Whirlpool High Efficiency  
f. Dry garment on cotton cycle.  
g. Take and record garment measurements of post-washed garment. 
h. Evaluate recorded size change from garment before and after wash.  
i. Count and record courses and wales in the different knit structures used in the 

garment.  
j. Calculate average shrink rate of the garment.  
k. Use this information to create next program to adjust sizing, design used, stitches 

used, and placement of stitches of the garment 
II. Creating the program… Follow steps in Step B III 

III. Input sizing based on shrinkage and changes measured in the “knit evaluation” step. 
Make any other necessary corrections.  

IV. Knit the prototype using the program previously made 
a. Upload the program created in step 3 to the knitting machine 
b. Program machine with correct settings identified in step 2 unless the settings need 

adjusted 
c. Run the program on the machine  

V. Return to step one OR address if the prototype matches the XGO silhouette and 
measurements…Does it meet the design specifications including: size, shape, and 
knitability? 

 

After each prototype is created on the software and then knit, it’s sizing and silhouette 

information will be measured and then recorded onto a flat sketch of the garment (Figure 3.1). 

The flat sketch of each knitted prototype will also include information such as: the prototype 

number, the type of yarn used, the number of ends per carrier, the stitch length, whether it is 

before or after wash, and all of the measurements of the shirt. The first prototype, made in Step 

B, will be washed and dried so shrinkage can be measured. Once shrinkage is measured for a 

certain type of yarn, it will not be measured again. Shrinkage will only be measured again if the 

yarn is changed. If a prototype’s size is vastly off the specifications, the shirt will not be washed; 
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the next prototype will attempt to correct whatever caused the sizing to be incorrect. However, if 

a knitted prototype is close to the sizing and silhouette of the target garment, it will be measured 

when it comes off the machine and the results will be recorded onto a flat sketch. The garment 

will then be washed and dried and measurements will be taken again and recorded. The object is 

to achieve a garment that has the same sizing and silhouette of the target garment after being 

washed and dried.  

 

Figure 3.12. XGO XS DBL blank prototype flat sketch. 

Each prototype will also have a recorded document that will include: 

Date: 
Trial number:  
Yarn:  
Machine Settings (stitch length): 
Sizing (picture of program in SDS APEX3 during size input): 
Program Front (picture of program in SDS APEX3 SPaint): 
Knitted Shirt (picture): 
Program Comments/Errors: 
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Shirt Statistics: (IF APPLICABLE) 
Before wash: 

Wales:  
Courses:  

After wash: 
Wales :  
Courses:  

Shrink Rates: 
Average Width Shrinkage: 
Average Length Shrinkage:  

 

Step D: Process map creation. After achieving a prototype garment that meets 

specifications defined previously, utilize knowledge gained to create a process map to 

systematically analyze, identify, address common challenges in seamless knitting during the 

garment prototyping and development phase.  

Phase 2 

The object of Phase Two is to gather data necessary to provide a limited production time 

and supply chain analysis between the existing cut and sew combat shirt and the seamless 

prototype created. A publicly available combat shirt XGO’s DBL Combat Shirt Size L, was 

analyzed to determine fabric knit time, fabric cut time, fabric waste, sew time, and yarn usage, 

and then compared to the data retrieved from the seamless prototype. In order to discern an 

estimated production time for the existing XGO DBL Combat Shirt, the shirt was analyzed and 

evaluated. Utilizing an existing shirt, a pattern was created. The pattern gave the dimensions of 

fabric necessary to make the shirt. Utilizing the dimensions of the fabric needed, the knit time 

was calculated. The pattern was then employed to discern cut time and fabric waste. Measuring 

the length of seams on the cut and sew shirt, samples were sewn to calculate sewing time and 

thread use.  
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XGO pattern making. The pattern was provided by Jianyin Li. The shirt was examine 

and it was determined any add ons or multiple layers would not be accounted for in the pattern as 

the object of the project was to examine the base layer of the shirt. Therefore, the Velcro patches, 

pockets, and the elbow patches were not accounted for in the patterns (Figure 3.2). 

                  

Figure 3.13. XGO’s DBL combat shirt. 

Knit time. Based on formula from personal communication, the knit time was calculated 

by utilizing the following formula (Andre West, Wilson College of Textiles Textile and Apparel, 

Technology and Management Associate Professor and Director of Zeis Textiles Extension, 

seamless knitting expert, personal communication): 

YDS or IN = (Number of feeder× cylinder RPM× time× efficiency) / (CPI×36) 

Cut time. The time to cut the pattern for the XGO combat shirt was based on the pattern 

made in “XGO Pattern Making” phase. The two patterns, each cut from a different fabric type, 
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were transferred to the Vector Fashion FX Pilot cutter. The patterns were then cut to discern 

knitting time.   

Fabric waste. The amount of fabric waste was calculated from the information produced 

on the Gerber AccuMark software from the initial pattern-making stage. The software calculates 

a “CU” standing for “current utilization”. This gives the percent utilization that the pattern 

utilizes on the width of fabric it is cutting from. Utilizing a basic formula, the fabric waste in 

square inches was calculated. 

Length x Width = Square Inch Total  

Square Inch Total x CU = Square Inch Utilized  

Sewing time. To calculate the sewing time, a limited time and motion study was 

performed. XGO’s DBL Combat Shirt utilizes two stitch types, a Class 406 Coverseaming Stitch 

and a Class 607 Flat Seaming Stitch (Figure 3.3). To calculate the time required to sew the XGO 

shirt, the length of both seams were measured, accurate to .001 inch. The lengths measured for 

each type of seam, Class 406 and Class 607, were then combined respectively, to give the total 

length of each type of seam used in the XGO DBL Combat Shirt. To estimate the time to sew, a 

limited time and motion study was conducted. A lightweight knit fabric, similar to what is used 

in the XGO DBL Combat Shirt, was utilized. Two sets of four twelve-inch samples were 

marked, one for each type of stitch. Samples using machinery at the Wilson College of Textiles 

was sewn and the time to sew each sample was measured using a stop watch, accurate to .001 

seconds. A Union Special, model number: FS332Col-3D64TC4, was utilized to sew samples for 

the Class 406 Stitch. A Megasew, model number: MS625, was utilized to sew samples for the 

Class 607 Stitch. Four samples of each were taken and the average was calculated. The average 

was then divided by twelve inches to yield seconds to sew per inch. This number was then 
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multiplied by length, in inches, of XGO’s DBL Combat Shirt Seams. The standard deviation was 

then calculated utilizing the formula (Khan Academy, 2019): 

 

Thread use. Two types of stitches are used in the XGO DBL Combat shirt. These two 

stitch types are Class 406 Coverseaming Stitch and Class 607 Flat Seaming Stitch (Figure 3.3). 

To calculate the amount of thread used in the XGO shirt, using a measuring tape, the length of 

both of the types of seams was measured. The lengths measured for each type of seam, Class 406 

and Class 607, were then combined respectively, to give the total length of each type of seam 

used in the XGO DBL Combat Shirt. To estimate the amount of thread used in these seams, 

samples using machinery at the Wilson College of Textiles was sewn. A Union Special, model 

number: FS332Col-3D64TC4, was utilized to sew samples for the Class 406 Stitch. A Megasew, 

model number: MS625, was utilized to sew samples for the Class 607 Stitch. A yard of thread 

was measured on the cone and marked with a sharpie. White thread and a black sharpie were 

used. The machine was then sewn until the mark on the thread came through. After sewing the 

samples, the marks were measured. This measurement yielded the total length of seam one yard 

of thread produced. 
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Figure 3.14. XGO CS DBL seam key. 
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CHAPTER 4: RESULTS AND ANALYSIS 

The results and discussion are presented in align with previously described methodology. 

Phase One, broken into Stages A-D, consisted of creating a seamless prototype to meet the sizing 

and silhouette based off of XGO’s DBL Combat Shirt to address the feasibility of transitioning a 

cut and sew combat shirt to seamless knitting. The prototyping phase determined a production 

time for a seamless knit garment, equivalent of XGO’s Combat Shirt base. Phase One also 

included utilizing knowledge gained from the prototyping phase, Stages A-C, to develop a 

process map, Stage D, to help others systematically analyze, identify, and address common 

challenges in seamless knit prototyping. Phase Two was comprised of a production time and 

supply chain analysis of the existing cut and sew XGO Combat Shirt. The results from the 

production time of the existing cut and sew shirt will be compared and discussed between the 

production time of the seamless prototype created in Phase One. Phase Two will also examine 

the supply chains of the two garment manufacturing methods to discuss the feasibility of 

transitioning a cut and sew garment to seamless knitting.  

