
ABSTRACT 

WEISPFENNING, DANIEL. Ease of Motion Assessment using 3D Garment Simulation. (Under 

the direction of Dr. Kwon & Dr. Ormond). 

 

Moving while wearing garments, especially protective garments, increase their wearer’s 

energy expenditure thereby lowering performance and endurance. To lower the burden of 

garments, design and fit elements are employed to optimize ease of motion, but precisely 

measuring the effects of these design features remains difficult. Currently employed 

measurement methods often fail to distinguish between garments, which do not greatly differ in 

material or end use. More precise measurement techniques require equipment and resources that 

make them difficult to incorporate into garment development timelines. 3D garment simulation 

has been increasingly incorporated into the garment development processes to increase speed and 

may also be able to address ease of motion measurements through the quantitative fit analysis 

tools enabled by the technology. 

This project explores the ability of 3D garment simulation to measure ease of motion in 

garments which share materials but differ in design and fit. To accomplish this, two garment 

designs were developed, one matching the current design of the army combat uniform (ACU) 

jacket, and a jacket developed using a novel pattern drafting technique where body 

measurements are taken from multiple poses and composited into a single pattern. Instead of 

relying on conventional ease recommendations, the novel technique defined garment ease based 

on the maximum body dimensions achieved during motion and created a pattern with less 

circumferential ease, but greater vertical ease in the shoulder area. Both designs were evaluated 

using a traditional wear trial involving live subjects who performed calisthenic exercises and 

subjectively evaluated comfort and ease of motion. These results were compared with a 

simulated wear trial using stretch mapping in the Optitex program. 



In the physical wear trial, the experimental garment was rated as less comfortable and 

less preferred with the shoulders and chest area being the most problematic. The simulated wear 

trail indicated the experimental garment would experience more stretch than the current ACU 

jacket design especially in the chest and shoulder areas, so the two wear trials were in agreement 

on both preferred garment and location of discomfort. Discrepancies between the wear trials 

existed in the display of garment slippage where the hem raised significantly more during the 

physical wear trial than in the simulated wear trial. 
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CHAPTER 1: Introduction 

The comfort and protection provided by garments are interrelated concepts which often 

require designers to make compromises between both needs. Theories of clothing comfort 

describe comfort as a combination of physical, and socio-psychological factors both of which are 

affected by garment fit (Pontrelli, 1990; Sweeney & Branson, 1990). Physical comfort is affected 

by fit which determines the amount of contact between wearer and garment and at which 

pressure said contact occurs, and thermal comfort is partially controlled by the size of air trapped 

within a garment which a designer can most directly control by altering a garment’s fit (Mert, 

Psikuta, Bueno, & Rossi, 2015; Sweeney & Branson, 1990). Fit is also related to social-

psychological comfort by interacting with social norms and the wearer’s body image to influence 

the situational appropriateness (Sweeney & Branson, 1990). Protection is also affected by fit, for 

example, a goal of protective garments for both extreme heat and cold is to include a thick layer 

of air between the wearer and the environment as air is a poorer conductor than textiles (Lu, 

Song, Li, & Wang, 2015). Fit is a tool designers of protective garments must use correctly to 

ensure wearers are both protected and comfortable. 

Anthropometry, the study of human body dimensions, can be used to improve garment 

fit. The 2012 Anthropometric Survey of U.S. Army Personnel, known as ANSUR II, the most 

recent American military anthropometry study has shown significant changes in the dimensions 

of personnel. Between 1988 and 2012, the average weight and circumference measurements have 

increased while height measurements have remained constant (Choi, Garlie, & Mitchell, 2016; 

Gordon et al., 2014). This change in anthropometry indicates the sizing of legacy equipment is 

no longer suitable for the current military and increasing the size of existing garments along the 

currently used grading rules will not alleviate fit issues as height and circumferences have not 
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increased in the same proportion (Choi et al., 2016). As military personnel are frequently tasked 

with strenuous and dangerous activities, properly fitting protective garments are vital for their 

safety (Todd, 2007). 

During strenuous motions, the body’s dimensions can change rapidly and dramatically 

(Bragança, Arezes, Carvalho, & Ashdown, 2016). When a wearer moves in a garment, the 

garment accommodates the changing dimensions either through stretching or sliding along the 

surface of the skin (Erol, Wetzel, & Keefe, 2015; Kirk & Ibrahim, 1966). Both means of 

accommodating motion cause the wearer to expend energy beyond what is required to perform 

the motion which increases strain on the wearer and reduces their performance (Erol et al., 

2015). Several methods exist for assessing the burden placed on wearers by their garments, but 

each presents trade-offs between cost, complexity, accuracy, and usability of results (Fine & 

Kobrick, 1985; Huck, 1991). 

Virtual prototyping technology could provide a new method of measuring the burden of 

garments and has already been used by several researchers to develop garments for specialized 

postures and applications (Chowdhury, Alam, Mainwaring, Beneyto-Ferre, & Tate, 2012; Jolly, 

Krzywinski, Rao, & Gupta, 2019). While most research on virtual prototyping has focused on 

mimicking traditional, visually-based fit analysis techniques, virtual prototyping enables more 

quantitative measurement of fit through strain and pressure simulation (Sayem, 2015). Further 

investigation of quantitative fit assessment in virtual prototyping could prove beneficial for 

protective garment design. 

The American military has a documented need for garment pattern revision, and the 

military’s personnel must conduct strenuous movements during their duties. Virtual prototyping 

has also shown potential to greatly contribute to the fitting process and to assess the burden 
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placed on wearers by protective garments. To investigate these possibilities, the following 

research objectives have been developed. 

Objectives 

1. Design new pattern for Army Combat Uniform Jacket to enable easier motion. 

2. Develop simulated wear trial method to assess ease of motion and comfort in different 

garment designs. 

3. Assess viability of simulated wear trial method with a comparison physical wear trial method 

in pilot study.  
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CHAPTER 2: Literature Review 

2.1 Pattern Making 

Traditionally, patterns for apparel have been created using one or a combination of four 

techniques: block pattern drafting where points were systematically laid out on a plane and 

connected via both straight and curved lines, draping where a pattern was created by laying 

fabric against a dress form, flat pattern construction which involved manipulation of a block 

developed by drafting or draping to create a specific style, and finally knocking-off in which 

pieces are traced from an existing garment (Armstrong, 2014; Watkins, 2011). In recent years, 

several packages of pattern making software have been made available. Computer aided design 

packages seek to mimic the drafting and flat pattern manipulation methods of pattern making 

while increasing efficiency by making copying and saving multiple iterations of patterns much 

quicker than could be accomplished by hand and increasing integration between pattern making 

and computer-aided manufacturing processes (Watkins, 2011). The time and cost savings 

enabled by pattern making software have led to widespread adoption in industry (Jhanji, 2018; 

Otieno, 2008; Watkins, 2011). 

With all pattern making techniques, the initial pattern often does not create a satisfactory 

fit, so pattern makers frequently employ fit analysis techniques to adjust the patterns (Armstrong, 

2014; Watkins, 2011). When pattern makers assess a garment’s fit, the five elements of fit have 

been used as a guideline; these are balance, set, grain, line, and ease (Ashdown, Loker, 

Schoenfelder, & Lyman-Clarke, 2004). When balance is good the garment will fall equally on 

both sides of the body and can be evaluated along the sagittal or coronal planes. Good set is 

achieved when the fabric lays smoothly over the body. Grain refers to the grain of the fabric 

which is defined by the fabric construction method. In weaving and knitting, the orientation of 
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yarn causes a fabric to drape most consistently when cut either parallel or perpendicular to the 

selvages. When pieces are not cut in proper alignment to the grain, garments tend to twist and 

stretch around the body in unintended ways (Armstrong, 2014). For good line, the design 

features should align to the body features, for example a shoulder seam should lay at the highest 

point of the wearer’s shoulder (Armstrong, 2014). 

The element of fit which becomes most important when considering a wearer’s motion is 

ease, the difference between the body’s dimension and the garment’s dimension (Lotens, 2007; 

Watkins, 1995). Ease can be classified as either comfort ease, needed for the comfortable 

performance of daily tasks, or design ease, which is added to achieve design intentions. A shirt 

being made several inches larger than the body to allow the wearer to move, twist, and raise their 

arms would be considered to have only comfort ease while a voluminous gathered skirt would be 

considered to have both the comfort ease needed to freely move the legs as well as design ease 

which is not necessary for motion but exists for aesthetic purposes (Armstrong, 2014). 

A physical prototype of the garment is usually required for fit analysis. Balance, set, line 

and grain are primarily visually analyzed, while ease is evaluated by a combination of the pattern 

maker’s vision and tactile feedback from the model (Armstrong, 2014; Watkins, 2011). The fine 

details of fabric drape are needed to understand fit, and pattern makers will use areas where the 

fabric does not lie flat to discover issues. For example, a garment which is too loose will show 

vertical wrinkles, while a tight garment will show horizontal wrinkles indicating areas where the 

garment is too tight (Armstrong, 2014; Watkins, 1995; Watkins, 2011). 
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Figure 1: A garment prototype showing horizontal wrinkling at the hip and thigh areas 

indicating tightness (Bayer, 2018). 

Traditional approaches to pattern making have several disadvantages. First, many pattern 

blocks used in industry have been developed in years past and were dictated by adapting styles 

and addressing business needs. The original pattern as well as any adjustments are often created 

using the tacit knowledge of multiple pattern makers, and the factors driving any alteration are 

often not documented in a way that the empirical basis for patterns would be accessible (Petrova, 

2007; Watkins, 2011). The competitive nature of the garment industry is also a driver behind 

inconsistent standardization in patterning. Fit is often seen as a key method of differentiating a 

company from its rivals, so manufacturers are more likely to base garments on internal standards 

than publicly available anthropometric studies. Due to the competitive nature of the industry, 

said internal standards are rarely available outside the company (Watkins, 2011). 
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Another issue is the somewhat arbitrary assignment of ease. Measurements for drafting 

and the draping process are usually conducted with a mannequin or fit model in a static, standing 

position, called the anatomical position. This position is not representative of a wearer’s position 

for the majority of garment uses, so most garments are made larger than a body’s dimension, 

adding comfort ease (Ashdown, 2011). To create the necessary ease for motion, pattern makers 

rely on experience and ease calculations which may not have an empirical basis and will vary 

from source to source (Ashdown, 2011; Jhanji, 2018). These recommendations also vary based 

on garment style, consumer taste, fashion trends, and textile properties (Ashdown, 2011). All 

these factors cause even garments made with similar end uses and intended markets to vary in fit, 

and these variances can become more pronounced when garments are made with stretchable 

fabrics. 

Stretch fabric patterns are typically developed by adapting patterns made for non-stretch 

fabric and shrinking a pattern by a percentage determined by the maximum stretch of the fabric 

(Richardson, 2008; Tsai, Cassidy, Cassidy, & Shen, 2002). This approach often requires revision 

during the prototyping process because maximum stretch is not the only property which must be 

considered by a pattern maker. Resistance to stretch, recovery after stretch, and fabric cover 

factor all have an appreciable effect on the fit of a stretch garment (Tsai et al., 2002). Stretch 

fabrics also can be constructed using highly varied constructions. As an example of how stretch 

fabric construction and mechanics can differ, consider a stretch woven fabric contrasted with a 

weft knitted fabric. In a stretch woven fabric, yarns travel straight across the length and width of 

the fabric and the ability to stretch must be created through yarn properties. In contrast, weft 

knitted fabrics are constructed by yarns travelling across the width of the fabric looping together; 

the extra distance the yarn travels allow the weft knitted fabric to stretch without need for a 



   

 

 

8 

 

stretchable yarn (Tsai, Cassidy, Cassidy, & Shen, 2002; Watkins, 2011) (Refiber Designs, 2020; 

Tsai et al., 2002). All the varied factors which affect the fit of a stretch garment means the 

development of a unified system for stretch garment pattern making has been impossible and 

stretch patterns must each be approached individually resulting in divergent methods of 

achieving an appropriate fit (Tsai et al., 2002; Watkins, 2011). 



   

 

 

9 

 

 
Figure 2: Diagram of stretching mechanisms in knitted fabric (Refiber Designs, 2020). 
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Figure 3: Stretch mechanisms in woven fabric (Refiber Designs, 2020). 

Alternative approaches to the problem of pattern generation have been proposed. One 

such approach is to leverage 3D modelling technologies to generate a pattern in the 3D space 

before flattening the model to derive a 2D shape usable as a pattern (Huang, Mok, Kwok, & Au, 

2012; Jolly et al., 2019). Huang et al. (2012) developed one such method where the researchers 

developed a bodice and skirt pattern block from a 3D scanned model. The method divided the 

bodice into eight sections and the skirt into nine sections. The sections were assembled so the 
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straightest borders of each section attached to neighboring sections, while other section borders 

were separated by sewn darts (Huang, Mok, Kwok, & Au, 2012). Huang et al. then added seam 

allowances necessary to construct a garment and pattern edges. 

 
Figure 4: Images of the bodice (left) and skirt (right) patterns created by Huang et al. 2012. 

Alternating blue and green colors show the sections created through the 3D-derived method 

(Huang, Mok, Kwok, & Au, 2012). 