Phase One 

Whole garment development results. Each program was prepared on the SDS APEX3 

software and was evaluated in accordance with the methodology described in Step B, III 

“Creating the Knitting Program”. The object of this prototyping phase was the address the 

feasibility of achieving the appropriate sizing and proportions to the target garment, XGO’s DBL 

Combat Shirt Size L. Figure 4.1 is a flat sketch of the target garment’s sizing and shape. A total 

of sixteen prototype garments were produced to achieve appropriate sizing and proportions to the 

target, XGO’s DBL Combat Shirt (Figure 4.1). Prototypes 1-7 were utilized to identify the best 

size of yarn to use, type of yarn, number of ends of yarn per carrier, the best stitch length, to 
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achieve the general silhouette. Prototypes 6 and 7 specifically were used to obtain a general idea 

for the sizing in accordance with the finalized yarn type, number of yarns per carrier, and the 

number of courses and wales per inch, as defined in Prototypes 1-7. Prototypes 8-16 were used to 

make minor adjustments in the program to get the appropriate sizing and proportions needed to 

meet the target of XGO DBL Combat shirt silhouette and sizing. Prototype 10 was discarded due 

to mechanical failures.  

 

Figure 4.1.  Target garment sizing: XGO DBL Combat Shirt. 

The data on all prototypes can be found in Appendix A. A sample, showing the 

progression, of the development of the garments can be found below: 
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Prototype 1. (Figures 4.2-4.6) 

 

Figure 4.2. Prototype 1 – Before wash. 
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Figure 4.3. Prototype 1 – after wash 

Date: 4/3/19 
Trial number: 1 
Yarn: 2 ends of grey spandex poly blend  
Machine Settings: Automatic Settings… 5 
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Figure 4.4. Sizing for Prototype 1 
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Figure 4.5. Program front for Prototype 1 

 

Figure 4.6. Knitted shirt for Prototype 1 
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Program Comments/Errors: 
• Took three times to knit the program. The yarn broke out at the neck, where the rib starts, 

two times.  
• Sizing was too small 
• Shape/silhouette did not match XGO’s  
• Following prototypes must account for the high amount of shrinkage the spandex in the 

yarn accounts for  
• Could evaluate the potential of a larger stitch length 
• Was able to calculate the courses and wales before and after wash  

 
Additional comments:  
The object of this program was to calculate courses and wales off the machine and then after 
washing. It was also used to get an idea of the shrinkage of spandex on the machine as well as 
the shrinkage of the shirt after laundering.  
 
Shirt Statistics: 

• Before wash: 
o Wales: 13 per ½ in  
o Courses: 11 per ½ in  

• After wash: 
o Wales: 17 per ½ in  
o Courses: 13 per ½ in  

• Shrink Rates: 
o Average Width Shrinkage: 4 wales per ½ in or 23% 
o Average Length Shrinkage: 2 courses per ½ in or 15% 
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Prototype 6. (Figures 4.7-4.10) 

 

Figure 4.7. Prototype 6 - before wash. 

Date: 6/4/19 
Trial number: 6 
Yarn: 100% Polyester 2 EPC 
Machine Settings: 6.4 
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Figure 4.8. Sizing for Prototype 6. 
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Figure 4.9. Program Front for Prototype 6. 

 

Figure 4.10. Knitted shirt for Prototype 6, 
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Program Comments/Errors: 
• Sizing, namely the length, was too large and did not match the target garment 
• Stitch length was too loose, it elongated the sizing of the shirt  

 
Next Steps: 

• While the yarn change was very important to the capabilities of increasing the product 
size, the most important part was adjusting the courses and wales. That drastically 
changed the finished product and my capabilities for programming the correct size.  

• The shirt was too long due to an elongated stitch length was much more elongated than 
necessary. 

• By removing spandex from the yarn, there were less limitations in sizing due to yarn and 
shrinkage.  

• With the shirt length not an issue anymore, moving forward the capability to start 
adjusting the sizing in specific places and look at stitch length rather than just trying to 
increase the prototype’s size became apparent.  

• To get a more realistic view of the actual program size not influenced by the stitch length, 
the same program for P5 was knit just in a reduced stitch length based off a colleague’s 
shirt.  

 
Prototype 13. (Figures 4.11-4.15) 

 

Figure 4.11. Prototype 13 - before wash. 
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Figure 4.12. Prototype 13 - after wash. 

Date: 6/4/19 
Trial number: 6 
Yarn: 100% Polyester 3 EPC 
Machine Settings: 6.6 
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Figure 4.13. Sizing for Prototype 13. 
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Figure 4.14. Program front of Prototype 13 

 

Figure 4.15. Knitted shirt for Prototype 13. 

Program Comments/Errors: 
• Sizing was slightly too small in certain areas 
• Silhouette matched the target garment 
• Stitch length matched the sizing and shape requirements  



96 

 

Next Steps: 
• Increase the program sizing minimally, in certain areas only.  
• Keep the same yarn, number of ends per carrier, and stitch length.  

 

*Each prototype and its information can be found in Appendix A.  

The three prototypes presented above were a sample of the design process and 

prototyping that it took to get to a seamless knit garment that matched XGO’s DBL Combat Shirt 

size and silhouette. Through the prototyping phase a number of things were adjusted to achieve a 

prototype that met specifications including: the courses and wales per inch, yarn type, number of 

ends per carrier, stitch length, silhouette, garment sizing, the percent tension allotment on the 

knitting arm also known as the I-SDCS, and how the arms and the body were being joined. In the 

following section, the sizing information on all prototypes will be evaluated.  

Sizing Information on Prototypes 1-16 

Table 4.1, Prototype Measurements Before Wash; 4.2, Prototype Measurements After 

Wash; and 4.3, Prototypes Closes to Target, list the measurements taken from the knitted 

prototypes. The first column correlates to the number key, Figure 14.6. The units for the tables 

are in CM. They are rounded to the nearest 0.5 CM. Table 4.1 lists all the measurements of all 

the seamless garments made before wash. Table 4.2 lists all of the measurements of the selected 

seven garments that were washed. Table 4.3 lists the measurements of the two prototypes that 

were closes to the target in size and shape.  
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Figure 4.16. Prototype measurement key. 
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Table 4.1. Prototype Measurements Before Wash 

P.M.K P 1 P 2 P 3 P 4 P5 P 6 P 7 P 8 P 9 P 10 P 11 P 12 P 13 P 14 P 15 P 16 T.G. 

1 11.5 20 DNK 20 23 12.5 12.5 14 12.5 x 12.5 13.5 13.5 14.5 14 20 20 

2 10 6.5 DNK 9 8 19 19 18 19 x 18.5 17 18 18 18 13.5 5 

3 42.5 34 DNK 47 44 86 50 65 68 x 76 62 70 86 88.5 70 67 

4 15 16.5 DNK 23 20 37 22 25.5 30.5 x 30 24 26.5 30 30 25.5 26.5 

5 26.5 47 DNK 53 53 45 39.5 47 52 x 56 51 51 54 54.5 53 52 

6 37 25.5 28 34 33 56 36 47.5 51 x 58 47 53 63 72 52 54.5 

7 34 48.5 52 60 60 56 48 51 58 x 62 54.5 55.5 58 59 56 57 

8 47 30.5 DNK 43 42 85 48.5 70 71 x 87.5 70 76 77 86 77 70 

9 33 20 DNK 26.5 26 56 33.5 46.5 51 x 54 43.5 53 54 56 50.5 50 

10 28 44 44.5 53.5 56.5 35 35 48 60 x 55 53 50 55 53 55 53 

11 4 2 1 1.5 1 6.5 6.5 2.5 3 x 2.5 2.5 3 2.5 2.5 2 1 

12 10 14 16 19 19 18 13 17 20 x 21 18 19 20 20.5 20 19 

13 6.5 5 2.5 6.5 6.5 5 5 5 11.5 x 12 12 10.5 10 10.5 10 10 

 
Key: 
*P.M.K. = Prototype Measurements Key 
*P = Prototype 
*T.G. = Target Garment  
*DNK= Did not knit 
Part of Prototype 3 did not knit because the yarn broke out 
*x= Discarded 
Prototype 10 was discarded due to mechanical failure  
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Table 4.2. Prototype Measurements After Wash 
Measurements After 

Wash Prototype 1 Prototype 9 Prototype 11 Prototype 12 Prototype 13 Prototype 14 Prototype 15 Target 
Garment 

1 11.5 14 13.5 14 14.5 16.5 14 20 

2 10 16 17 12.5 15 15.5 14 5 

3 42.5 62 68 47 62 75 74 67 

4 15 28 27 23 25 27 26.5 26.5 

5 26.5 50 56 48 46 51 53 52 

6 30 47 53 44.5 46 57 60.5 54.5 

7 32.5 56 63.5 54 54 58 59 57 

8 41 63 75 63.5 72 72 79.5 70 

9 27 43 46 41.5 44.5 48 50 50 

10 27 54 63 57 50 56.5 57 53 

11 3.5 2.5 2 2 2.5 2.5 2.5 1 

12 10.5 20 20.5 17.5 20 20.5 21 19 

13 5 13 12 11.5 10 10 10 10 
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Table 4.3. Prototypes Closest to Target 