Huang et al. evaluated their pattern generation method by comparing their 3D-derived 

garment against two developed using traditional 2D drafting approaches, one using a draft 

published by the Clothing and Allied Products Industry Training Board of the United Kingdom 

circa 1978 and the other was detailed in the book Clothing Construction by Yoshiko Nakaho 

published in 1995 (Huang et al., 2012). The three garments were evaluated based on the fit 

models’ experiences with each garment during a short wear trial where the fit models were also 

allowed to inspect their appearance in a mirror (Huang et al., 2012). Models rated the garment’s 

fit at designated body landmarks such as chest, hips and neckline using Likert scales and rated 

the garments separately on overall fit and appearance. 

Huang et al. found their 3D-derived pattern generation method to be preferred by most fit 

models with 67% of the subjects responding that the 3D-derived method produced the most 

comfortable and easy-to-move-in fit. The fit models also evaluated the garment’s overall 
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aesthetics, and, in this category, the 3D-derived garment was preferred by a plurality of 47% 

(Huang et al., 2012). The discrepancy between the subject’s preferences on comfort and 

appearance shows the complexity of developing fit as wearer’s preferences on comfort, styling, 

or function may not always be in alignment, but the results of the experiment also show 

approaches to pattern making utilizing 3D technologies can produce garments which can rival 

and potentially surpass those made with traditional 2D methods. 

Jolly et al. (2019) used a similar approach for their research with application to protective 

garments in extreme motions. The researchers in this study were concerned with motorcyclists 

and created models that matched the position of a rider when both mounting and driving a 

motorcycle. The models were then unwrapped to create a single garment which would cover a 

motorcyclist from neck to ankles. Because of the complex poses adopted by motorcycle riders 

and the close, contoured fit of protective suits for motorcycling, the pattern developed by Jolly et 

al. consisted of 21 unique pattern pieces (Jolly et al., 2019). This study shows how greatly a 

garment’s shape changes when made using posed anthropometry as a garment which combined a 

jacket and pant could be made for the anatomical position using only five unique pattern pieces. 

(Armstrong, 2014). Jolly et al. 2019 did not produce a physical prototype of the designed 

garment, so no conclusions as to the garment’s fit on a physical body could be drawn. 
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Figure 5: The pattern pieces of the motorcycling suit developed by Jolly et al. 2019 (left) and a 

simulation of the completed garment made using Modaris software (right) (Jolly et al., 2019). 

In another study investigating the changes to anthropometry caused by motion, Tsai et al. 

(2002) developed an adaptation of 2D pattern drafting methods which involves taking 

measurements from fit models in a variety of poses instead of just the anatomical position. Fit 

models in this study were asked to perform five different poses as the researchers measured the 

subjects. Each set of measurements were used to draft a bodice, skirt, and sleeve pattern. The 

researchers then created a composite pattern taking the most extreme points of the five pattern 

drafts, essentially allowing the wearer’s motion to dictate maximum needed ease. Tsai et al. then 

used industry professionals to evaluate the composite pattern made with both stretch and non-

stretch fabrics against garments made using 2D pattern drafting systems which prescribe ease 

based on garment and fabric type (Tsai et al., 2002). Their findings concluded the fit of the 

composite-drafted pattern was significantly preferred over the traditional drafted pattern with the 
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composite-drafted garment made with stretch fabrics being most preferred (Tsai et al., 2002). 

Tsai et al.’s survey consisted only of a simple ranking of each garment’s overall fit 

appropriateness, so no specific information regarding which aspects of fit caused the higher 

rankings for the garments drafted using Tsai et al.’s methods can be ascertained from the study. 

Tsai et al.’s study also only was concerned with the area of casual clothing, so it remains to be 

seen if their drafting method can be translated to protective garments with higher movement 

demands. 
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Figure 6: Comparison of patterns used in the study by Tsai et al. 2002 (Tsai et al., 2002). 

Bragança et al. (2017) tested a similar concept to Tsai et al. in the context of attire 

intended for white collar work in office environments with limited motion. The researchers were 

primarily concerned with the act of raising the arms. This study constructed several prototype 

garments, one drafted for the anatomical position and one with the arms raised to 90 degrees 
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along the sagittal plane (Bragança, Carvalho, Arezes, & Ashdown, 2017). Bragança et al. 

incorporated some quantitative measurement into their fitting process by placing pressure 

sensors on fit models’ skin. As a garment which is too tight will press against the skin causing 

discomfort and restricting motion, Braganca et al. assumed lower pressure would indicate a more 

appropriate fit. The researchers found the pattern drafted for the position with raised arms 

decreased pressure exerted by the garment against the wearer; however, the researchers 

concluded aesthetics made the garment unsuitable for the intended end use (Bragança et al., 

2017). The critical difference between the work of Tsai et al. and Bragança et al. is the use of 

multiple poses and a process of creating a composite pattern undertaken in Tsai et al.’s research. 

Bragança et al.’s discarding of their pattern drafted for the position with raised arms provides an 

example of how the wearer’s mobility is sometimes necessary to trade off to achieve a desired 

aesthetic. 

Multiple methods of pattern making for apparel have been developed with successive 

generations building upon the techniques of previous eras. Current techniques employed by 

industry rely heavily on the experience and tacit knowledge of pattern makers and largely create 

patterns that best fit in neutral, static positions which, especially in the case of protective apparel 

do not accurately reflect the positional repertoire of wearers. Several research teams have 

investigated new methods of pattern making. Firstly Huang et al. and Jolly et al. inverted the 

typical 2D-to-3D workflow of pattern making by developing processes to derive a 2D pattern 

from a 3D model. Tsai et al. and Bragança et al. investigated using the changed dimensions of 

posed models essentially defining ease based on measurement rather than convention. The 

research in the field shows pattern making processes can be improved upon through application 

of 3D technology and by considering the altered anthropometry of bodies in motion.  
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2.2 Garment Size Development 

While research is underway in developing new techniques to create patterns, these 

techniques must be able to be expanded beyond and ideally-sized wearers. Commercially 

available garments must fit populations rather than individuals, which requires the pattern to be 

expanded to a size range in a process called grading (Petrova, 2007). Sizing systems exist on a 

continuum based on how many individuals each size is intended to accommodate. For example, 

garments which do not require precise fit to achieve design intentions, such as rain ponchos, may 

be manufactured in only a single size and marketed as “one size fits all” or “one size fits most” 

(Petrova, 2007). On the other hand, garments which require precise fit to achieve a desired 

appearance or function may be custom manufactured according to a specific individual’s size 

such as anti-g-force suits for pilots of high-speed aircraft (Petrova, 2007; Todd, 2007). Most 

commercially available garments are sold using a ready-to-wear sizing system where a limited 

number of sizes are created to provide an acceptable level of fit for most of a population 

(Petrova, 2007). The American military prefers to use a ready-to-wear sizing strategy wherein 

garments are produced in sizes which accommodate the 2nd to 98th percentile of soldier’s 

anthropometry (Choi, Garlie, & Mitchell, 2016). A ready-to-wear sizing system provides the 

advantages of relatively good fit for most of the population while still allowing garments to be 

manufactured before use is necessary and stockpiled (Choi et al., 2016). Though the military 

prefers to use a ready-to-wear sizing system, it is not unified into a single system as the number 

and definition of available sizes does vary between garment styles (Todd, 2007). 

To create a degree of standardization in ready-to-wear sizing systems, countries across 

the world have published sizing standards, which vary based on local anthropometry which 

differs based on lifestyle, genetics, nutrition, and taste (Kasambala, Kempen, & Pandarum, 2016; 
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Petrova, 2007). These national sizing standards, however, are largely voluntary, so garment 

manufacturers will often deviate from standards to better suit their target market or to provide a 

point of differentiation to their customers. Therefore the existence of a national standard is no 

guarantee that any given manufacturer will conform to the standard (Otieno, 2008; Petrova, 

2007). In addition, garment manufacturers will typically adjust sizing systems based on customer 

feedback and sales data which causes unpredictable deviations from national standards (Petrova, 

2007). 

In the United States of America, sizing recommendations intended to be used as the 

national standard have been published by ASTM International. American sizing standards 

depend on the wearer’s gender and garment category (Ashdown, Susan P., 1998; Newcomb & 

Istook, 2004; Petrova, 2007). Men’s sizing is typically named and based on a body measurement. 

Bottoms typically use the waist measure and upper body garments most often use the chest 

circumference (Carr, Wilson, & Laing, 2012; Petrova, 2007). Because males currently comprise 

the majority of military personnel, the United States military most frequently sizes garments 

using systems based off of male sizing standards (Choi et al., 2016). 

One criticism of American sizing recommendations is that the sizing standards suggested 

by ASTM do not match with the known anthropometry of the American population (Christel & 

Dunn, 2017; Newcomb & Istook, 2004). As an example, ASTM D5585 Standard Table of Body 

Measurements for Adult Female Misses Figure Type, Sizes 2-20 is intended to be the sizing 

standard for most adult women in the United States, but ASTM D5585 underestimates the size of 

the average American. Studies of anthropometry conducted by the Center for Disease Control 

show the average American woman would best fit into a “misses size 16”, which falls into one of 

the largest sizes in the range (Christel & Dunn, 2017). In addition, proportions between body 
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measures do not match with available anthropometric studies, with the standard consistently 

underestimating waist circumferences relative to chest or hip circumferences (Christel & Dunn, 

2017; Newcomb & Istook, 2004). While national standards for sizing American clothing do 

exist, usage in industry is inconsistent, and do not accurately reflect American anthropometry 

(Christel & Dunn, 2017; Newcomb & Istook, 2004). 

As established sizing standards are unsuitable for the current population of the United 

States, new sizing systems must be developed through the grading process. Most ready-to-wear 

sizing systems are based on a limited number of anthropometric measurements. These 

anthropometric measurements, referred to as primary body measurements, are the basis for 

grading systems, as each other measure is assumed to grow in proportion to the primary body 

measurements (Petrova, 2007). For upper body garments, chest circumference and stature are the 

most common primary measurements, while lower body garments use waist and hip 

circumferences (Petrova, 2007). 
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Figure 7: Photograph of a chest circumference being taken (left) and diagram of measurement 

(right) (Gordon et al., 2014). 

When multiple primary body measurements are used, it is most common to see a height 

paired with a circumference measurement because circumference measurements will correlate 

with each other to a higher degree than height measurements and vice versa, so a garment sized 

to a height and circumference measure will be able to provide a more accurate fit than one sized 

using a single measurement (Gordon et al., 2014; Petrova, 2007). Also, the use of two, 

perpendicular primary body dimensions also allows the pattern maker to proportionally relate all 

pattern measurements to the primary body dimensions (Petrova, 2007). Another consideration 

for the selection of primary body measurements is ease of use; familiar and easily defined 

measurements will cause better sizing outcomes (Petrova, 2007; Todd, 2007). Ease of 

measurement is especially relevant for military garments as warfighters are frequently issued 
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garments without the ability to try any garments on to discover best fit, so the measurements 

used in fitting must be taken correctly (Todd, 2007). 

When primary body measures are determined, the next step in a sizing process is 

assigning the inter-size interval, the increment between garment sizes along the primary body 

measurement, which will determine how many sizes are needed to accommodate a population 

(Petrova, 2007). Koblyakova (1974) developed the concept of “interval of indifference,” which 

is the difference in garment dimension of sizes along a certain body dimension that the wearer 

will be unable to notice and suggested its use as the primary determiner of a garment’s inter-size 

interval(Koblyakova, 1974). The interval of indifference is affected by several factors, the first 

being the absolute value of the body measurement. For example, a chest circumference 

measurement will have a larger interval of indifference than a wrist circumference measurement 

owing to the larger size. Fabric properties can also affect interval of indifference; for example, a 

fabric that can stretch will increase the interval of indifference (Koblyakova, 1974; Petrova, 

2007). Koblyakova’s ideas are not often used in practice, where the inter-size interval is most 

often determined by a variety of factors that are not based on empirical evidence because 

conducting a size perception study has proven to be a difficult and laborious process which does 

not fit into the timelines of apparel production, so manufacturers are more likely to rely on a 

pattern maker’s experience as well as industry conventions (Otieno, 2008; Petrova, 2007). 

Other researchers have suggested an optimization approach to defining sizes. 

Traditionally, inter-size intervals are assigned in a stepwise manner with even intervals between 

each size, so, for example, one size of a garment may accommodate individuals with chest 

circumference between 36 to 40 inches and the next larger size would accommodate 40 to 44 

inch chests (Petrova, 2007). An optimization approach, forgoes even inter-size intervals and 
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instead allows the anthropometry of a population to define inter-size intervals, ultimately aiming 

to maximize the amount of a population who have a size which closely fits their measurements. 

(Hernández, Mattila, & Berglin, 2018; Mcculloch, Paal, & Ashdown, 1998).  

While optimization methods can improve the match between a population and the sizing 

system, the resulting sizing systems are more difficult to select the correct size, as inter-size 

intervals are inconsistent with many sizes accommodating anthropometries close to the 

population’s mean and comparatively fewer for individuals with more extreme anthropometry 

(Hernández et al., 2018; Mcculloch et al., 1998; Petrova, 2007). In an American military context, 

garments are often issued without opportunities for try-on, so simple-to-use size charts are 

helpful in achieving the best fit outcomes for the warfighter, and therefore an optimization 

approach is not ideal for the military (Choi et al., 2016; Todd, 2007). 

A design consideration that impacts the number of sizes needed to accommodate a 

population is the amount of ease. Ease is defined as the difference in dimension between a 

finished garment and the corresponding body part, so if a jacket’s chest measured 44 inches and 

the wearer’s chest measured 40 inches, the jacket would be said to have 4 inches of ease 

(Armstrong, 2014). When wearing multiple layers, each successive layer must have greater ease 

than the layers below, so a jacket will have greater ease than a shirt, which in turn has more ease 

than an undershirt (Armstrong, 2014; Watkins, 2011). Material also plays a role in ease 

determination as fabrics with greater stretch require less ease to provide a comfortable wearing 

experience. An extreme example is in high-stretch active wear, which is often patterned to be 

smaller than the wearer’s body dimensions (Armstrong, 2014; Watkins, 2011). A garment 

smaller than the wearer is said to have negative ease and is only able to accommodate movement 

through the stretching of the fabric (Ashdown, S., 2011; Kirk & Ibrahim, 1966). 
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When relating ease to a body measure, the relationship can be expressed as a set 

increment such as four inches or a proportion such as 110%. On the base size, the difference 

between the systems will be nonexistent, but the difference will become apparent on graded 

sizes. Take for example a shirt with sizes set at 35, 40 and 45 inches of chest circumference; 

when graded using an increment of 4 inches, the garment chest dimensions will be 39, 44 and 49 

inches, respectively. Using a proportion of 110%, the garment chest dimensions would be 38.5, 

44 and 49.5 inches, showing a difference of 0.5” for both the smallest and largest chest 

circumferences (Armstrong, 2014; Petrova, 2007; Watkins, 2011). Larger ranges of body size 

increase the effect of proportional grading. Apparel for the military most often takes an 

incremental approach to ease as incremental methods typically produce simpler values for design 

and quality assurance (Petrova & Ashdown, 2012; Todd, 2007). 
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Figure 8: Comparison of pattern graded incrementally and proportionally. 
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2.3 Accommodating Motion in Garment Design 

The fit of protective and functional garments must account for a wearer’s motion which 

changes anthropometry (Armstrong, 2014). The process of wearer movement requires a complex 

chain of signals and dimensional changes; the signals required to cause motion are sent from the 

brain via nerve fibers to muscle tissues throughout the body which will contract or shorten in 

length (Murphy et al., 2018). Muscular contraction causes forces which move bones to move like 

levers, and the range of motion available to the bones is determined by the construction of joints 

and presence of tendons and ligaments (Murphy et al., 2018; Watkins, 1995). 

The same complex process that induces motion also causes a series of alterations to the 

body’s anthropometry. When flexed, a limb’s length will decrease in the direction of flexion and 

increase in the opposite (Bragança, Arezes, Carvalho, & Ashdown, 2016; Choi, Garlie, & 

Mitchell, 2016; Kirk & Ibrahim, 1966). Circumference measurements of limbs will also change 

as joints flex; soft tissue is pushed together causing the circumference to increase (Bragança et 

al., 2016; Choi et al., 2016; Kirk & Ibrahim, 1966). Lotens (2007) investigated the bodies change 

in dimension during extreme motions. Using young, fit male subjects, Lotens discovered flexion 

of the shoulders increases across back measurements by 18 centimeters, raising the arms 

increases side length by 22 centimeters and flexing the torso increases the back length by 16 

centimeters (Lotens, 2007). Each motion must be accommodated by the garment through either 

expansion of the garment via stretching of the textile or unfolding of pleats or via garment 

slippage, where the garment slides across the skin’s surface (Kirk & Ibrahim, 1966). Stretching 

and sliding of a garment both increase the energy cost of motion compared with an unclothed 

condition, so designers will seek to create garments which minimize the energy cost of motion 

(Erol, Wetzel, & Keefe, 2015). 
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Designers of protective garments address the needs of motion through either designing 

mobility features into the garment or through selecting fabrics that will move easily with the 

body (Huck, 1991; Watkins, 1995). Most important among fabric properties which enable easier 

motion are the ability to stretch, low friction, and lighter weight (Dorman & Havenith, 2009; 

Taylor et al., 2012; Watkins, 1995). Fabrics used in protective garments frequently require 

protective performance that take precedence over the characteristics which make a garment more 

comfortable to move within it and wear. For example, a garment intended for firefighters must 

withstand high temperatures from direct and indirect heat, so a thermoplastic fiber like spandex, 

which could enable the garment to stretch better and with more ease, cannot be used. In the field 

of protective garments, design must often be relied on to provide mobility where the material 

cannot (Huck, 1991; Watkins, 1995). 

The placement of garment components can contribute to lowering burden on wearers as 

physiological burden is reduced when the weight of an ensemble is transferred from extremities 

to the core of the body (Taylor et al., 2012). Taylor et al. (2012) researched the effect of discrete 

parts of a firefighter’s turnout gear. The researchers found that in some activities, notably 

walking in the protective boots, created a higher physiological burden than the breathing 

apparatus (SCBA). The boots were 2.44 kg, while the SCBA was much heavier at 11.3 kg. The 

cause of the SCBA’s lower burden was due to the location on the torso, which allows the entire 

musculature of the body to move the weight. The boots, being worn on the feet, engaged fewer 

muscles, but was much more strenuous. Because of the placement of the boots’ weight, the 

researchers calculated 1 kg of boot created 8.7 times the burden of 1 kg of SCBA (Taylor et al., 

2012). 
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Another method that can be employed to lower the burden of protective clothing is 

leaving areas around joints exposed. This method is employed ideally in situations where the 

hazard can be reasonably sure to affect only a few areas of the body or when the materials 

required to provide protection are excessively thick or inflexible (Watkins, 1995). Upper body 

padding for football and ballistic armor with shoulder attachments are examples of protective 

equipment which leave the under arms of the body fully exposed (Watkins, 1995). Due to this 

technique leaving portions of the body unprotected, it is only applicable to protection from 

threats which will endanger predictable areas of the body (Watkins, 1995). 

Another technique which can be employed in garments where the behavior of users can 

be predicted is contouring. Contouring a garment refers to the creation of patterns that closely 

follow a body’s perimeter. Contouring can be applied to a garment with varying intensities, for 

example, jackets are often drafted with sleeves bent slightly at the elbow to mirror the natural 

elbow bend present in a relaxed arm, while a protective ensemble for a motorcyclist may use a 

more aggressive contour where the garment’s natural posture will have the waist bent forward 

and arms extended (Jolly, Krzywinski, Rao, & Gupta, 2019; Watkins, 1995). Aggressive 

contouring is not applicable in all situations, in the example of the motorcyclist’s ensemble, 

contouring can make the actions involved in riding a motorcycle easier, but more mundane tasks 

such as walking are made more difficult (Watkins, 1995). 

Contouring can also affect the thermal comfort of a garment. Dry thermal insulation of a 

garment increases with looser fit as the air gap thickness increases (Mert, Psikuta, Bueno, & 

Rossi, 2015). The shape of the air gap also affects heat transfer, as an air gap shape with greater 

surface area will more readily lose heat (Mert, Böhnisch, Psikuta, Bueno, & Rossi, 2016). A 

more contoured garment will have a greater surface area enabling greater heat loss via 



   

 

 

28 

 

conduction. Protective garments often require the use of thicker materials, which can limit the 

exchange of air between environment and wearer; designers will often seek methods to increase 

heat loss through design changes (Huck, 1991; Watkins, 1995). 

For some applications, altering the garment’s natural position to an extreme is 

advantageous especially with potentially bulky or restrictive garments (Watkins, 1995). When 

adjusting the pattern for a more extreme posture, the length of the resulting seam becomes an 

important consideration (Watkins, 1995). A sleeve that fits closer to the wearer’s armpit will 

enable more mobility due to longer length than a sleeve with a lower armhole (Watkins, 1995). 

When creating an armscye pattern for a garment expected to be used during strenuous activity, a 

pattern maker will often attempt to place the armscye as close to the body as possible without 

causing discomfort. The same is also true when pattern making for the rise on a pair of pants 

(Armstrong, 2014; Watkins, 1995). As several methods of accommodating motion are available 

to designers, methods for measuring ease of motion in garments are required to make 

comparisons between garment designs. 

One such method for measuring ease of motion is the total allowed range of motion. A 

joint’s range of motion can be measured with goniometers or flexometers. A flexometer consists 

of a circular apparatus strapped to the subject’s limb and uses a weighted dial to measure range 

of motion. The weighted dial remains in consistent orientation due to gravity, so the measurer 

collects data by noting the dial’s reading at the beginning and end of tested motion (Adams & 

Keyserling, 1993; Ashdown, 2011; Watkins, 1995). As a flexometer is strapped directly to the 

body, it is a more invasive measuring tool than the goniometer, so in some situations a 

goniometer would be preferred, for example if the mobility of a bicep in a turnout jacket was to 

be measured, the flexometer would need to be affixed to the wearer’s upper arm over the jacket 
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which would affect the jacket’s mobility (Adams & Keyserling, 1993). Though goniometers are 

less invasive, a similar level of accuracy as flexometers is maintained (Adams & Keyserling, 

1993; Brosseau et al., 2001). 

 

Figure 9: A subject's hip flexion being measured using a flexometer (Brodowicz, Welsh, & 

Wallis, 1996). 

Goniometers consist of two arms which pivot around a fulcrum and are operated by 

placing the fulcrum in alignment with the joint being measured and both arms aligned with the 

limbs on either side of the joint. The subject then performs the movement being measured to the 

extent of their capabilities as the measurer moves the arms of the goniometer alongside the 

subject’s limbs (Adams & Keyserling, 1993; Ashdown, 2011; Watkins, 1995). ASTM F3031 

“Standard Practice for Range of Motion Evaluation of First Responder’s Protective Ensembles” 
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presents a standardized method for use of goniometers to measure range of motion allowed by 

protective garments using a succession of poses and motions. Motions in ASTM F3031 are 

controlled by having subject brace against objects to limit movement to only the measured joint 

(ASTM International, 2017). A shortcoming of both goniometers and flexometers is that not all 

garments which increase the difficulty of motion will reduce total range of motion; for these 

garments, neither a goniometer nor a flexometer will capture the extent to which motion is made 

more difficult (Coca, Williams, Roberge, & Powell, 2010). 

 
Figure 10: Knee flexion being measured using a goniometer (Brosseau et al. 2001). 

Garment wear trials can differentiate between garments where goniometers and 

flexometers cannot but do have their own limitations. Wear trials are commonly implemented in 

industry, though the wear trials used in industry frequently do not consistently follow a 

standardized format in terms of both activity type or data collection mechanisms. As such 

comparisons between wear trials is often not possible (Ashdown, 2011). The wider use of 

standardized wear trial standards would allow for better comparability of results. 

One standardized method of conducting wear trials for protective garments is presented 

in ASTM F1154 “Standard Practices for Evaluating the Comfort, Fit, Function, and Durability 

of Protective Ensembles, Ensemble Elements, and Other Components,” which consists of two 

protocols, one focused on lower body tasks such as walking and the other focused on upper body 

tasks such as grabbing and moving objects (ASTM International, 2018). ASTM F1154 uses both 
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objective and subjective evaluation to assess the burden caused by garments. Objective 

measurement is achieved by timing subjects during the completion of tasks based on the 

assumption that more encumbering garments will slow the tasks completion time. Subjective 

measurement is achieved via a questionnaire consisting of Likert scales wherein subjects rate 

garments according to perceived comfort and ease of movement (ASTM International, 2018). A 

disadvantage of a standardized wear trial such as ASTM F1154 is that standardized tasks may 

not necessarily capture the true nature of on-the-job motion for many end uses, and any 

evaluation system dependent on a subjective evaluation will be dependent on the recruited 

subjects’ perspective which introduces variation (Erol et al., 2015). 

The limitations of both direct range of motion measurement and wear trials were 

experienced by Huck (1991) during an investigation into garment sleeve designs for firefighting 

turnout gear (Huck, 1991). Huck tested garments that varied only in the shoulder and underarm 

area; both garments used an underarm gusset, but the experimental design featured a gusset 76 

millimeters wider and a shortened shoulder seam. Both alterations were expected to decrease the 

burden of the wearer moving their arms. While the data collected by directly measuring mobility 

using a flexometer showed some increased mobility of the shoulder area, the difference was 

neither great nor consistent enough to reach statistical significance. The only area of the garment 

where Huck’s alteration improved mobility in a significant way was at the elbow joint which 

experienced three degrees greater flexion in the garment with expanded gusset (Huck, 1991). 
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Figure 11: Technical sketches of the existing turnout jacket design (left) and the turnout jacket 

with increased gusset (right) (Huck, 1991). 

Huck’s experiment also incorporated a limited wear trial in which subjects conducted 

four simplified movements: shoulder flexion and extension, shoulder abduction and adduction, 

shoulder rotation, and elbow flexion and extension. After completing the motions, each subject 

was asked to evaluate the turnout jackets on scales of one through nine between two opposing 

characteristics, for example “light” and “heavy” or “flexible” and “stiff” (Huck, 1991). For most 

of the characteristics evaluated, no statistically significant difference between designs was found. 

Huck found small but statistically significant differences in how subjects rated the attractiveness 

of the turnout coat and overall ease of movement. Huck used two differing methods to evaluate 

the burden placed on a wearer by turnout coats, but neither method measured a large difference 

between garments. Huck posited that a direct measurement of the energy cost of motion in each 

garment could have been better able to discriminate between the tested designs (Huck, 1991). 