Measurements After Wash Prototype 13 Prototype 14 Target Garment 
1 14.5 16.5 20 
2 15 15.5 5 
3 62 75 57 
4 25 27 26.5 
5 46 51 52 
6 46 57 54.5 
7 54 58 57 
8 72 72 70 
9 44.5 48 50 

10 50 56.8 53 
11 2.5 2.5 1 
12 20 20.5 19 
13 10 10 10 

 

In comparison to all prototypes, Prototypes 13 and 14 matched XGO’s Combat Shirt 

sizing and silhouette the closest, as seen in Figure 4.1 and 4.2. Through the table, it is possible to 

see the size and general shape evolution of the prototypes when trying to match the target 

garment information. Additional information on each prototype, such as yarn type, machine 

settings, flat sketches, and photographs of each of the sixteen prototypes are available in 

Appendix B. When evaluating the measurements in Figure 4.3, a table comprising of the two 

seamless prototypes with the sizing closes to the target garment size, it is important to note that 

the few CM of size variation seen between Prototype 13 and 14 compared to the target garment 

are due to the differences when measuring a cut and sew garment versus a seamless garment. For 

example, when looking at measurement 8, measuring from the bottom of the garment to the 

bottom of the collar, it appears that both Prototype 13 and 14 are 2CM too long, measuring 72 

CM when the target garment measures at 70 CM. While it appears in the chart that the seamless 

prototypes are 2 CM too long, when visually compared to the target garment they are the same 

length. They measure 2 CM longer due to the difference in neck shapes, a difference that is due 
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to the different production methods (Figure 4.17 & 4.18). Through the prototyping process it was 

found that once the prototype measurements were within three CM of the target garments, visual 

comparison was necessary. Laying the prototype garment on top of the target garment and 

physically matching up the shoulders, neck, arms, length, etcetera, allowed for size and shape 

comparison without the differences of manufacturing methods affecting the comparison. When 

visually and physically comparing Prototypes 13 and 14 with the target garment. Prototype 13 is 

slightly too small, and Prototype 14 is slightly too large.  

 

Figure 4.17. Target garment measurement example. 
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Figure 4.18. Prototype garment measurement example. 

When analyzing the prototypes and the measurements listed in Tables 4.1 and 4.2, it is 

important to recognize there is slight variability in each garment produced. Due to the fact the 

machines at the college are used for small runs of a variety of experimental garments, they are 

not kept to production standards. Because of this there can be variability in each garment. This 

was found when the sizing for Prototype 13 was found as slightly smaller than the target garment 

and Prototype 14 was found as slightly larger than the target garment. However, when the sizing 

was put in between the measurements used for Prototype 13 and Prototype 14, Prototype 16 was 

found that it was smaller than Prototype 13, even though its measurements in the program 

settings were slightly greater. This can be attributed to the fact that the machines are not kept to 

production standards and the settings are frequently switched to meet the needs of various 

industry and student projects (B. Davis, personal communication; A. West, personal 

communication). In addition to this, there may be a small percentage of the variability in each 
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shirt size due to the fact that the knitting room conditions change daily, the shirts were not 

conditioned after knitting, and there can be some temperature change in the water during home 

laundering (K. Leonas, personal communication). For example, when Prototype 13 came off the 

machine, measurement 8 was 76 CM while measurement 8 for Prototype 14 was 77CM. 

However, after laundering measurement 8 on both garments was 72CM. this could be influenced 

by a number of factors such as yarn variability, general machine variability, like a slightly 

different yarn tension or take down tension when knitting, different room conditions, a slightly 

different temperature during home laundering, and more. 

The purpose of the seamless prototypes was not only to address the feasibility of moving 

the sizing and shape of an exiting combat shirt to seamless knitting, but also to estimate the 

production time of a seamless knit shirt. Therefore, while it is important to recognize the 

variability discussed above, they did not hinder the outcome of this research. This research found 

that it was feasible to move the sizing and shape of a publicly available cut and sew combat shirt 

and produce it through seamless knitting. When analyzing the knit time of the seamless 

prototypes that were closest in size to the target garment, Prototypes 13, 14, and 16, the 

difference in the time to knit was relatively minimal, for the purposes of this research. The time 

required to knit Prototype 13 was 48 minutes and 28 seconds, the time to knit Prototype 14 was 

54 minutes and 29 seconds, the time to knit Prototype 16 was 53 minutes and 53 seconds. Since 

Prototype 13 was marginally too small and Prototype 14 was slightly too big, it is estimated the 

time to knit a shirt equivalent of XGO’s DBL Size L shirt would be 51 to 52 minutes. The mean 

of Prototype 13 and Prototype 14 is 51.285. The standard deviation of Prototype 13 and 

Prototype 14 was 1.733. Since the object of this research is to determine the cost and time 

feasibility of transitioning a combat-type shirt from cut and sew production to seamless knitting, 
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it was deemed that the prototypes provided a sufficiently accurate time estimate for the seamless 

knitting process.  

Seamless knitting process map results. The process map was developed to analyze, 

identify, and address common issues when developing a seamless knit garment to specifications. 

The object of the process map is to lessen the number of prototypes required, reducing resources 

and time, to create a seamless garment that meets the original specifications initially determined. 

The process map was a tool developed that can also help guide inexperienced programmers to 

develop a successful seamless knit prototype. While this process map was developed through 

prototyping on the Shima Seiki MACH2XS machines, this map is applicable to addressing 

common issues during the prototyping and development of seamless knit garments on any 

machinery.  

Through trial and error and the development of numerous seamless combat-type shirt 

base layer prototypes, it was recognized the most effective way to use resources and time was to 

first create a fabric swatch prototype. A swatch prototype is much more time and resource-

efficient than an entire garment prototype. During swatch prototyping, the programmer can 

perfect settings or specifications such as: courses and wales, stitch structure, fabric weight, stitch 

length, and more. After perfecting the swatch prototype, the programmer can then move all of 

the specifications developed and adapt those to a garment prototype. This should reduce number 

of prototypes needed before specifications are met. If the programmer takes the data and settings 

developed in the swatch prototype and moves it to the garment prototype, there should be limited 

adjustments to the settings when knitting the garment prototype.  
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Figure 4.19. Process map for swatch prototype. 
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Figure 4.20. Process map for garment prototype. 
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Phase Two 

The objective of Phase Two is to gather data necessary to provide a limited production 

time and supply chain analysis between the existing cut and sew combat shirt and the seamless 

prototype created. A publicly available combat shirt XGO’s DBL Combat Shirt Size L, was 

analyzed to determine fabric knit time, fabric cut time, fabric waste, sew time, and yarn usage, 

and then compared to the data retrieved from the seamless prototype. The first stage of this 

process was to create the pattern. From the pattern fabric knit time, fabric cut time, fabric waste, 

pattern sew time, and thread use was calculated.  

Pattern. The purpose of this stage was to create the pattern based of the existing XGO 

DBL Combat Shirt Size L. Jianyin Li created a simple pattern based off of XGO’s Size L DBL 

Combat Shirt base layer. As these fabrics would need to be knit on two separate machines and 

then cut separately, Li created two separate patterns, one for the tan jersey knit fabric, which will 

be referred to as Fabric One, and one for the camouflage jersey knit fabric, which will be 

referenced as Fabric Two.  

The object of creating this pattern was to achieve the length of fabric needed to cut the 

pattern pieces for one shirt, and therefore determine the “current utilization” of the fabric during 

the cutting phase of cut and sew garment manufacturing. The “current utilization” will reveal 

how much fabric is being used and how much ends up as waste. 

Acronyms: 

• LN: Length 

• WI: Width 

• CU: Current Utilization  
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Figure 4.21. Pattern marker for Fabric One. 

 

Figure 4.22. Pattern marker for Fabric Two. 



109 

 

Fabric knit time. The knit time was calculated by utilizing the following formula: 

   Number of feeder× machine speed/cylinder RPM× time× efficiency 
YDS or IN = ………………………………………………………………….. 
                                   CPI×36 

 
Number of Feeders: 90 
Machine Speed/ Cylinder RPM: 50 
CPI: 37 
Machine Efficiency: 85% 
Time: ? 
Therefore the calculation was: 

For Fabric One: 
      90 x 50 x ? x .85 
30.258 = ………………………                  ? = 10.537 minutes  
            37 x 36 

For Fabric Two: 
      90 x 50 x ? x .85 
22.855 = ……………………….               ? = 7.959 Minutes  
           37 x 36 
 

Total knit time for both fabrics on circular machines: 10.537 + 7.959 = 18.496 Minutes  

 

Pattern cut time. The object of this step was to calculate the amount of time it would 

take to cut the pattern for the XGO DBL Combat shirt. Utilizing the cutting machine at the 

college, the previously made pattern was uploaded and the cutting was timed.  