One attempt to directly measure the energy cost of motion was made by Erol, Wetzel and 

Keefe (2014) who conducted a study that directly measured the extra force required to move a 

garment with the use of an instrumented mannequin. The researchers retrofitted a crash-test 

dummy’s arm with the capabilities to bend and record force required to bend. The researchers 

assembled several simple fabric sleeves made of polyester and aramid fibers with the aramid 

sleeve being stiffer and having a higher coefficient of friction (Erol et al., 2015). Results showed 
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each sleeve increased the energy required to bend the mannequin’s elbow with the aramid sleeve 

requiring much more additional energy than the polyester. The researchers also tested a 

configuration with the polyester sleeve worn beneath the aramid sleeve which reduced the extra 

energy required to bend the elbow by 80% showing how friction has a direct effect on the work 

required to move in a garment (Erol et al., 2015). While their work shows it is possible to 

precisely measure excess workload on a mannequin, the researchers were only able to measure 

one simple motion using a simple garment. A mannequin that could accurately simulate the 

motions involved in real life tasks would need to be significantly more complex. 

Excess workload can be measured during wear trials by measuring some physiological 

variable associated with physical activity. The excess burden can be measured both by gain in 

body heat and increased respiratory activity (Dorman & Havenith, 2009; Murphy, Patton, Mello, 

Bidwell, & Harp, 2000; Teitlebaum & Goldman, 1972). Teitlebaum & Goldman (1972) 

conducted a study which used metabolic rate to evaluate the strain of moving in a multilayer, 

arctic weather protective garment. As a control, the researchers had subjects wear weighted belts 

of equivalent weight to the arctic garments and walk on a treadmill at between 5.6 and 8 km/hr. 

During the exercise, the subject’s metabolic rate was measured using a gasometer. The metabolic 

cost of the arctic ensemble was found to be 16% greater than carrying an equivalent weight 

indicating that the form of the garment did cause extra work (Teitlebaum & Goldman, 1972). 

The researchers attributed the increased workload to an effect the researchers termed “hobbling”, 

wherein the bulk of the garment interfered with the motion of joints and friction, as sliding 

fabrics against skin and against each other does require force (Teitlebaum & Goldman, 1972). 

While Teitlebaum and Goldman’s methods produced more precise results than wear trials based 
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around a fit model’s perception, the resources required to conduct the wear trial is greater and 

due to these increased costs, they are not common in industry (Petrova, 2007). 

Multiple means exist to design protective garments to minimize the garment’s impact on 

motion (Watkins, 1995). Likewise, researchers have sought to quantify the excess workload 

caused by wearing protective garments and devised multiple methods to do so (Erol et al., 2015; 

Huck, 1991; Teitlebaum & Goldman, 1972). However, each method of measuring workload has 

disadvantages, so any system of workload evaluation must be designed with consideration given 

to the ultimate function of the garment. In the next section, the use context for this paper, upper 

body garments for warfighters in the United States military, will be discussed. 

2.4 Military Garments 

Military uniforms provide protection, identification, and specialized functionality and 

militaries across the world have sought to standardize and systematize their uniforms. 

Historically, color was used to distinguish soldiers belonging to different armies and respective 

ranks and roles within the armies (Krueger, 2012). The twentieth century saw a trend away from 

distinctively colored, identification-focused uniforms, and an increased emphasis on practical 

and functional considerations (Krueger, 2012). Another trend is toward the simplification of 

supply and more multi-functional uniforms as most American soldiers now use a single uniform 

for combat, day-to-day utility, and more formal occasions through the addition of accessories, 

however, evolving threats and unit specialization also create needs for specialized protective 

equipment such as chemical protective ensembles or extreme cold weather garments. These 

types of specialized garments are not issued to all soldiers but provide invaluable protection to 

soldiers faced with unique hazards (Krueger, 2012). Due to changes in warfare, militaries and 

warfighters have shifted uniform design ideologies. 
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The ideology developed for use by the United States Military utilizes sizing systems 

which vary from garment to garment. Depending on garment design and application, sized 

military garments may have a choice up to 37 sizes for a warfighter to choose from (Todd, 

2007). The current goal of designers is to create garments which accommodate warfighters from 

the 2nd to 98th percentiles of anthropometric size (Choi, Garlie, & Mitchell, 2016). In general, 

more formal garments will be manufactured in a greater number of sizes than garments meant for 

use in combat (Todd, 2007). Reasons for the difference in strategy include a greater emphasis on 

appearance for formal attire and increased adjustability of some protective garments. Exceptions 

to the usual military sizing ideology exist in protective garments which must precisely fit for 

their intended function, such as anti-g-force suits. (Todd, 2007).  

The typical garment design strategy of the American military can be seen in the Army 

Combat Uniform (ACU), the primary garment used by active-duty soldiers in the army. The 

ACU consists of a 50% cotton 50% nylon woven jacket and trouser with a cut-and-sewn knit 

undershirt (Defense Supply Center Philadelphia, 2009; Gregory, 2013). A variant of the ACU 

using flame-resistant materials (FRACU) is also produced using the same design. In addition to 

flame resistance, the FRACU is also treated to protect against insect bites, exemplifying how a 

single garment can be adapted for more specialized use cases through altering materials and 

applying treatments or finishes (Defense Supply Center Philadelphia, 2009). The ACU jacket is 

constructed using a zipper fastener at the center front of the garment concealed by a flap and the 

ability to seal the wrists is accomplished by hook and loop tape on the end of long sleeves 

(Defense Supply Center Philadelphia, 2009). The ACU jacket also incorporates storage in the 

form of bellowed pockets on the chest and sleeves. The pockets of the ACU are applied via 
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stitching to the outside of the garment and do not create holes through the exterior fabric as a 

welt pocket would (Defense Supply Center Philadelphia, 2009). 

 

Figure 12: Technical sketches of the front and back of the ACU Coat (Purchase description, 

coat, army combat uniform. 2009). 

The current ACU uses a back panel design intended to provide mobility. Called a “bi-

swing”, the back panel has a pair of seams running vertical from shoulder to hem. From two 

inches below the shoulder seam to the point of the seam horizontally aligned with the bottom of 
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the armscye, the seam is pleated allowing the fabric to unfold as arms are moved (Defense 

Supply Center Philadelphia, 2009). 

Since introduction in 1994, the military has taken an approach of continuous 

improvement with the garment resulting in numerous changes; between 2004 and 2009, twenty-

five changes had been made (Carr, Wilson, & Laing, 2012; Defense Supply Center Philadelphia, 

2009). Owing to the strategy of continuous improvement, the current ACU sizing system has 

greatly expanded from the original sizing strategy, which called for only five sizes to be 

produced (Gregory, 2013). The original intention was for a range of five sizes, but such a range 

proved insufficient especially for the fit needs of female soldiers (Gregory, 2013). The Army 

Combat Uniform Alternate (ACU-A) is a variant design intended for usage by female or smaller-

statured soldiers, with upper body fit changes such as narrower shoulders, more defined waist 

and wider hem (Gregory, 2013). 

The ACU jacket utilizes chest circumference and stature as primary body measurements 

to derive 35 sizes with inter-size intervals of four inches along both stature and chest 

circumference (Defense Supply Center Philadelphia, 2009). While it is most common in grading 

systems for the height measurements to increase slightly with increasing circumference 

measurements, the ACU does not follow this convention (Defense Supply Center Philadelphia, 

2009; Petrova, 2007). Regular length jackets for example, are intended for wearers between 67 

and 71 inches in height regardless of chest circumference. In order to accommodate the fact that 

individuals with larger circumferences tend to have greater heights, the ACU has been created 

with several lengths which are only available with certain circumference jackets, for example an 

X-Small jacket is made in XX-Short length and the Medium through XX-Large jackets are 

available in XX-Long lengths (Defense Supply Center Philadelphia, 2009). Grading of the ACU 
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jacket follows an incremental system as evidenced by the finished garment chest circumference 

of each size being exactly four inches greater than the highest recommended chest circumference 

of the wearer (Defense Supply Center Philadelphia, 2009).  

The sizing system of the ACU jacket does not coincide with sizing systems uses in other 

garments issued in the American military. Depending on design and end use of garments, the 

number of manufactured sizes will vary. Due to this variance, the range of wearers 

accommodated by the garments is inconsistent (Todd, 2007). Another issue with the sizing 

systems employed by the military is the confusion caused by using the same names to denote 

sizes which accommodate different body dimensions. This can be seen in Figure 13 below in a 

comparison between two upper body over garments, one being the ACU coat and the other being 

the Joint Service Lightweight Integrated Suit Technology (JSLIST) chemical protective 

ensemble’s upper body garment (Defense Supply Center Philadelphia, 2002; Defense Supply 

Center Philadelphia, 2009; Todd, 2007). The possibility of poor fit is increased by the lack of 

ability for many soldiers to try garments on prior to deployment, leaving soldiers to find the 

correct fit of equipment only through trial-and-error (Todd, 2007). Variance in sizing systems 

present issues providing suitable fit to soldiers, which in turn decreases comfort and increases the 

burden of garment wear. 
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Figure 13: A comparison of sizing charts for the ACU coat (top) and JSLIST upper body 

garment (bottom) (Defense Supply Center Philadelphia, 2002; Defense Supply Center 

Philadelphia, 2009). 
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It is of value to note that due to the American military sizing garments targeted primarily 

for male soldiers, the deleterious effects of poor fit are felt most acutely by female soldiers. 

While selecting the right size of a protective garment is often challenging for male soldiers, sizes 

suitable for the female body may not even exist (Todd, 2007). The role of women in the United 

States military has evolved from primarily supportive in nature to being assigned directly in war 

zones, and therefore more female soldiers must be issued specialized protective garments 

(Naclerio, Stola, Trego, & Flaherty, 2011). Women under the 95th percentile of size report 

difficulties in finding appropriately fitting protective garments and equipment due to excessive 

length and width of available equipment, and the lack of properly fitting clothing causes reduced 

effectiveness of female soldiers (Fine, 1987; Naclerio et al., 2011). 

Fine & Kobrik (1985) and Fine (1987) conducted studies into the effect heat and 

chemical protective garments had on the ability of soldiers to perform cognitive tasks in warm 

environments. Fine & Kobrik used male subjects, while Fine’s later study used female subjects 

but otherwise used the same methodology as Fine & Kobrik (Fine & Kobrick, 1985; Fine, 1987). 

The studies focused on cognitive tasks performed while relatively sedentary including receiving 

and interpreting coded messages and plotting coordinates on maps while wearing chemical 

protective ensembles in 95 degree Fahrenheit temperatures (Fine & Kobrick, 1985; Fine, 1987). 

Both studies noted that the subjects’ performance in cognitive tasks remained consistent for the 

first four hours, but differences became apparent in the last three hours of exposure. The male 

soldiers were mostly able to continue performing the cognitive tasks although accuracy and 

speed diminished, while the female soldiers better maintained performance, but fewer managed 

to complete the seven hours of the experiment (Fine & Kobrick, 1985; Fine, 1987). While only 

10% of male soldiers in the Fine & Kobrick study were unable to complete the seven hours of 
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cognitive tasks, 58% of the female soldiers in Fine’s study were unable to finish (Fine & 

Kobrick, 1985; Fine, 1987). The researchers attributed the differences in performance to several 

factors, one being the physiological differences between sexes as females produce less sweat and 

are therefore less able to take advantage of the evaporative cooling sweating provides, and the 

other factor being worse fitting garments (Fine, 1987). Fine remarked that the female subjects 

noted feeling upper back and neck pain from the muscular stresses involved in wearing the 

garments, while the male subjects did not experience the same stresses (Fine, 1987). In the 

studies by Fine & Kobrik and Fine, the challenges facing female soldiers are illustrated as 

protective garments designed primarily for males have been shown to, in some cases, prevent 

female soldiers from accomplishing missions. 

As discussed in this section, the protective clothing needs of the military are complex and 

evolving alongside other warfighting technologies (Todd, 2007). Garments must not only be 

designed to provide necessary functionality, but also to accommodate a population which is 

becoming more diverse while controlling size ranges to ensure warfighters can be supplied the 

correct equipment (Choi et al., 2016). One area of special concern is the outfitting of female 

soldiers who must often make do with garments designed for their male counterparts, which 

negatively impact both their comfort and performance (Fine, 1987). To address these issues, the 

technologies used to develop garments must also evolve; in the next section, one potential 

avenue for technological advancement, virtual prototyping, will be discussed. 

2.5 Virtual Prototyping 

Virtual prototyping is a recently developed computer-aided design technique which 

allows the simulation of a garment without need for a physical prototype (Boldt & Carvalho, 

2018). Virtual prototyping technologies have received interest from industry because of the 
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possibility for increasing the speed-to-market of apparel products as the technology can reduce 

and, in some cases, eliminate the need for physical garment prototypes (Otieno, 2008). Virtual 

prototyping programs build upon the basis of computerized pattern making applications by 

enabling designers to assign simulation properties to the pattern pieces created in the program. 

Fabric properties such as elongation, flexibility, and friction are measured using established hand 

testing methods such as the Kawabata Evaluation System (KES) or Fabric Assurance by Simple 

Testing (FAST). KES and FAST testing systems seek to simulate how the human hand interacts 

with a textile and produce quantitative measures of softness, smoothness, and elongation. These 

measurements are translated to parameters which match the simulated fabric’s behavior to the 

physical fabric (Boldt & Carvalho, 2018). 

In virtual prototyping, garments are not donned in the same way as a physical garment is 

donned. Instead of the model sliding the garment on using built-in closures and openings, the 

fabric pieces are placed around the avatar and connected to other pieces via computerized 

“stitching” (Boldt & Carvalho, 2018). When a simulation is initiated, the stitching contracts 

causing the garment to secure itself around the avatar. Stitching is also able to be placed on 

internal elements of the pattern and is often used to simulate fastening systems such as buttons or 

zippers (Boldt & Carvalho, 2018; Rudolf, Cupar, Kozar, & Stjepanović, 2015). In addition to the 

functional aspects of a garment, virtual prototyping programs feature methods to apply colors, 

textures, and fabric manipulation techniques such as gathering or pleating to visually mimic a 

garment. (Boldt & Carvalho, 2018; Sayem, M., 2015). 
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Figure 14: A shirt and pant simulated using Optitex virtual prototyping software (Boldt & 

Carvalho, 2018). 

Virtually prototyped garments are placed on simulated human forms called “avatars” that 

are created using preprogrammed parametric mannequins or scanned body images. A parametric 

avatar consists of a 3D modelled human form with multiple dimensions able to be independently 

adjusted with the areas between the locations of parameters modeled so as to smooth transitions 

and maintain a relatively realistic body shape (Boldt & Carvalho, 2018; Chowdhury, Alam, 

Mainwaring, Beneyto-Ferre, & Tate, 2012; Porterfield & Lamar, 2017; Rudolf et al., 2015). 

Adjusting parametric models using circumference measures results in more accurate 

representations of live models than using point-to-point measures, which can more easily cause 

distortions of the human form (Porterfield & Lamar, 2017). When developing garments for an 

individual, a scanned body image of said individual is the most preferable avatar to use because 

the scanned avatar will exactly match the individual’s anthropometry, but for garments sized to a 

ready-to-wear system, a parametric model can be preferred due to the ease of creation (Rudolf et 
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al., 2015). The selection of an avatar requires a choice between convenience, accuracy, and range 

of applicability. 

 
Figure 15: A comparison of avatars mimicking the same fit model created through manipulation 

of a parametric avatar (left) and a body scan (right) (Rudolf et al., 2015). 

In order to improve the accuracy of avatars without resorting to individual body scans, 

the Max Planck Institute has developed the Skinned Multi-Person Linear (SMPL) model, a 

parameterized virtual avatar trained by body scans of both posed and anatomically positioned 

individuals (Loper, Mahmood, Romero, Pons-Moll, & Black, 2015). The SMPL model was 

developed from body scans, enabling the model to capture more details of the human body than 

many pre-rendered models. The model is also trained for more realistic deformation during 

motion than previously programmed body models, theoretically allowing the SMPL model as a 

simpler method of creating more realistic avatars without resorting to personalized body scans 

(Loper et al., 2015). Improving the realism of virtual avatars has been an avenue for improving 

the overall accuracy of virtual prototypes. 
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Figure 16: A male avatar created using the SMPL model (Loper, Mahmood, Romero, Pons-Moll, 

& Black, 2015). 

The ability of virtual prototyping to accurately replicate a physical garment’s fit is crucial 

for the technology’s role in reducing prototypes; researchers have conducted multiple inquiries 

into the topic and been able to use virtual prototyping to produce a wide variety of garment types 

and fits (Chowdhury et al., 2012; Rudolf et al., 2015; Stjepanovič, Bogović, Rudolf, & Rogina-

Car, 2017). One such project of particular interest in the field of military garments was 

conducted by Stjepanovič, Bogović, Rudolf, & Rogina-Car (2017) and led to the development of 

an anti-g-force suit designed for aircraft pilots. A major challenge facing the researchers was 

fitting the suit to a pilot in a seated position. To overcome this challenge, the researchers began 

with a suit drafted for a standing position and, using virtual prototyping to create multiple 
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iterations of the design, shifted the garment’s ease to better accommodate the seated position 

(Stjepanovič et al., 2017). Stjepanovič et al.’s use of virtual prototyping afforded this project the 

ability to make more iterations of a design quicker than would have been possible using physical 

prototyping (Stjepanovič et al., 2017). 

 
Figure 17: A view of the anti-g suit developed by Stjepanovič et al. showing areas of high tension 

in red (Stjepanovič et al., 2017). 

 

Figure 18: Patterns for the anti-g suit front (left), back (center), and sleeve (right) with the 

pattern for a standing position shown in grey and final pattern shown in blue (Stjepanovič et al., 

2017). 
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While virtual prototyping has shown the ability to create garments that fit relatively close 

to the body, the accurate simulation of draping and the behavior of looser garments remains an 

area requiring more development. Drape nodes and low-depth wrinkles in fabric have been 

shown to be difficult to accurately simulate (Buyukaslan, Kalaoglu, & Jevsnik, 2017; Song & 

Ashdown, 2015). Buyukaslan, Jevsnik & Kalaoglu (2017) investigated the accuracy of simulated 

fabric drape by simulating the drape of five different twill weave fabrics using the Optitex 

program. The researchers first measured the hand characteristics of the fabrics using the FAST 

system; then created virtual simulations of each fabric draping over a circular pedestal. Images of 

the simulated drapes and photographs of the physical fabric draping on pedestals of similar 

design were given to 27 subjects who were asked to match the simulated images with the 

photographs. Of the five fabrics tested, only two were correctly matched by most of the subjects 

(Buyukaslan et al., 2017). The work of Buyukaslan et al. shows virtual prototyping technology 

still must improve to provide accurate visualizations of unsupported fabric. 
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Figure 19: Images used by Buyukaslan et al. showing the photographs (left) and fabric 

simulations (right), only samples B and E were correctly identified by a majority of subjects 

(Buyukaslan et al., 2017). 

Another challenge facing virtual prototyping is the differences between live models and 

avatars; the most problematic difference is that avatars have rigid exteriors, while the human 

body is made of a mixture of hard tissues like bones and soft tissues such as muscles and fat 

creating a natural pliability. The rigidity of an avatar causes the most issues in placement of 

waistbands, as waistbands use pressure and friction against a body to support a garment (Song & 

Ashdown, 2015). Garments which rest on the shoulders exhibit better accuracy as the shoulder 

typically contains less soft tissue than the midsection, requiring less deformation of the avatar 
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(Song & Ashdown, 2015). The issue of soft tissue simulation also arose in a study conducted by 

Porterfield and Lamar (2017) who researched the attitudes of costume makers towards virtual 

prototyping. One subject in the study noted that use of undergarments such as corsets, which 

reshape the body by applying pressure to soft tissue, are frequently utilized in theatrical 

costumes. Because avatars currently in use are unable to mimic the malleability of soft tissues, 

costumers looking to use a virtual prototyping system for a garment worn with shaping 

undergarments would need to first manipulate an avatar to mimic the body shape created with 

the undergarment that could add a substantial amount of extra labor (Porterfield & Lamar, 2017). 

Discrepancies between a virtual fitting process and physical fitting processes represent 

another major hurdle for wider acceptance of virtual prototyping. Protocols for using virtual 

prototyping are not as well developed compared to the physical fitting practices used for 

hundreds of years (Otieno, 2008; Sayem, M., 2015). These physical fitting practices utilize 

elements that are typically evaluated using qualitative measures relying on sight and touch 

(Armstrong, 2014; Sayem, M., 2015). While fitting virtual prototypes based on sight is becoming 

more accurate, the tactile elements of garment fitting are entirely absent from the virtual 

prototyping process. Porterfield & Lamar (2017) discovered experienced pattern makers may be 

reluctant to use virtual prototyping to make conclusive fit decisions due to the lack of tactile 

feedback (Porterfield & Lamar, 2017). While virtual prototyping may be unable to precisely 

mimic a physical fitting process, the technology offers intriguing new methods of fit analysis. 

Virtual prototyping programs offer quantitative information regarding a garment’s fit, 

which cannot be as easily measured with physical garments. Methods available in commercial 

software include tension, strain, and collision pressure mapping wherein results are presented 

through color diagrams (Boldt & Carvalho, 2018; Sayem, M., 2015). Boldt & Caravalho (2018) 
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used strain mapping to evaluate two designs of protective jackets of identical design except for 

the center back, where one garment was designed with a pleat to enable easier motion. As 

expected with a center back pleat, a strain map showed that the design exhibited lower strain 

than the non-pleated design with the difference being most pronounced at the underarm of the 

garments (Boldt & Carvalho, 2018). 

 
Figure 20: A strain map of the pleated (left) and non-pleated (right) jackets developed by Boldt 

and Carvalho where green represents an area experiencing no strain and red indicating a strain 

of 120% (Boldt & Carvalho, 2018). 

Further research into quantitative fitting was conducted by Sayem (2017) who 

investigated the tension mapping abilities of virtual prototyping software. To do so, Sayem 

created a series of sleeveless shirts with variable ease across the chest. The tightest shirt matched 

the avatar’s dimensions and had no ease while the loosest shirt Sayem tested had 15 cm of ease 

(Sayem, A. S. M., 2017). Sayem found the tension between garment and body decreased rapidly 

with increasing ease up to 2 cm and at a slower rate until 7.5 cm. At ease values greater than 7.5 

cm, tension did not significantly reduce. In this experiment the tension values predicted using 
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virtual prototyping aligned with the expected fit outcomes of increasing ease (Sayem, A. S. M., 

2017). 

 
Figure 21: Tension maps of shirts tested by Sayem with no tension represented as blue and red 

indicating maximum tension (Sayem, A. S. M., 2017). 

The work of Boldt & Carvalho and Sayem show quantitative fitting measures provide 

data that closely matches with what would be expected from a physical fitting. Though less 

studied than qualitative fitting measures, the quantitative fit evaluation tools enabled by virtual 

prototyping show the potential to compensate for shortcomings in replicating traditional, 

qualitative fitting techniques; however, more research into the potential of quantitative fitting is 

required (Boldt & Carvalho, 2018; Sayem, A. S. M., 2017).  
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CHAPTER 3: Methodology 

3.1 Background 

 After a review of previous work, several issues with the development of garment patterns 

and sizing for the military as well as current methods to evaluate ease of motion in said garments 

become apparent. Pattern making methodologies largely rely upon the anthropometry of a single 

pose and accommodate motion via the addition of ease that is often determined by tacit 

knowledge of a pattern maker or designer. The work of Tusi et al. (2002) and Lotens (2007) 

shows that motion can greatly alter the anthropometry of the body and therefore the required 

garment ease (Lotens, 2007; Tsai, Cassidy, Cassidy, & Shen, 2002). The use of measurements 

taken from posed bodies rather than measurements from the anatomical position is typical for 

pattern making and has shown promise for developing improved patterns (Tsai et al., 2002). 

 Garment sizing and grading is another area where garment fit could be improved as many 

sizing systems are developed based on industry convention or sizing standards which frequently 

do not coincide with a population’s anthropometry (Petrova, 2007). Several alternate models for 

determining sizes have been proposed; Kobyalakova (1974) proposed basing inter-size intervals 

on the “interval of indifference” or the distance between sizes which wearers are unable to 

distinguish (Koblyakova, 1974; Petrova, 2007). Mcculloch, Paal, & Ashdown (1998) developed 

a sizing system based on optimizing the difference between the primary body dimensions of the 

user population and the garment sizes (Mcculloch, Paal, & Ashdown, 1998). While commercial 

garments rarely use such sizing systems, the field of protective garments presents a possible 

application for alternate sizing systems because many protective garments utilize fit to provide 

protection or enable their wearer’s motion and therefore, more precision (Todd, 2007). 
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 During motion, wearers must stretch and slide a garment across their bodies which 

requires the wearer expend energy beyond what is required to move to body (Kirk & Ibrahim, 

1966). The extra energy can be minimized by using materials which are lightweight, low-

friction, or able to easily stretch, but the materials used in protective garments often lack those 

properties (Kirk & Ibrahim, 1966; Watkins, 1995). To accommodate motion without relying on 

beneficial textile properties, designers have developed multiple elements to create protective 

garments which minimize a wearer’s restriction (Watkins, 1995). 

Various measurement techniques have been developed to quantify the differences in 

energy cost of garment designs. Most used are wear trials that often rely on fit models to 

distinguish changes to their ease of motion which often produces results which are not 

statistically significant, especially when garments for the same end use are examined (Huck, 

1991). Another method, goniometry, can provide quantitative information about allowed range 

of motion, but does not distinguish between garments where range of motion in maintained while 

energy cost is increased (Huck, 1991). The United States military has occasionally conducted 

wear trials to exhaustion or while measuring heart or respiration rates (Fine & Kobrick, 1985; 

Fine, 1987). While these experiments do provide easily comparable information about the energy 

cost of wearing specific garments, they also require subjects undergo strenuous and 

uncomfortable wear trials (Fine & Kobrick, 1985; Fine, 1987). The strain of these wear trials 

requires highly trained subjects, health monitoring, and measurement apparatuses the expense 

and time requirements of which preclude their use in many garment development processes 

(Petrova, 2007). 