The results are:  

Fabric One Cut Time: 40 seconds 

Fabric Two Cut Time: 1 minute 

Total cut time: 1 minute and 40 seconds  

This time does not account for the handling time it takes the machine to mark the area to 

cut. It also doesn’t account for the time it takes to get the fabric onto the cutting machine or the 

time to pick the pattern pieces and waste off the cutting machine.  
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Fabric waste. The object of this phase was to calculate the amount of fabric waste 

produced by one XGO DBL combat shirt. The amount of fabric waste produced by the cutting 

phase was calculated from the information produced in the initial pattern-making stage. The 

Gerber AccuMark software calculates a “CU” standing for “current utilization”. This determines 

the percent of fabric used based on the width of fabric it is cut from. Utilizing a basic formula, 

the fabric waste in square inches was calculated. 

Referencing the patterns above: 

Table 4.4. Current Utilization of Fabrics 1 and 2 

 Length 
IN 

Width 
IN 

Sq In Total 
(LxW) % CU % Wasted 

(100-CU) 
Sq In Wasted 

(Sq In x % wasted) 
Fabric 1 30.258 60.0 1,815.48 62.11% 37.89% 687.885 
Fabric 2 22.855 60.0 1,371.3 58.6% 41.4% 567.718 

 
 

Fabric One: 

A total of 38%, rounded, or a total of 688 square inches, rounded, of fabric is not utilized 

when cutting the pattern for Fabric 1. 

Fabric Two: 

Therefore a total of 41%, rounded, or a total of 568 square inches, rounded, of fabric is 

not utilized when cutting the pattern for Fabric 2.  

Fabric Waste Combined: 

688 square inches of Fabric One + 568 square inches of Fabric Two = 1,256.0 square 

inches of fabric in total is wasted, or .976 of a square yard 

(37.89% + 41.4%)/2 =39.645 or an average of 40%, rounded, of fabric is wasted during 

the cutting phase 
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Pattern sew time. The object of this phase was to calculate the time it would take to sew 

one XGO DBL Combat shirt. A limited time and motion study was completed to calculate sew 

time. Class 406 measured a total of 43 inches and Class 607 measured a total of 215 inches. To 

estimate the time to sew, samples using machinery at the Wilson College of Textiles was sewn 

and the time to sew each sample was measured through a stopwatch. Four samples of each were 

taken to get an average. The average was then divided by twelve inches to yield seconds to sew 

per inch. This number was then multiplied by length, in inches, of XGO’s DBL Combat Shirt 

Seams. A Standard Deviation of each stitch class was then calculated.  

Table 4.5. Means and Standards Deviations for Class 406 Stitch 
Sample Number Seconds to Sew 12 inches Square of the Distance to the Mean 

1 6.09 1.082 
2 5.09 0.002 
3 4.59 0.212 
4 4.43 0.384 

 
 

The Standard Deviation of Class 406:  

1.082 + 0.002 + 0.212 + 0.384 = 1.68 

1.68 / 4 = .0.42 

√0.42 = 0.6481 

Average of Class 406: 5.05 seconds per 12 inches 

          0.4208 seconds per inch 



112 

 

Table 4.6. Means and Standard Deviations for Class 607 Stitch 
Sample Number Seconds to Sew 12 Inches Square of the Distance to the Mean 
1 11.43 6.052 
2 9.23 0.068 
3 10.24 1.613 
4 4.98 15.902 

 
 

The Standard Deviation of Class 607: 

6.052 + 0.068 + 1.613 + 15.902 = 23.635 

23.635 / 4 = 5.909  

√5.909 = 2.431 

Average of: 8.97 seconds per 12 inches  

          0.7475 seconds per inch  

 

XGO’s DBL Combat Shirt has a length 43 inches of Class 406 and 215 inches of Class 

607. Therefore the time to sew each type of seam is: 

Class 406: 0.4208 seconds per inch x 43 inches = 18.0944 seconds  

Class 607: 0.7475 seconds per inch x 215 inches = 160.7125 seconds  

Total Sew Time: 18.0944 + 160.7125 = 178.8069 seconds or 2.98 minutes  

 

However, it is important to recognize this is only the time required to sew the seams and 

does not include handling the fabric. According to Carr and Latham (2000), only 20% of the time 

spent during the joining process accounts for sewing, the other 80%, or four fifths, accounts for 

handling. Therefore the sewing time calculated through the time and motion study accounts for 

only 20%, or one fifth, of the total time required to sew. In addition, it is important to recognize 
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this shirt requires two different types of seams. The time required to transfer the shirt from one 

type of sewing machine to the other was not accounted for in this study.  

Seconds to Sew Seams (20%) x 5 = Total Time to Sew Including Handling  

  178.8069 x 5 = 894.0345 seconds of 14.9 minutes total 

Total Time to Sew Including Handling (100%) – Seconds to Sew Seams (20%) = Time to 

Handle (80%) 

   894.0345- 178.8069 = 715.2276 seconds  

Thread use. The purpose of this stage was to calculate the amount of thread used to sew 

one XGO DBL Combat Shirt. Two types of stitches are used in the base layer of the XGO DBL 

Combat shirt, Class 406 Coverseaming Stitch and Class 607 Flat Seaming Stitch, the thread use 

of both seams were measured through sewn samples. However, it is noted, due to the positions of 

the thread and set up of the machines, the yard marks came in a different points on the fabric, 

they did not come in simultaneously. As such, after sewing the samples, each of the marks were 

measured individually (Figures 4.4, 4.5, 4.6, & 4.7).  

Class 406 Stitch: 

General Information: 

• 3 threads 

• 2 needles 

• 1 underlooper  

• Model name: Union Special FS332Col-3D64TC4 
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Figure 4.4. Top of the fabric. 

 

Figure 4.5. Bottom of the fabric. 

Results from Class 406 Stitch Sample: 

• Needle thread:  

o 36 inches of thread seam distance:  
 Needle 1: 10 inches  
 Needle 2: 9 ½ inches  

o Average: 36 inches of thread sews a 9 ¾ inch seam 

• Underlooper thread: 36 inches sews a 5 inch seam on the underlooper 

 

Length of class 406 Coverseaming Stitch in XGO DBL Combat Shirt: 43 inches 

Calculations of the length of thread required to sew class 406 stitch: 

• Needle thread:(36 in/9.75 in) = (X/43 in) 

    X= 158.769 in 

 Since there are two needles and two threads… 158.769*2 = 317.538 in 
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• Underlooper thread: (36 in/5 in) = (X/43 in) 

    X = 309.6 in 

• Total thread use: 158.769+309.6=468.369 in 

 

Class 607 Stitch: 

General Information: 

• 6 threads 

• 4 needles 

• 1 overlooper 

• 1 underlooper 

• Model name: Megasew MS625 

 

Figure 4.6. Top of the Fabric 
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Figure 4.7. Bottom of the Fabric 

Results from Class 607 Stitch: 

• Needle thread: 

o 36 inches of thread seam distance: 
 Needle 1: 6 ¼ in  
 Needle 2: 6 ¾ in  
 Needle 3: 7 in  
 Needle 4: 6 ¼ in  

o Average: 36 inches of thread sews a 6 ½ inch seam 

• Loopers:  

o Overlooper: 36 inches of thread sews a 4 ¼ inch seam 

o Underlooper: 36 inches of thread sews a 4 ¼ inch seam 

 

Length of Class 607 Flat Seaming Stitch in XGO DBL Combat Shirt: 215 inches 

Calculations of the length of thread required to sew class 607 stitch: 

• Needle thread:(36 in/6.5 in) = (X/215 in) 

    X= 1190.769 in 

 Since there are four needles and four threads… 1190.769*4 = 4763.076 in 

• Underlooper thread: (36 in/4.5 in) = (X/215 in) 
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    X = 1720 in 

Since there are two loopers and two threads… 1720*2= 3440 in 

• Total thread use: 4763.076+3440=8203.076 in 

 

Class 406 and Class 607 Thread Use: 

468.369 in+8203.076 in=8671.445 in  

 

Analysis  

The purpose of this study was to determine the feasibility of moving a combat shirt from 

cut and sew garment manufacturing to seamless knit garment manufacturing. The research found 

it feasible, potentially offering a host of benefits, to produce a combat shirt through seamless 

knitting technology. The transition of a cut and sew combat shirt to seamless knitting was 

successful. There are resource reductions and reduced labor benefits to transitioning to seamless 

knit garment manufacturing. Once the initial programming of the seamless knit garment is 

completed, there is little to no labor needed from an operator. When adopted, a single operator 

has the ability to program and knit numerous garments simultaneously. Though there may be an 

increase in production time and initial equipment cost, there will be a decrease in labor costs, 

material cost, transportation costs, and transportation time. 