 Increased speed and reduced cost or garment development have driven the adoption of 

virtual prototyping by industry, and it may be able to have a similar effect on the measurement of 
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a garment’s energy cost. Virtual prototyping enables new fit development tools which produce 

quantitative measurements of the stretch experienced by a garment, or the pressure between 

garment and wearer (Otieno, 2008). Though most research into virtual prototyping has focused 

on the ability of the technology to mimic the appearance of a physical garment and its utility 

when using a traditional, visual fitting methodology, the quantitative fitting tools enabled by 

garment simulation have shown the ability to assist in the fitting process, and these tools may 

also be able to contribute to measuring ease of motion in a garment (Sayem, 2015; Stjepanovič, 

Bogović, Rudolf, & Rogina-Car, 2017). 

 Due to the relationship between a garment stretching and increased energy cost, a space 

for virtual prototyping and quantitative fit assessment tools to measure the ease of motion in 

different garment designs becomes clear. With the analysis enabled through virtual prototyping, 

designers may be better able to assess optimal pattern design and how many sizes are needed for 

a given garment. The use of a virtual process would also allow these assessments to be made at 

greater speed than traditional processes which require physical prototypes. 

To investigate this possibility, a comparison between a newly developed garment and the 

existing Army Combat Uniform (ACU) jacket will be made using both a physical wear trial and 

a garment simulation. The ACU jacket was chosen because, as a multipurpose garment used in 

combat, ceremonial occasions, and general work tasks, personnel in the United States Army will 

likely wear the ACU more frequently than any other garment, so improvements to the ACU 

design will provide benefits to many warfighters (Gregory, 2013). The ACU also has the 

advantage of being a single layer garment which simplifies virtual prototyping by reducing the 

areas where two fabrics must be simulated rubbing against each other. 
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The ACU uniform includes both a jacket and a pant, and the jacket was selected as the 

focus of this study. Being an upper body garment, the jacket must accommodate a greater range 

of motion as the shoulder and spine have a greater range of motion than the hips or knees (Silva 

et al., 2018). To increase understanding of the potential use of virtual prototyping in assessing a 

garment’s energy cost, the following purpose statement and research questions have been 

developed. 

3.2 Research Purpose and Objectives 

The purpose of this quantitative study has been defined as developing pattern blocks for 

warfighter upper body garments using virtual prototyping to reduce excess workload during 

motion as compared with the current ACU-jacket design. 

Objectives 

1. Design new pattern for Army Combat Uniform Jacket to enable easier motion. 

2. Develop simulated wear trial method to assess ease of motion and comfort in different 

garment designs. 

3.  Assess viability of simulated wear trial method with a comparison physical wear trial 

method in pilot study. 

3.3 Assumptions & Limitations 

 Due to the resources required to conduct an anthropometric study on a population as large 

and diverse as the United States military, this study has made several assumptions about the 

anthropometry of both subjects and target population. The anthropometry described in the 

ANSUR II study is assumed to still be reflective of the American military. Also, though the ACU 

is issued to soldiers of all genders, the design was optimized for the most common male body 

types, therefore this study is limited to using male subjects and considering male anthropometry. 
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The garments have been assessed by using both physical and simulated wear trials. For 

the physical wear trials, it was assumed that individuals who match the primary body dimensions 

defined by the ACU sizing chart will best fit into the size described on the ACU sizing chart. 

Therefore, an individual with chest circumference between 37 and 41 inches and a height 

between 5’7” and 5’11” was assumed to be Medium Regular (MR) size. 

For the simulated wear trial, an avatar was created by modifying a 3D model of a human 

to match dimensions from ANSUR II. To determine these dimensions, was assumed that a model 

conforming to the average body proportion will be the most accurate simulation. For example, in 

ANSUR II a 41-inch chest circumference corresponds most closely to the 45th percentile of male 

anatomy, so the body dimensions of waist circumference, hip circumference, arm length, and 

height were also matched to the 45th percentile of male anthropometry. It must be noted that the 

process used to pose the models through rotation of rigging nodes is not an exact replication of 

the interaction between muscles, tendons, and bones as found in the human body, so while 

accuracy in representing body motion was desired, differences in processes between the human 

body and simulation software may have caused some level of inaccuracy (Jolly et al., 2019). 

The study also faced limitations based on the choices made in study materials and tools. 

The garments used in this study were constructed from a 50% cotton 50% nylon ripstop woven 

fabric. Patterns developed as a part of this study were be optimized for the stated fabric and may 

not produce the same effects when made from alternative textiles. Similarly, the study made use 

of several pieces of software. It should be taken as a limitation that results achieved using these 

programs are only relevant to the program which achieved them. Even if a different program is 

capable of similar functionality, it may not produce the same results. The subsequent sections 
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provide an overview of selected software used in the execution of this project and the rationale 

for each. 

3.2 Software Instrumentation 

Virtual avatars were created using the Skinned Multi-Person Linear Model (SMPL) 

avatar developed by the Max Planck Institute which has been made freely available for research 

use. The SMPL avatar was chosen because the avatar was created using multiple body scans of 

live models which create a more realistic body form than avatars based off apparel mannequins 

(Loper, Mahmood, Romero, Pons-Moll, & Black, 2015; Stjepanovič et al., 2017). The SMPL has 

also previously been used for research into protective garment design by Jolly et al. and was 

found to produce an accurate model in multiple poses (Jolly, Krzywinski, Rao, & Gupta, 2019). 

 The software chosen to manipulate the SMPL avatar into the poses selected for study was 

Maya 2020. Maya software was accessible to NC State students. Maya 2020, published by 

Autodesk, enables users to manipulate 3D models through the creation of internal rigging which 

consists of rigid sections connected to flexible, rotatable nodes which correspond to the location 

of joints on the body (Jolly et al., 2019). Maya 2020 also allows model measurements to be 

directly manipulated and sculpted which will allowed for adjusting the model to match the data 

reported in ANSUR II.  

 Optitex was chosen for the development of patterns and virtual prototyping. Distributed 

by Engineering for Industry (EFI), Optitex is a program originally developed for the 2D 

processes of pattern making, grading, and production, and prior to the advent of virtual 

prototyping in the apparel industry, Optitex was already in use for 2D pattern making needs. I 

had prior knowledge and experience with the software, so the use of Optitex allowed for the 

research to be conducted without the need to become proficient at a new software system. 
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Figure 22: Stretch maps created for leggings using Optitex. The x-direction stretch map is 

primarily affected by circumferential ease while the y-direction stretch map is affected by both 

vertical placement of garment elements and gravity. 

Optitex also allowed the researcher to view strain maps in a way not available in other 

programs. Optitex works on a cartesian grid system with an x (horizontal) and y (vertical) axis, 

and the orientation of pattern pieces on the 2D workspace is reflected in the 3D workspace and 

stretch maps in Optitex are viewable with either x or y directions isolated. The distinction 

between the two axes enabled the researcher to discern if the garment is experiencing stretch 

based on the garment’s circumference, height, or the influence of gravity. 

Due to the stretch maps being displayed as color, deriving a numerical figure for the 

entire garment will require additional image analysis tools and the Image Color Extract tool 

developed by Gelotte (2006) has been utilized to aid in this analysis. Image Color Extract can be 

accessed freely via the internet and can analyze the images created through Optitex in less than 

one minute (Gelotte, 2006). The above discussed tools will be used for both the design of the 

experimental jacket and for virtual evaluation. The precise steps of which will be detailed in the 

following sections. 
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3.3 Preparation of Virtual Avatars 

 I followed a process where virtual avatars were created and positioned in a five separate 

poses. Each pose had a front and back torso pattern made to fit the pose which were composited 

into a single pattern. The composite pattern was used as a guide to create the experimental design 

as the composite pattern provides the ease needed to accommodate each motion with a minimum 

amount of garment slippage. The experimental design was created by modifying a conventional 

jacket pattern using contouring, cantilevering, and pleating to allow the experimental design to 

expand to the dimensions of the composite pattern. 

Avatars were created using the SMPL model using Maya to adjust dimensions and pose. 

The avatars were made according to the 45th percentile of male body measures as found in the 

ANSUR II study which provided the closest fit to the ACU Jacket MR. Based on the 

anthropometry detailed in ANSUR II, the MR size is likely one of the most issued sizes, 

therefore basing comparison on the MR size let the researcher to evaluate the effects on a larger 

user group than less-issued sizes (Defense Supply Center Philadelphia, 2009; Gordon et al., 

2014). 

 

Figure 23: Major dimensions of avatars while in anatomical position. 

# Location Measurement (in.)

1 Chest Circumference 41.06

2 Waist Circumference 36.22

3 Hip Circumference 39.69

4 Stature 68.7

5 Arm Outseam 23.19
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The avatars were created by first adjusting the dimensions of an avatar in anatomical 

position to match the measures given above. Other poses were developed by manipulating the 

anatomical position avatar into position using rigging. The poses used in the study are shown 

below in Figure 24: anatomical position (1), arms abducted 90 degrees on the coronal plane (2), 

arms flexed to 90 degrees along the sagittal plane (3), arms flexed to 180 degrees along the 

coronal plane (4), torso flexed to 90 degrees along sagittal plane (5). The poses were chosen to 

correspond to the postures assumed when performing the shoulder abduction, shoulder flexion, 

overhead reach, and torso flexion motions tested in ASTM F3031 and represent the most 

extreme motions of the arms along the sagittal, transverse, and coronal planes and will therefore 

provide the ease required for motion in each plane (ASTM International, 2017). This ease 

information was used to guide the garment design process. 

 
Figure 24: Models developed for use in experiment. The top row shows front views, and the 

bottom rows shows view from the wearer’s left.  
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3.4 Preparation of Garments 

 

Figure 25: Process flowchart for creation of experimental jacket. 

3.4.1 Pattern Design 

Design of the experimental garment began in a manner similar to Tsai et al.’s (2002) 

procedure wherein a pattern was drafted from the measurements of multiple poses and 

composited into a final pattern. Measurements were taken from each avatar and constructed into 

front and back torso patterns using the pattern drafting process detailed by Armstrong (2014) 

(Armstrong, 2014; Tsai, Cassidy, Cassidy, & Shen, 2002). The measurements consisted of chest, 
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waist, and hip circumferences as well as point-to-point measurements, the locations of which are 

detailed in Figure 26 below. 

 
Figure 26: Locations of body measures used for drafting torso garments using Armstrong's 

procedure (Armstrong, 2014). 

Armstrong’s drafting process involved creating shapes by laying the above-mentioned 

measurements on a 2D plane to create a pattern. The neckline and armscyes, being curved 

contours, were constructed by creating several guide points and drawing a curve which 

intersected as closely as possible to the guide points. The design of the patterns made from posed 

measures differed from Armstrong’s method in that additional ease will not be added. For an 

unstructured jacket, Armstrong recommends four inches of ease be added around the chest, 

waist, and hips, but the ease of the experimental garment will be determined by the posed 

measurements. 
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Figure 27: Front and back torso pieces as drafted using Armstrong's method. The numbers 

correspond to the body measurements detailed in Figure 26(Armstrong, 2014). 

Each pose had a pattern drafted based on its measurements. These patterns were stacked 

upon the center front or center back chest. This area was chosen because it provides a consistent 

reference point which was minimally affected by the different poses. The patterns created for 

each pose were laid on top of one another with the most extreme point serving as the basis for 

the composite pattern (Tsai et al., 2002). Points above the chest, such as the neckline and 

shoulders had the extreme points defined at the superior (closest to the head) and distal (furthest 

from the centerline of the body) points. Below the chest, the inferior (furthest from the head) and 

distal points were considered the most extreme. At the underarm, which lies at the same height as 

the chest, the point which was furthest laterally from the chest, but at the center point of the 

underarm point’s vertical distribution. 

The current ACU jacket design uses a vertical bi-swing element as the main design to 

enable motion, so a bi-swing design served as the primary area of alteration to create the 

experimental garment (Defense Supply Center Philadelphia, 2009). A bi-swing was created by 
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measuring the distance between the composite pattern and a pattern developed using the 

Armstrong method in the conventional manner, for a body in anatomical position. The 

experimental garment was intended to enable the garment to expand to the dimensions of the 

composite pattern while collapsing to the anatomical position while at rest. 

To control the variation between the experimental and current ACU jacket, so any 

difference can be ascribed to design, a replica of the current ACU jacket was reconstructed. The 

research was not funded or supported by the Department of Defense and therefore, it was 

unsuccessful in securing a production pattern of the ACU jacket, so part of this research was 

reconstructing and duplicating the ACU jacket’s pattern. This was accomplished by obtaining a 

sample of the ACU and deconstructing the garment by carefully undoing the stitching. Once 

deconstructed, the pattern pieces were traced and digitized into the Optitex system. The 

measurement and fit specifications for the ACU are publicly available, so the recreated pattern 

was measured to ensure the ACU replica fit within construction tolerances (Defense Supply 

Center Philadelphia, 2009). The replica garment was constructed by the same operator using the 

same machine, thread, and equipment settings to minimize differences between the ACU jacket 

and experimental garment. 

3.4.2 Fabrication 

Differences between the garments were also minimized by using the same materials for 

both jackets. The main fabric conformed to the specification MIL-DTL-44436A Detail 

Specification: Cloth, Camouflage Pattern, Wind Resistant Poplin, Nylon/Cotton Blend, the same 

specification used for the main fabric of the ACU (Defense Supply Center Philadelphia, 2005; 

Defense Supply Center Philadelphia, 2009). MIL-DTL-44436A specifies a 50% cotton 50% 

nylon fabric woven using a ripstop pattern wherein most of the cloth is plain woven, but at 
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regular intervals the weave pattern of the warp and filling repeat to increase tearing resistance 

(Defense Supply Center Philadelphia, 2005). Prior to garment cutting and construction, this 

fabric was laundered. Due to safety precautions, the garments were also laundered prior to each 

participant in the physical wear trial, so laundering the garments prior to construction and wear 

trials limited the effects of fabric shrinkange and hand alteration that can arise from laundering. 