This study included a limited analysis to compare time and supply chain advantages of 

the current cut and sew combat shirt versus the one developed in the study using seamless knit 

technology. From start to finish, or yarn to a finished garment, it was found that to produce a 

seamless knit combat base shirt, the equivalent of XGO’s size L, it would take an estimated 51 to 

52 minutes. To produce the same base shirt, XGO’s current shirt, through means of cut and sew 
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production, it would take an estimated 18.5 minutes to knit the fabric, 1 minutes and 40 seconds 

to cut, and an estimated 14.9 minutes to sew, leaving the cut and sew garment at a total of 34.8 or 

rounding up, 35 minutes to complete the physical knitting, cutting, and sewing. The time 

calculated for cut and sew garment manufacturing does not account for the required time and 

labor to remove the circular knit fabric from the machine and slit the fabric. It also does not 

account for the time required between knitted fabric and transportation to the cutting station. 

From there it requires additional time and labor to remove the cut fabric pieces from the cutting 

station, bundling, and transporting to the sewing station. (Table 4.6) Therefore, these results are 

not directly comparative, as the time calculated to produce a combat shirt through cut and sew 

manufacturing does not encompass all of the necessary steps in production. 

Table 4.7. Time for Manufacturing Garment- Production Methods 
Time to…. 

(In Minutes) 
Knit Transport Cut Sew Handle or Delays due to 

Bundling System 
Seamless Garment 
Production 

51-52 NA NA NA NA 

Cut and Sew Garment 
Production 

18.5 Unknown 1.40 14.9 Unknown 

 
 

Additionally, there are material savings, equating to monetary savings, associated with 

producing a garment through seamless knitting, opposed to cut and sew garment manufacturing. 

This research showed that when producing the base of XGO’s DBL Combat Shirt Size L, an 

estimated 1265 square inches of fabric, equating to .976 of a square yard, would be wasted 

during the cutting phase of each shirt during garment manufacturing. During the sewing phase, it 

was calculated that 240.873 yards of thread was needed to produce the XGO DBL Combat shirt. 

Therefore producing the garment through means of seamless knit manufacturing, would save 
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roughly one yard of fabric and 241 yards of thread, per shirt produced. Considering these are 

mass produced, if a company sells 100,000 shirts a year that would be a total savings of 976,000 

square yards of fabric and 24,000,000 yards of thread per year.  

As part of this research was to address the feasibility of transitioning, in creating the 

seamless prototype, it was found that the combat shirt silhouette transitioned easily to seamless 

knitting, exemplifying the success of transitioning the design and knitability. Although design 

and structure elements were not explored in this research, it is acknowledged that seamless 

knitting technology has the potential to incorporate many of the design and structure elements 

currently existing in the cut and sew combat shirt. Incorporating different knit structures in a 

seamless prototype, like those utilized in many currently offered combat shirts, would not 

increase the time to knit.  

While this research was focused on transitioning a combat shirt, this is applicable to a 

much broader body of apparel. Previously, through an extensive search by the author, it was 

found that there were no existing guides regarding the transition of an existing item from cut and 

sew to seamless knitting. This research proved not only is it feasible to move from cut and sew to 

seamless knitting, it has the potential to offer a host of benefits. Furthermore, this body of 

research can act as a guide to help others including: designers, programmers, manufacturers, and 

companies, through the process of addressing the feasibility of transitioning an existing knit cut 

and sew garment to seamless knitting.  
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CHAPTER 5: CONCLUSION 

As the textile and apparel industry modernizes through technical developments, 

evaluation, and adoption, it is imperative that companies continually search for ways to move 

their existing product lines into the future, and utilize emerging technologies to create innovative 

items to meet the ever-changing consumer market. Seamless knitting has the potential to be one 

of the leading ways knit garments are produced if researchers can provide resources to aid 

designers, programmers, and manufacturers in the industry through the transition.  

This research provides a step-by-step design and programming guide, as well a guide to 

help analyze, identify, and address common challenges in seamless knit prototyping. This 

research showed that it is feasible to move a combat shirt from cut and sew garment 

manufacturing to seamless knitting. The sizing and silhouette of XGO’s DBL Combat Shirt, Size 

L, transitioned to seamless knitting well and had good knit ability. It’s shape and sizing caused 

no issues on the machines during knitting. Not only did this research show that transitioning a 

combat shirt from cut and sew is possible, but these principles and results can apply to a wide 

variety of other garments.  

As seen in Figure 5.1, transitioning a cut and sew product, such as the combat shirt, 

greatly reduced the complexity of the supply chain, offering a host of benefits. Reducing the 

supply chain complexity is a great advantage to the producer. For example, in Figure 5.1, if one 

fabric from one supplier is back ordered, the entire supply chain to produce that garment is on 

hold. That houses a great risk to the company and producer. However, seamless knitting allows a 

manufacturer to house a process that once took several steps, usually involving traveling in 

between those steps, in one location and one process. Not only does this reduce risk and greatly 

increase speed to market, there are reduced resource and production benefits in transitioning the 
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product examined to seamless knit garment manufacturing. Manufacturing through seamless 

knitting provides benefits such as: no associated labor costs, no transportation time or costs, no 

fabric waste, and no thread use. In countries with rising labor costs, such as the United States, 

evaluating the potential of technologies that reduce manual labor is becoming progressively more 

important.  

This research acknowledges that apparel items with more pattern pieces, those that utilize 

several different types of fabrics or structures, and more expensive raw materials may benefit 

more from transitioning to seamless knitting than other apparel items. The more hands on labor 

or the more complex supply chain a garment has, the greater the potential benefits to seamless 

knitting are. Since seamless knitting reduces raw material resources, yarn and thread, as shown 

through this research, garments that utilize more expensive materials, may benefit from the 

transition to seamless garment production more than those with less expensive resources. For 

example, combat shirts are often made with FR yarn. FR yarn and thread is generally much more 

expensive than a typical polyester yarn or thread, thus companies who produce combat shirts in 

FR yarn may benefit more from transitioning to seamless knitting than a company producing 

combat shirts in polyester, due to reducing raw material use by eliminating fabric waste and 

thread use.  
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Figure 5.1. Cut and sew and seamless supply chains. 

Furthermore, the literature review section, Chapter 2, touched on many benefits to 

seamless knitting that cannot be expressed through this body of work, such as quick-response 

development and production, lower lead-time, reduced floor space for necessary manufacturing 

processes, ability to quickly and easily customize garments, improved comfort, improved 

aesthetic look, improved attributes, reduced risk of damages or defects in the product, increased 

garment sustainability due to reduced waste, and potential monetary savings.  
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With the knowledge that it is feasible to move an existing cut and sew combat shirt to 

seamless knitting, the data gathered from this research showing potential benefits, and the 

number of potential benefits offered that were not explored in this research, it is crucial that 

companies evaluate the possibility of seamless knitting as a garment production method. This 

research touched the surface of the potentials and benefits of seamless knitting.  

Future Work 

This research examined a limited feasibility of transitioning a cut and sew combat-type 

shirt to seamless knitting. There is additional future research to be done to uncover the full 

potential of seamless knitting for combat-type shirts, or other like items. Future research should 

file under two main categories: further cost and time feasibility of moving to seamless knitting 

and further development of a combat-type shirt in seamless knitting. 

Further Cost and Time Feasibility of Moving to Seamless Knitting 

Although this research evaluated the amount of fabric and thread seamless garment 

production would save, it did not address the monetary value of this. Further research should 

evaluate the monetary savings of the thread and yarn by transitioning an existing combat shirt to 

seamless knitting.  

Furthermore, continuing to evaluate the monetary value of seamless knitting, one of the 

most expensive components of cut and sew garment manufacturing is the labor it requires. Cut 

and sew garment manufacturing is a labor-intensive process, and the more complex the shirt and 

seams, the more laborious and time-consuming it becomes. As labor costs rise, especially in 

developed countries, future work should evaluate the financial savings from eliminating labor in 

the production of the garment by manufacturing it through seamless knitting. Future research 

should examine the full time and cost feasibility of transitioning a specific combat shirt from cut 
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and sew to seamless knitting. By examining a specific combat shirt and working with a 

company’s specifications for the shirt, it would be possible to get exact numbers, rather than 

general estimates.  