 
Figure 28: The weave design of the cotton/nylon ripstop fabric specified in MTL-DTL-44436A 

(Defense Supply Center Philadelphia, 2005). 

3.4.3 Trims 

In addition to the main body fabric, the trims and findings used in the construction of the 

experimental garment were chosen to match the requirements set forth in the ACU specification. 

The zipper is constructed as a separate element zipper with the ability for both sides to 

completely detach allowing for the wearer to easily remove the jacket (Defense Supply Center 

Philadelphia, 2009). The zipper was applied in a “left hand” application where the half of the 

zipper with the pin is on the wearer’s left side and the half of the zipper with the sliding 

mechanism was positioned to the wearer’s right. This orientation was used as the orientation is 
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generally easier for a right-handed individual to operate (Defense Supply Center Philadelphia, 

2004). 

Additionally, the seaming methods of both garments were unified whenever possible. 

Due to equipment availability, alterations from the ACU specifications must be made. Body 

seams of the ACU are made using a 401 multithread chain stitch and a 516 overedge stitch. 

These stitch types are used to increase the tearing resistance of the garment rather than to alter 

comfort and mobility characteristics, so the discrepancies are unlikely to have become relevant 

during the short duration of the wear trial. The garments in the study were constructed using a 

301 lockstitch using seam type to finish raw edges (ASTM International, 1997). Major body 

seams were changed to a SSw stitch commonly referred to as a “flat felled” seam where the raw 

edges of the fabric are folded in between two rows of stitching and secured flat against the 

garment. The SSw stitch was not possible to use for the bi-swing seam, so an SSae seam known 

as a “French seam” was used. To mimic the construction of the ACU, the seam allowance was 

partially sewn down against the garment body (Reader's Digest, 1983). 
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Figure 29: Seam types to be used in the construction of study garments. 

To reduce variance, elements sewn onto the surface of the existing design such as pockets 

and hook and loop tape patches have been omitted. This does not affect the fit of the garment but 

will allow the garment’s fit to be more easily replicated and reduce excess visual details to 

enable the garment’s fit to be more easily analyzed. This strategy of reducing complexity to 

evaluate fit more accurately is similarly used in industry where garments blocks are often fit 

without executing all garment details (Watkins, 2011). 
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The experimental garments were held to the same quality standards as the control 

garments. After pattern creation, a finished garment was developed including measurement 

specifications detailing the desired half chest circumference, back length, and sleeve length of 

the finished garment. The ACU jacket is required to be within a half inch of the sizing standards 

for each of the stated measurements, or the jacket is considered defective (Defense Supply 

Center Philadelphia, 2009). Likewise, the experimental garment was measured once constructed 

and required to fall within one half inch of each specified measurement. The digital patterns were 

also be measured to ensure compliance with specifications to ensure alignment between the 

physical and virtual garments. 

3.5 Garment Evaluations 

 To ascertain whether a garment simulation can provide an alternative for evaluating the 

ease of motion in garments, both physical garments and simulated garments were evaluated. 

Physical garments were evaluated through use of a wear trial with subjects completing a 

subjective questionnaire with quantitative and qualitative questions on each garment’s comfort 

and ease of motion, while the simulated garments were evaluated through stretch maps. 
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Figure 30: Flow chart of the process for physical and virtual evaluations. 

3.5.1 Simulated Wear Trial 

As described previously, patterns were digitized within the Optitex program, the 

experimental garment by being drafted within the program, and the current ACU pattern 

obtained by deconstructing a garment and tracing the pattern pieces. Once created, the garments 

were simulated on avatars in each pose. Simulated garments were visualized with both white 

fabric color and with strain maps. Stretch maps for both X (horizontal) and Y (vertical) 

directions were fixed so colors represented equivalent levels of stretch on each garment, blue 

color representing the fabric in relaxed position, experiencing no stretch, while red represented 

the maximum stretch of the textile. The rest of the scale will consist of colors following 

chromatic order from cyan to green to yellow ensuring colors will not unintentionally mix into 

another color used in the stretch map. 
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Images of each stretch map were taken from set angles capturing the front, back, left and 

right side, and above views of each garment in each pose. With each pose, a portion of the 

garment was hidden either on the other side of the avatar or behind folds of the garment, so 

multiple angles were needed to ensure the entire garment is seen. Optitex has camera placements 

preprogrammed for front, back, left, right, and top views and each was used to unify camera 

angle, elevation, and distance from avatar between both garments. Images were analyzed using 

Image Color Extract to quantify the amount of each color present in each picture and by 

extension the total amount of strain experienced by the garment. Image Color Extract divided the 

image into six colored sections, five being the colors specified on the strain map and the sixth 

being white which was ignored during analysis as it represented the background around the 

garment and not the garment itself. 

Prior to analysis, simulations were reviewed for accuracy. Common errors, which 

required the simulation be adjusted and remade, include errors in virtual garment construction 

such as a seam that would be sewn on the physical garment being missed when creating the 

simulation or the incorrect pieces being stitched together, for example a right front piece is 

attached to back left piece. Other errors attributed to incorrectly developing the simulation 

included stitches being “flipped”, where the beginning of a seam is swapped with the ending 

point resulting in the pieces being joined in a twisted manner. Clipping issues, where either the 

surface of the model or other pieces of fabric breeched the surface of the shell fabric also 

necessitated re-simulation. The simulation of fabric drape also occasionally created glitches in 

the fabric’s appearance. In Optitex, these manifested as jagged polygons which protrude from the 

surface of the fabric. Each of these errors were resolved before stretch maps could be generated 
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and analyzed to ensure the virtual garments are held to the same level of quality in construction 

as the physical garments. 

 
Figure 31: Example of clipping error (left) and fabric surface glitches (right). 

3.5.2 Physical Wear Trial 

 The comfort and ease of motion for physical garments were evaluated using a wear trial 

and a questionnaire completed by wear trial participants. Between five and ten male subjects 

were recruited from the general population and screened to have chest circumference between 37 

and 41 inches and a stature between 67 and 71 inches which conforms to the recommended 

sizing of the MR ACU jacket. 

 Participants were invited to the NC State University campus where the wear trial was 

held outdoors. Each participant was issued a 100% cotton jersey knit undershirt and a pair of 

elastic waist shorts so the jackets interacted with a standardized set of garments. Other garments, 

such as underpants and shoes were provided by participants, who were instructed to wear 

comfortable garments that do not impose any restriction on their mobility. The experimental 
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jacket and ACU jacket were laundered prior to each participant’s wear trials and labelled with a 

tag labelled “red” or “blue” in the corresponding color. The red and blue tags were used to refer 

to each garment without revealing which jacket was the experimental design or the current ACU 

design. 

 The participants were instructed on a series of callisthenic exercises selected from the 

Army Physical Training Guide to cause the participant to undergo a wide range of upper body 

motion. The callisthenic exercises had the added advantage of being instructional as to the 

Army’s recommended form for crouching and twisting in a safe manner, so the use of these 

exercises afforded a greater level of applicability as the motions described in the exercises are 

intended to be replicated during a warfighter’s common tasks (Government Publishing Office, 

2011). 

 Each exercise consists of a set of postures which subjects were instructed to change 

between in two second intervals for five repetitions. A metronome was provided for subjects to 

ensure the exercises were performed at the same speed for each garment. The entire set of 

exercises were repeated three times, first while wearing only the provided t-shirt allowing 

subjects to become accustomed to the motions. The second and third repetitions were performed 

wearing the experimental and control garment assigned in a random order. 
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Figure 32: Images of each posture used in the four exercises (Government Publishing Office, 

2011). 
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 Exercise 1 is named “Bend and Reach” and consisted of the subject first reaching 

overhead with feet shoulder-width apart before crouching and bending the back to allow 

themselves to touch the ground behind their feet before returning to the starting position 

(Government Publishing Office, 2011). Exercise 2, “The Squat Bender” began with the subject 

standing with feet shoulder-width apart and hands resting on hips. The second position involved 

the bending of knees and extending the arms directly in front of the body before returning to the 

starting position. Then the subject bent their waist to 90 degrees and allows the arms to hang 

straight downward to their fullest extent. The exercise ended by returning to starting position 

(Government Publishing Office, 2011). The starting position for “Windmills” (exercise 3) began 

with the arms abducted from the body parallel to the ground. The subject then twisted and bent at 

the waist and knees until they touched their foot with the opposite hand. During this motion, the 

opposite hand was extended backward. (Government Publishing Office, 2011). The subject was 

allowed to determine which foot was touched first so long as both feet were touched in an 

alternating manner. Lastly, exercise 4, “Overhead Arm Pulls” began with feet shoulder-width 

apart and hands on the hips, then the arms were raised above the head until it was possible for 

each hand to touch the opposite elbow. As the arms were raised the trunk of the body flexed 

sideways first to the right, then to the left. After each flexion, the subject returned to starting 

position (Government Publishing Office, 2011). 

 After the second and third repetition, the participant was given a tablet device to 

complete a questionnaire that was completed through Qualtrics (https://www.qualtrics.com). The 

questionnaire consisted of both 5-point scales and questions which allowed the participant to 

give unstructured answers. The first section asked the participants to evaluate the ease of 

completing each exercise on a 5-point scale from extremely easy to extremely difficult. The 
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second section asked for participants to identify specific areas of discomfort during each exercise 

and was evaluated on a scale of 1-to-5 with “1” representing intolerable discomfort and “5” 

representing no noticeable discomfort, The third section asked the participants to evaluate their 

impressions of the garment’s comfort. Each section also contained a free-response question 

allowing participants to provide any comments not captured in their responses to the 5-point 

scale questions. 

 These sections with identical questions were answered after completion of each set of 

exercises performed while wearing the experimental and current design ACU jacket. After the 

second set of questions, an additional set of questions asked the participant to indicate which 

garment they most preferred and a free response question to provide reasoning. The full 

questionnaire is included as Appendix A. 

 All participants were given the option of consenting to videotaping of their wear trial. For 

participants who consented to this additional procedure a camera was set up facing their front 

side. The participant and camera’s positioning were marked on the ground using chalk to control 

angle and viewing position. Prior to the second repetition of exercises, the camera was positioned 

to capture the entire body of the participant and was not moved through the entirety of the 

physical wear trial. 

3.6 Data Collection 

3.6.1 Simulated Wear Trial 

Stretch maps produced in the simulated wear trial were rendered with the avatar hidden, 

saved, and imported into the Image Color Extract tool. Areas of stretch were indicated by colors 

progressing from cyan to green to yellow to red with red indicating the maximum stretch of the 

fabric at 105%. The Image Color Extract tool was used to divide stretch maps into portions most 
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closely matching the following colors: white (#ffffff), blue (#0000ff), cyan (#00ffff), green 

(#00ff00), yellow (#ffff00), and red (#ff0000). 

The percentage of each image most closely matching each color was taken from Image 

Color Extract, and the white portion was removed from consideration as it represented the image 

background. The remaining areas were compared to each other to determine what percentage of 

each stretch map each color represents. Results for all camera angles were averaged together. 

This process was repeated for every avatar pose and with both x-direction and y-direction stretch 

maps. 

3.6.2 Physical Wear Trial 

Responses to the physical wear trial survey were assigned a numerical value. “1” was 

always assigned to the least favorable response such as Extremely Difficult, Intolerable 

Discomfort, or Extremely Dissatisfied, and “5” was assigned to the most positive response such 

as Extremely Easy, No Noticeable Discomfort, and Extremely Satisfied. Responses for each 

question were averaged together and compared for each garment. To determine significance a 

one-way ANOVA analysis with the null hypothesis that there was no difference between 

responses for each garment. The level at which results will be determined to be statistically 

significant is p≤0.05. 
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CHAPTER 4: Results 

4.1 Creation of Experimental Garment 

4.1.1 Pattern Drafting 

A drafting process was used to derive the initial pattern blocks from measurements taken 

in five different poses. The five drafts were composited into a single pattern which served as a 

basis for the final design which was created by using flat pattern manipulation. Measurements of 

the avatars for the pattern drafts were taken in Optitex, which allowed for both circumference 

and point-to-point measurements. The results of the measurement are shown below (Figure 33) 

in inches. 
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Figure 33: Body measurements taken from avatars. 

 Of the circumference measurements, the greatest variability was seen in the chest 

measurement. Being close to the shoulders, arm motions affected the chest circumference by 

either expanding it as in the case of the “arms up” position or condensing it as seen in the “arms 
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forward” and “bent” positions. For all but the “bent” position, the hip and waist circumferences 

remained within 0.3 inches of variance. 

 The greatest variance in a single measurement is seen in the front shoulder slope 

measurement when the avatar was posed with the arms raised overhead. In the anatomical 

position, the front shoulder slope measured 19 inches; this increased to 22.5 inches in the “arms 

up” position and decreased to 16.2 inches in the “bent” position. The “arms up” pose involves 

both the raising of the shoulder point at the arms are raised overhead and the rotation of the 

shoulder point to the back of the body resulting in the increased measurement. The “bent” 

position decreased the measurement because the bending of the waist brought the center front 

waist closer to the shoulder point. 