As addressed briefly in Chapter 2, as consumer concerned is raised on the longevity of 

garments, evaluating the sustainability of moving to seamless garment production is of equal 

importance. Not only will moving to seamless garment production cut down on waste and 

resources, but it will also reduce the amount of transportation necessary to complete the garment. 

Reducing transportation will reduce greenhouse gas emissions and the carbon footprint of each 

garment.  

Another area for future research is addressing the new supply chain network that would 

be necessary to produce a combat-type shirt through seamless knitting as opposed to cut and sew 

production. While there are many advantages to seamless knitting, one of the barriers is a slow 

industry adoption. Seamless knitting machines, in general, are more expensive and complex, and 

require skilled, trained labor to run. Examining the potential availability for production and 

building a supply chain for seamless knitting should be an area of future research and evaluation. 

Further Development of a Combat-Type Shirt in Seamless Knitting 

In order to take advantage of seamless garment manufacturing technology and utilize it to 

its full potential, further development and insight of the seamless program is necessary. Seamless 

technology has the ability to add buttonholes, openings for zippers, pockets, different stitch 

structures, multi-gauge knitting to produce fabrics of different weights, inlay or spacer fabric, 

and more. Most combat shirts have fabrics of more than one knit structure or of varying weights, 

several zippers, pockets, and elbow patches. Future research should examine what percentage of 

a combat shirt could be completed at the seamless knit machine level. It should also address what 
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potential advantages, or additional components, may be possible to incorporate when producing 

a garment through seamless knitting.  

Seamless knitting technology gives the designer, programmer, and manufactures the 

potential to create something that may not be possible, or feasible, through cut and sew garment 

manufacturing. Utilizing the basic concepts of a combat-type shirt and new technology, it could 

be possible to re-design a shirt specifically for seamless technology.  
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Appendix A. Information on All Prototypes 

 

Prototype 1: 
Date: 4/3/19 
Trial number: 1 
Yarn: 2 ends of grey spandex poly blend  
Machine Settings: Automatic Settings… 5 
 
Sizing: 
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Program Front: 

 
 
Knitted Shirt: 
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Measurements: 

 

 
Program Comments/Errors: 

● Took three times to knit the program. The yarn broke out at the neck (where the rib starts) 
two times 

● Sizing was much too small 
● Large amount of shrinkage 
● Stitch length was perhaps too tight  
● Was able to calculate the courses and wales before and after wash  
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Additional comments:  
The object of this program was to calculate courses and wales off the machine and then after 
washing. It was also used to get an idea of the shrinkage of spandex on the machine as well as 
the shrinkage of the shirt after laundering.  
Shirt Statistics: 

● Before wash: 
○ Wales: 13 per ½ in  
○ Courses: 11 per ½ in  

● After wash: 
○ Wales: 17 per ½ in  
○ Courses: 13 per ½ in  

● Shrink Rates: 
○ Average Width Shrinkage: 4 wales per ½ in or 23% 
○ Average Length Shrinkage: 2 courses per ½ in or 15% 

  
Prototype 2: 
Date: 4/18/19 
Trial number: 2 
Yarn: 2 ends of grey spandex poly blend  
Machine Settings: Automatic settings… 5 
 
Sizing: 
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Program: 

 
 
Knitted Shirt: 
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Measurements: 

 

 
Program Comments/Errors: 

● Sizing was much too small in the length, the width was slightly too small. Came out 
looking like a crop top. The neck was correct sizing. Need to extend the rib for the cuffs 
of the shirt and the hem.  

● Had a few yarn breaks, one on each shoulder. It did not cause the machine to drop the 
shirt but it would not pass quality inspection.  

● Large amount of shrinkage 
● Stitch length was too tight 

Additional comments/ changes for next shirt: 
The object of this shirt was to get a base range for fit, shrinkage, and overall sizing. The sizing 
was taken from the XGO shirt and put into the Shima program to get a base reading for further 
development. 
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The main objective is to increase the length of the shirt and get the sizing closer to where it needs 
to be. However, when trying to expand the program, due to the extreme shrinkage of the 
polyester yarn, I ran out of bed length in the program. I calculated the sizing and then reduced 
sizing ranging from 10-50%. I started with 10% and tried to reduce the entire shirt by 10%. 
When that did not work I went to 15...then to 20...etc so on until I hit 50%. When I could still not 
get the sizing I needed with the poly spandex yarn at 50% reduced I asked Brian for help. Brian 
suggested we elongate the stitch length and add an extra yarn.  
 
Prototype 3: 
Date: 4/30/19 
Trial number: 3 
Yarn: 3 ends of black spandex poly blend  
Machine Settings: 7.8 
 
Sizing: 
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Program Front: 

 
 
Knitted Shirt: 
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Measurements: 

 
Program Comments/Errors: 

● Sizing was much too small in length but the width was closer  
● Three yarns provided more width and length than two 
● Large amount of shrinkage 
● Yarn broke and the shirt dropped from the machine  

Addition comments/ changes which need to be made: 
Though this program didn't finish knitting due to a yarn breakage, the main concern is still sizing 
as the section that completed knitting was still too short. After knitting the second prototype and 
realizing it was extremely short, the objective of P3 was to increase the length. However, after 
doing measurements and shrinkage calculations based on P2 the program had to be expanded 
greatly and the sizing needed to compensate for the shrinkage in the spandex yarn was too long 
for the machine bed. When programming a size that is too large for the machine bed, an error 
pops up:  

 
While the shirt comes off the machine extremely small compared to the sizing input, the entire 
machine bed is utilized due to the spandex, thus shrinkage, in the yarn. While the actual width of 
the shirt isn’t the entirety of the bed, because the arms are knit beside the shirt and there is space 
between the body and the arms, it takes the entire bed to knit a program of that size. Because it 
wasn't possible to get the measurements necessary into the program, the entire program was 
reduced 10%, however the width was still out of limit. This process was repeated with the 
original XGO sizing calculations reduced by: 15%, 20%, 25%, 30%, 40%, and then 50%. 
However, even with a 50% reduction in size it was not possible to get the program to fit within 
the pattern limit. After consulting with a knitting expert, it was suggested to elongate the stitch 
length and add an extra yarn, making it 3 yarns per carrier. (Davis, B., Personal Communication)   
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The stitch length of Prototype 3 was originally set to 8.2, however the machine sent an error 
saying the stitch length was too long. The stitch length was then decreased it to 8.0, however the 
same message came up. It was then decreased to 7.8, where the machine was capable of knitting 
the program in that stitch length. While the third yarn and elongated stitch length did help the 
sizing, increasing both width and length, the length was still much too short. The width measured 
out very close to the original XGO size, however, it needed an increased length. When increasing 
the length of the program, including the arm length and armpit length, the sleeves raise and get 
further from the body, thus maxing the machine bed length. Due to this, it was not possible to 
increase the actual program size so I consulted another knitting expert. (West, A., Personal 
Communication)  
 
Prototype 4: 
Date: 5/29/19 
Trial number: 4 
Yarn: 100% Polyester 2 EPC 
Machine Settings: 7.8 
 
Sizing: 
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Program Front: 

 
 
Knitted Shirt: 
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Measurements: 

 
 
Program Comments/Errors: 

● Eliminating spandex from the yarn and replacing it with 100% polyester yarn gave a 
much better end result 

● The shirt had a silhouette much more similar to the XGO shirt, even though it was too 
short 

● Stitch length may have been a bit too large 
● The width was pretty close but length was still too short  

Next Steps: 
● The next steps will be to add another yarn per carrier, having a total of 3 yarn per carrier, 

keeping all the other settings the same 
● Adding another yarn per carrier should increase fabric weight, length, and width  

 
Prototype 5: 
Date: 5/31/19 
Trial number: 5 
Yarn: 100% Polyester 3 EPC 
Machine Settings: 7.8 
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Sizing: 

 
 
Program Front: 
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Knitted Shirt: 

 
 
Measurements: 

 
 
Program Comments/Errors: 

● Sizing was still too small in the length still but the width was very close to accurate 
● 3 yarns per carrier is more suitable for the shirt 

Next Steps: 
● The shirt turned out longer than the same program knitted in the polyester-spandex yarn, 

however, it is still much too short. 
● While attempting to increase the program size, it was found the shirt size could not be 

increased anymore without exceeding the bed length. 
● In speaking with colleages with experience in seamless knitting, I was able to look at 

several different seamless knit shirt programs. It was noticed that though our courses and 
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wales were very close in courses and wales per cm, they were programmed differently. 
My colleague had her courses and wales programmed for every 10.2 cm (4 in) while 
mine were programmed for every 2.5 cm (1 in). When calculated out, our courses and 
wales were almost identical per cm, however, when speaking with a seamless knitting 
expert, Dr. Andre West, it was discovered that programming for every inch is far less 
successful than programming for every several inches. 

● The next prototype’s courses and wales will be programmed for every 10.2 cm rather 
than 2.5 

 
Prototype 6: 

 
Date: 6/4/19 
Trial number: 6 
Yarn: 100% Polyester 2 EPC 
Machine Settings: 6.4 
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Sizing: 

 
 
Program Front: 
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Knitted Shirt: 

  
 
Program Comments/Errors: 

● The adjustment in courses and wales drastically changed the shirt  
● Sizing, especially the length, was much too large 
● Stitch length was much too loose 
● The width was pretty close but length turned out more like a dress than a shirt  

Next Steps: 
● While the yarn change was very important to the capabilities of increasing the product 

size, the most important part was adjusting the courses and wales. That drastically 
changed the finished product and my capabilities for programming the correct size. 

● The shirt turned out far too long as the stitch length was much more elongated than 
necessary, however, with the less shrinkage, moving forward was much easier. 

● With the shirt length not an issue anymore (went from a crop top to calf-length dress), 
moving forward the capability to start adjusting the sizing in specific places and look at 
stitch length rather than just trying to get the shirt larger became apparent. 

● To get a more realistic view of the actual program size not influenced by the stitch length, 
the same program for P5 was knit just in a reduced stitch length based off a colleague’s 
shirt.  

 
Prototype 7: 
Date: 6/7/19 
Trial number: 10 
Yarn: 100% Polyester, 3 EPC 
Machine Settings: 4.7 
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Sizing: 

 
 
Program Front: 
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Knitted Shirt: 

 
 
Measurements: 

 
 
Program Comments/Errors: 

● Sizing was much too small 
● The sizing needs to be in between Prototype 6 and 7 
● Stitch length was slightly too tight  
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Prototype 8: 
Date: 6/11/19 
Trial number: 8 
Yarn: 3 ends of 100% polyester  
Machine Settings: 5 
 
Sizing: 
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Program Front: 

 
 
Knitted Shirt: 
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Measurements: 

 
 
Program Comments/Errors: 

● Took three times to knit the program. The yarn broke out at the neck (where the rib starts) 
two times.  

● Sizing was slightly too small 
● The front was much shorter than the back 
● The rib neckline knitted in an incorrect shape  
● Large amount of shrinkage 
● Stitch length was perhaps too tight  
● Was able to calculate the courses and wales before and after wash  

Additional comments: The object of this program was to calculate courses and wales off the 
machine and then post wash. It was also used to get an idea of the shrinkage of spandex on the 
machine as well as the shrinkage of the shirt after laundering.  
Shirt Statistics: 

● Before wash: 
○ Wales: 13 per ½ in  
○ Courses: 11 per ½ in  

● After wash: 
○ Wales: 17 per ½ in  
○ Courses: 13 per ½ in  

 
Prototype 9: 
Date: 6/20/19 
Trial number: 9 
Yarn: 100% Polyester, 3 EPC  
Machine Settings: 5.2 
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Sizing: 

 
 
Program Front: 
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Knitted Shirt: 

 
 
Measurements: 

 
 
Program Comments/Errors: 

● Increase sizing by a few cm in certain areas 
● Decrease sleeve length slightly 
● Decrease stitch length on body to match the sleeves 
● Address the back drop 
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Notes: I could not increase the program by the necessary measurements. I dropped the increase 
down to half and still exceeded the bed length. I did not change the program just the stitch length 
to try and get the necessary sizing. 
 
Prototype 10: Was disgarded due to mechanical failures  
 
Prototype 11: 
Date: 6/26/19 
Trial number: 11 
Yarn: 100% Polyester, 3 EPC 
Machine Settings: 6.8  
 
Sizing: 
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Program Front: 

 
 
Knitted Shirt: 

 
 
 
 
 
 
 
 



159 

 

Measurements: 

 

 
 
Program Comments/Errors: 

● Sizing is slightly too large 
● Stitch length is too long 
● Silhouette doesn't match in the shoulders 
● For the next prototype, reduce the stitch length  

 
Prototype 12: 
Date: 6/28/19 
Trial number: 12 
Yarn: 100% Polyester, 3 EPC 
Machine Settings: 5.8 
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Sizing: 

 
 
Program Front: 
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Knitted Shirt: 

 
Measurements: 
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Program Comments/Errors: 

● Stitch lengh is better, though could be slightly longer 
● Sizing is slightly too small but improved silhouette  

 
Prototype 13: 
Date: 7/1/19 
Trial number: 13 
Yarn: 100% Polyester 3 EPC 
Machine Settings: 6.6 



163 

 

Sizing: 

 
 
Program Front: 
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Knitted Shirt: 

  
 
Measurements: 
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Program Comments/Errors: 

● Sizing was slightly too small (only in certain areas) 
● Silhouette is perfect  
● Stitch length is perfect  

Next Steps: 
● Increase the program sizing minimally, in certain areas only. 
● Keep the same yarn, number of ends per carrier, and stitch length.  

 
Prototype 14: 
Date: 7/3/19 
Trial number: 14 
Yarn: 100% Polyester 3 EPC 
Machine Settings: 6.6 
Sizing: 
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Program Front: 

 
 
Knitted Shirt: 
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Measurements: 

 

 
 
Program Comments/Errors: 

● Sizing was slightly too large (only in certain areas) 
● Silhouette is perfect  
● Stitch length is perfect  

Next Steps: 
● Decrease the program sizing minimally, in certain areas only. 
● Keep the same yarn, number of ends per carrier, and stitch length.  

 
Prototype 15: 
Date: 7/5/19 
Trial number: 15 
Yarn: 100% Polyester 3 EPC 
Machine Settings: 6.6 
Sizing: 
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Program Front: 
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Knitted Shirt: 

 
 
Measurements: 
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Program Comments/Errors: 

● This program was knit in conjunction with Prototype 14 
● Too large, Prototype 14 is much closer in sizing  

 
Prototype 16: 
Date: 7/8/19 
Trial number: 16 
Yarn: 100% Polyester 3 EPC 
Machine Settings: 6.6 
Sizing: 

 



171 

 

Program Front: 

 
 
Knitted Shirt: 

 
 
 
 
 
 
 



172 

 

Measurements: 

 
 
Program Comments/Errors: 
Although the prototype was programmed to have sizing measurements between Protoype 13 and 
Protoype 14, meaning the measurements were larger than Protoype 13 but smaller than Prototype 
14, Protoype 16 measured larger than Protoype 14. This was most likely attributed to the 
variables discussed in Chapter 4 Results and Discussion under Phase One Whole Garment 
Development Results. Due to the conditions and equipment, there was slight variability that 
could not be accounted for in each prototype. Even though the sizing for Protoype 16 was 
between Prototype 13 and 14, thus should be the closest to the target garment, it was decided that 
Prototypes 13 and 14 were more accurate representations of the target garment. 
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Appendix B. Combat Shirt Comparison Chart 

Company Yarn Colors Sizing Origin Design Elements Finishing Price Site 
Rothco Sleeves: 

50% Nylon/ 
50% Cotton 
Body: 40% 
Acrylic/ 
60% Cotton 

Black, ACU 
Digital Camo, 
Navy Blue, Olive 
Drab, Woodland 
Camo, Desert 
Sand, Desert 
Digital Camo, 
Woodland Digital 
Camo, Subdued 
Urban Digital 
Camo, Midnight 
Digital Camo, 
Total Terrain 
Camo  

XS-5XL China Zippered Sleeve Storage Pockets, Mock Turtle 
Neck, Anti-Abrasion Padded Elbow Patches, 
Gusseted Sleeves, Glint Tape Holder For Tape, 
Loop Field On Sleeve Pockets For Attaching Name, 
Rank & Flag Patches. 

Flame 
Resistant 

59.99 https://www.r
othco.com/pr
oduct/rothco-
military-fr-
nyco-combat-
shirt  

Condor Body: 
100% 
Polyester 
Sleeve/Coll
ar: 39% 
Polyester, 
59%Cotton, 
2% 
Spandex 

Multicam, 
Graphite, Black, 
Olive Drab, Tan, 
Navy 

S-XXL Unknown Crye-Precision MultiCam, raglan cut sleeves for 
improved range of motion, mesh underarm panel to 
increase ventilation, mesh lined collar, two bicep 
pockets with YKK zipper closures, two upper arm 
patch panels, elbow pad pockets, reinforced elbow, 
hook and loop cuff adjustment 

Anti-static, 
mositure 
wicking, 
anti-
microbial  

59.95 https://tactica
lgear.com/co
ndor-combat-
long-sleeve-
shirt-
multicam 

TRU-
SPEC 

65/35 
Polyester/C
otton Rip-
Stop OR 
60/40 
Polyester/C
otton Twill 
OR 50/50 
Nylon/Cott
on Rip-Stop 

Ranger Green, 
Black, Khaki, 
Olive Drab, Navy, 
Urban Digital, 
Woodland 
Digitial, 
MultiCam, 
MultiCam Tropic, 
MultiCam Arid, 
MultiCam Black, 
All Terrain Tiger 
Stripe, Army 
Digital,  Midnight 
Digital, Orange, 
A-TACS iX  

XS-3XL 
Regular 
and M-
2XL 
Long 

Imported Body constructed from No Melt, No Drip 
CORDURA® Baselayer fabric, a 60/40 cotton nylon 
blend that not only reduces the severity of burn 
injuries and helps protect against flash fires, but also 
breathes, wicks away moisture and dries quickly 
¼ zip front mandarin collar, zipper has a cover hood 
for comfort 
Seamless, reinforced shoulders to minimize rubbing 
and chafing 
Storage pockets on sleeves 
Loop on sleeve pockets for attaching name, rank and 
flag patches 
Glint tape holder for IR tape 
Reinforced elbow patches 
Gusseted sleeves 
Pen/pencil stalls 
Hook & loop cuff closures 

No Melt-No 
Drip 

$61.95
-
$78.95 

https://www.t
ruspec.com/u
niforms/tactic
al-response-
uniform-
tru/tru-14-
zip-combat-
shirt 



174 

 

Company Yarn Colors Sizing Origin Design Elements Finishing Price Site 
MASSIF Unknown MultiCam, OCP XS-3XL USA 1/4 Zip Neck, concealable IFF tab, loop patches 

display name, rank, flag, and unit, lightweight elbow 
pads with abrasion-resistant superfabric brand 
material, pen pocket, shoulder pocket, adjustable 
wrist cuffs 

Flame 
Resistant 

219.99 https://www.
massif.com/a
rmycombatsh
irttypeii.html 

XGO Patented 
blend of 
Modaacryli
c and FR 
Rayon 

MultiCam XS-2XL USA Patent Pending High-Performance Knitted Combat 
Shirt, Athletic/Trim Fit, MultiCam® Patented blend 
Modacrylic & FR Rayon Sleeves - 5.5 oz, Tan 499 
Patented blend Modacrylic & FR Rayon Body - 4.8 
ozMultiCam® Sleeves - UPF (Sun Protection) 
Rating - 50+, Tan 499 Body - UPF (Sun Protection) 
Rating - 35+MultiCam® Velcro patches (both 
arms), Accessible zipper storage sleeve pockets 
(both arms), Stretch woven elbow and forearm 
patches for added support against elements, Rolled 
Shoulders and Under Arm Gussets - Increased 
Mobility / Reduced Irritation, Zipper “garage” 
covers zipper eliminating irritation under the chin 
when fully zipped, Accessible Elastic Thumb loops 
for added support when needed, Clean Seam® Next-
To-Skin Comfort, Extra Length (Body), Durable, 
Breathable & Won’t Shrink 

Moisture 
Manageme
nt, Anti 
Microbial, 
Fire 
Retardant/ 
No Melt No 
Drip 

219.99 https://www.
proxgo.com/p
roducts/fr-
defense-base-
layer-dbl-
combat-shirt-
flame-
retardant 

Crye 
Precision 

Sleeve: 
50% Nylon, 
50% Cotton 
Body: 80% 
Modacrylic, 
15% 
Viscose, 
5% X-
Static 
(DRIFIRE
®fabric) 

MultiCam, 
MultiCam Arid, 
MultiCam Tropic, 
MultiCam Black, 
Khaki, Ranger 
Green, and Black 

XS-3XL 
offered 
in Short, 
Regular, 
Long, 
and 
Extra 
Long  

USA Comfort placket behind zipper, Double layer bicep 
pocket, Eye-pro holder and pen pocket, Flexiable 
VELCRO® brand hook-and-loop configuration on 
bicep pocket, Streamlined elbow pad configuration 
designed for use with our patented removable 
AIRFLEX™ ELBOW PADS (sold separately) 

FR 173.4 https://www.
cryeprecision
.com/Product
Detail/aprcse
02lgr_g3-
combat-shirt 
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Company Yarn Colors Sizing Origin Design Elements Finishing Price Site 
Arc'teryx 
LEAF 

Body: 
woven 60% 
cotton / 
40% nylon 
Cordura® 
Shoulders 
and 
Sleeces: 
knit 50% 
cotton / 
50% nylon 
Cordura®  
Under Arm: 
TenCate 
Defender™ 
M 5.5 oz. 
mesh  

MultiCam, Black, 
Ranger Green, 
Wolf, Crocodile  

XS-2XL Unknown
. Most 
manufact
uring 
facilities 
for the 
brand are 
located in 
Canada 

Low profile hybrid collar with button and Velcro® 
closure shields neck or can be worn open, Mesh 
vents underarms allow air flow under personal 
protective equipment, Removable, articulated, soft 
elbow pads fit into integrated pockets, Cuff button 
closures allow for rolled up sleeves in warm 
conditions, Two secure upper arm pockets with 
daisy chain hard points, 4x4.5 Velcro® 
identification patches with V-LITE™ retention ring 

No Melt-No 
Drip 

$239.0
0-
$259.0
0 

https://www.t
acticaldistrib
utors.com/pro
ducts/arctery
x-assault-
shirt-ar-
multicam?var
iant=5899553
345 and 
https://www.t
acticaldistrib
utors.com/pro
ducts/arctery
x-leaf-
assault-shirt-
ar?variant=58
99415105 

Proper Sleeves: 
Woven 
Battle Rip® 
65% 
polyester / 
35% cotton 
ripstopTors
o: 6.5 oz 
60% cotton 
/ 40% 
polyester 
knit 

Multicam, Black, 
Olive 

XS-4XL Imported Fully articulated elbows and underarm gusset for 
enhanced range of motion, Two zippered upper-arm 
pockets with loop-facing patch for insignia, External 
opening for shoulder and elbow pads, Full patterned 
torso on patterned versions, Lightweight knit fabric 
with anti-odor treatment on torso for comfort, Two 
zippered forearm pockets, 2-channel pen pocket on 
left forearm, Right forearm pocket with hook and 
loop closure, Adjustable hook and loop fastener at 
sleeve cuffs, Integrated thumb holes at cuffs prevent 
bunching and twisting, Nametape on back of collar 

Moisture 
Wicking, 
Anti-
Microbial 

59.99 https://www.
propper.com/
tac-u-combat-
shirt.html 

5.11 Body: 
Poly/cotton/
spandex 
knit 
Sleeves: 
65% 
polyester/3
5% cotton 
ripstop  

MultiCam, Black, 
Storm, TDU 
Khaki, TDU 
Green, Dark Navy 

S-3XL Imported Large storage pockets at each shoulder, Mesh panels 
for breathability 
1/4 zip front, Collar can be worn up or down, 
Sleeves are poly/cotton ripstop, Reinforced 
articulated elbows, Saddle-shoulder design for free 
movement, Seamless underarms eliminate chaffing, 
Flat lock seams throughout increase comfort 

Moisture 
Wicking  

65.99 https://www.
511tactical.co
m/rapid-
assault-
shirt.html and 
https://www.
galls.com/5-
11-tactical-
rapid-assault-
shirt 
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Company Yarn Colors Sizing Origin Design Elements Finishing Price Site 
Under 
Armour  

Body: 57% 
Cotton/ 
38% 
Polyester/ 
5% 
Elastane 
Overlays: 
91% 
Polyester/9
% Elastane 

Olive Drab Unknow
n  

Imported Fuller cut for complete comfort, Designed to be 
worn under body armor, 4-way stretch construction 
moves better in every direction, Zippered sleeve 
pockets, 4x4 patch on sleeves 

Mositure 
Wicking, 
Fast 
Drying, 
Water 
Resistant 
Material on 
the top of of 
the sleeves 

89.99 https://www.
underarmour.
com/en-
us/mens-ua-
tactical-
combat-
shirt/pcid127
9639 

First Spear Body: 
100% 
merino 
wool 
Arms: FR 
Rayon, P-
Aramid, 
and nylon 
plain weave 
3oz sleeves 

Black/Heather 
Grey, Sand 

S-2XL USA Anti-Frictiton NanoGlide mesh underarms, 
Generously cut in the neck and sleeves, Fitted with a 
slight stretch, Cut long so that it will remain tucked 
into pants., Low profile loop attachment points for 
FirstSpear Cell Tags and IFF, Each sleeve has a 
pocket on the shoulder and a standard cuff tab.  

Moisture 
Manageme
nt, Anti 
Microbial, 
Fire 
Retardant 

213 https://www.f
irst-
spear.com/tec
hnical-
apparel/the-
asset-
technical-
field-shirt 
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