 Using the above measurements, five separate patterns were drafted to serve as the basis 

for the experimental garment. When compared to the pattern of the ACU, which for a wearer 

with a 41-inch chest circumference, has eight inches of ease at the chest, all drafted patterns 

show less ease. The armscyes, where the sleeves of the experimental garment are attached to the 

torso, are also shallower than on the ACU jacket. The deeper armscyes on the ACU jacket were 

informed by the garment being constructed with the sleeves set flat, a construction where the 

sleeve cap is attached to the torso pieces before the side seams are constructed. The experimental 

garment was intended to be constructed with the sleeve set in the round where the side seam of 

the torso and sleeve are both constructed separately before they are joined at the sleeve cap. 

Setting sleeves in the round is considered a more challenging construction task than setting 

sleeves flat but enables a closer-to-body fit (Armstrong, 2014; Reader's Digest, 1983). 

 The pattern drafted for the anatomical position, shows differences from the pattern 

drafted strictly following the method of Armstrong (2014) which recommends six inches of ease 
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are added at the chest. The drafted pattern is overall narrower which also causes the armscyes to 

become a more pronounced inward curve. The underarm point was moved closer to the shoulder 

point and the across chest measurement similarly moved inward as can be seen in Figure 34 

below. 

 
Figure 34: Comparison of anatomical position front (right) and back (left) draft with ACU jacket 

pattern. 

 The “t-pose” avatar exhibited the shortest shoulder length because the arms were 

extended to the side bringing the shoulder point towards the neck. Along with creating a shorter 

shoulder seam, the “t-pose” measurements create an altered armscye shape. Under conventional 
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drafting systems, the armscyes create a curve which penetrates deeper into the piece than the 

shoulder point, but there is only a slight penetration on the front piece and none on the back 

piece. The experimental draft for the “t-pose” results in an armscye shape more similar to the 

ACU’s armscye albeit with a shorter length as can be seen in Figure 35. 

 
Figure 35: Comparison of "t-pose" front (right) and back (left) pattern draft to ACU jacket 

pattern. 

Armscye shape is also affected in the “arms forward” position. In this pose, the across 

back measurement was increased as the positions involved a rounding of the back as well as the 

mid-shoulder point rotating outward as the arms reached forward. Because of the increased 

across back measurement, the back armscye becomes nearly straight, accommodating the motion 
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by increasing the amount of fabric across the back shoulders but also decreasing the length of the 

back armscye. The front of the armscye can conversely be seen in Figure 36 increasing in length 

and extending into the pattern piece as the across chest measurement is affected in the opposite 

ways to the across back measurement. 

 
Figure 36: Comparison of "arms forward" front (right) and back (left) pattern draft to ACU 

jacket pattern. 

In having the same arm position in relation to the torso as the “arms forward” position, 

the “bent” position underwent similar changes to the armscye which can be seen below in Figure 

37. The change in position of the lower torso also greatly affected the shape of the hem. Bending 
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over caused the distance between waist and hip lines to change based on body location. At the 

back of the body, the hip depth increased and at the front the hip depth decreased resulting in a 

highly shaped hemline that was short on the front of the body but long at the back of the body as 

opposed to the other positions which maintained a straight hemline. 

 
Figure 37: Comparison of "bent" front (right) and back (left) pattern draft and ACU jacket 

pattern. 

 The “arms up” position produced the most unique pattern shape as the shoulder slope, 

which usually lowers when travelling from neck to shoulder, instead rises. In the anatomical 

position, the shoulders naturally sit at a lower elevation than the neck, but in Figure 38 below the 
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pose can be seen causing the shoulders to instead sit higher explaining why drafting based on this 

pose reversed the expected slope. The difference is most severe on the front piece as the front 

shoulder slope measurement experienced the greatest increase in this position because the angle 

of this slope is determined by the shoulder slope measurements. Compared with the anatomical 

position measurements, the front shoulder slope increased 3.5 inches while the back shoulder 

slope only increased 1.5 inches. 

 
Figure 38: Comparison of "arms up" front (right) and back (left) pattern draft with ACU jacket 

pattern. 
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 The completed pattern drafts were laid on top of each other centered on the center front 

neckline and a composite pattern was created using the most extreme points to define the pattern 

shape. The result of this was a pattern which took on the distinguishing features of each 

constituent pattern. The shoulder slope resembled the slope of the “arms up” pose while the back 

hemline took on the lowered form of the “bent” pose. Different poses combined to affect the 

armscyes that took on the appearance of the “bent” and “arms forward” position on the back 

piece with a nearly flat path from underarm to shoulder tip, but the front armscye did not 

penetrate as deeply as the “arms forward” position while also retaining the raised shoulder like 

on the “arms up” position draft. 
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Figure 39: Composite front (right) and back (left) patterns shown compared to experimental 

pattern drafts. 

4.1.2 Garment Design  

When compared to a conventionally drafted pattern, the composite pattern showed a need 

for several types of deformation to accommodate motion. The back shoulder area needed to 

expand 1.5 inches horizontally to accommodate forward motion of the arms while also 

expanding 3.5 inches vertically to facilitate an upward arm lift. The ACU is not only used for 

work or combat scenarios but also in presentational and ceremonial occasions, and the garment 
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needed to be presented in a similar look to a conventionally patterned garment while in the 

anatomical position (Defense Supply Center Philadelphia, 2009; Gregory, 2013). 

To accomplish the needed expansion without compromising appearance, a modified bi-

swing design was created. Rather than running vertically down the back of the garment, the bi-

swing was made to curve around the back of the arm before proceeding horizontally across the 

chest. The overlapping portion was stitched down closing the bi-swing for three inches from the 

center front seam. Due to the style line of the bi-swing not being straight as it is on the ACU 

jacket, creating the design with just folding was not possible, so it was constructed using six 

separate pattern pieces, three for the front panel and three for the back panel. 
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Figure 40: Comparison of composite pattern to final experimental garment pattern front (right) 

and back (left). 

 Additional deviations from the design of the ACU jacket were made in the design of the 

hem and front closure. Because the hem was curved, folding the fabric horizontally did not 

produce the same flat profile as it does on the ACU jacket, so the garment’s hem was instead 

finished with a separate facing piece. The closure pattern was also altered as the ACU jacket 

front panels are folded over with the underlapping portion stitched down as a mock facing. The 

experimental garment has multiple layers of fabric where the bi-swing meets the center front 

closure that, if folded, would have caused an increased bulk in that area. Instead, a placket was 

designed to provide the same amount of closure overlap and the mock facing of the ACU. Final 
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design sketches for the experimental garment (Figure 41) and ACU reconstruction (Figure 42) 

can be seen below. 

 

Figure 41: Experimental garment seam types. 
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Figure 42: ACU jacket reconstruction seam types. 

To reduce variation outside of the torso area, the collar design and sleeve pattern were 

aligned as much as possible with those of the ACU. The collar is a two-piece stand collar with an 

extended overlapping closure. As on the ACU, the experimental collar was designed as an 

unshaped collar made of rectangular pieces. The necklines of both garments were made to be the 

same length as both collars were designed to be the same height allowing the exact same pattern 

piece to be used for both garments. 



   

 

 

91 

 

The sleeve patterns could not be as unified owing to the different armscyes designs the 

ACU and experimental garment have. The experimental garment has a smaller armscye and so 

required a smaller sleeve cap that was created by modifying the ACU jacket’s sleeve. The 

armscye of the experimental garment is six inches shorter than the ACU jacket, so a significant 

portion of the armscye was removed. The differences required to fit the sleeve cap into the 

armscye were blended into the sleeve patterns of the ACU jacket to create a pattern with as 

similar of a sleeve width, length, and degree of bending as possible. 

 

 
Figure 43: Comparison of ACU jacket and experimental garment upper (left) and under (right) 

sleeve patterns. 

 After initial design, a prototype garment was fit tested using a live fit model. A fit model 

within the size requirements was found and wore the prototype garment while wearing a t-shirt 

underneath to assess how fit would need to be altered to accommodate additional layers of 

clothing. The additional layer of clothing did require accommodation and extra ease it was 

added. A total of two inches was added to the total circumference at the chest, waist, and hips. 
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The design intention was to keep the experimental garment as close-fitting as possible without 

creating visible horizontal tension lines. A close fit was chosen because it reduces the amount of 

air trapped within the garment which benefits thermoregulation when working in hot 

environments (Mert, Böhnisch, Psikuta, Bueno, & Rossi, 2016). 

The initial fitting also indicated the distribution of ease needed to be modified at the 

waist. As drafted, the smaller circumference of the waist was created solely via the side seams, 

but during the fit session this did not conform to the body shape of the fit model or the avatars. 

At the waist, the abdomens of the fit model and avatars protruded while their backs are 

concavely shaped owing to the curvature of the spine. To accommodate this shape, width was 

removed from the back of the garment along the two back seams and added to the front panel at 

the center front closure. 

 Compared with the ACU jacket, the experimental garment has several key differences. 

The first major difference is less ease in the torso. The chest circumference of the ACU jacket is 

49 inches while the experimental garment had a 44 ½ inch chest circumference, so the 

experimental jacket will provide 4 ½ fewer inches of ease. Armscye depth is another notable 

difference as the experimental garment has a shallower armscye meaning the garment will fit 

closer to the armpit of the wearer. When measured as a vertical drop from the intersection of the 

shoulder seam and collar, the highest point of the torso, the ACU jacket’s underarm point has a 

depth of 12 ¼ inches while the experimental garment’s armscye depth is 8 1/8 inches which was 

informed by the beforementioned different sleeve setting techniques. 
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Figure 44: Dimensional differences between ACU jacket (top) and experimental garment 

(bottom). 

 A major functionality difference between the two garments is the different direction of 

expansion allowed by the experimental garment. The current ACU jacket design uses a vertical 

bi-swing that only allows the back of the garment to expand horizontally. The curved shape of 

the experimental bi-swing allows by horizontal expansion of the back and vertical expansion 

along the side of the garment. 
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Figure 45: Photos of the completed experimental garment (top) and reconstructed ACU jacket 

(bottom). Arrows indicate direction of expansion. 

4.2 Physical Wear Trial 

4.2.1 Participants 

 Both the experimental garment and a reconstructed ACU jacket were tested via a pilot 

physical wear trial. In total, seven subjects were recruited via a listserv email to students at the 

Wilson College of Textiles and through contacting individuals with pre-existing relationships to 

the Textile Protection and Comfort Center (TPACC). Subjects were required to conform to the 

ACU jacket’s sizing recommendations for the MR size: chest circumference between 37 and 41 

inches and height between 67 and 71 inches. All measurements for sizing were taken with the 
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subjects in anatomical position. Though the ACU is issued to soldiers of all genders, it was 

designed to ideally fit a male body, therefore only male subjects were recruited. 

 Of the seven subjects the lowest chest circumference was 37 inches while the highest was 

41 inches, and the shortest participant was 67 inches while the tallest was 70 ¾ inches. Chest 

circumference distribution was skewed toward the higher end of the size range as three subjects 

had a 41-inch chest circumference while another measured at 40 ¾ inches. The bias towards 

larger chest sizes is understandable when compared with the ANSUR II data which shows that, 

within this range, larger chest circumferences are more common (Gordon et al., 2014). The bias 

towards larger chest sizes is reflected in the avatar’s sizing which was created to reflect the 

largest chest circumference in the size range as well as the most likely height to correlate with 

that chest circumference (Gordon et al., 2014). 

 
Figure 46: Height and chest circumferences of wear trial subjects compared with avatar 

dimensions. 

 As the research occurred during the COVID-19 pandemic, steps were taken to prevent the 

spread of disease which may have affected the responses of subjects. All wear trials were 

conducted outdoors, so the temperature and humidity varied for each subject. This was partially 

controlled by conducting wear trials within the month of June 2021, in a shaded area, and only 
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on days without precipitation. Another precaution taken was laundering the garments between 

each subject. The fabric was pre-laundered before garment construction and again once the 

garments were completed to minimize changes to hand which may have affected comfort, as but 

later subjects wore garments that had experienced greater wear and more launderings. 

Subjects were instructed to complete a set of calisthenic exercises while wearing each 

garment followed by completing a survey asking about physical comfort and ease of exercise 

completion. The survey gathered both quantitative and qualitative data by using questions where 

subjects responded to questions on a five-point scale and free-response questions where subjects 

could provide specific details about their experience. The unabridged survey is provided in 

Appendix A. These responses were recorded and analyzed using a one-way ANOVA to 

determine statistical significance. The null hypothesis used for the analysis was that there was no 

difference between average response when wearing the experimental garment as opposed to the 

ACU jacket. 
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4.2.2 Results 

Table 1: Results for ease of exercise completion. 

 

 The first set of questions pertained to the ease of exercise completion which the subjects 

evaluated on a 1-5 five scale with “1” representing extreme difficulty and “5” representing 

extreme ease. Exercises were evaluated separately and overall, for all individual exercises the 

ACU was evaluated as providing the least hindrance though none of the responses pertaining to 

an individual exercise reached statistical significance. Overall impression however was 

determined to be statistically significant although not every subject completed this question. The 

overall question was only answered by four subjects for the experimental garment and six for the 

ACU jacket. 
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Table 2: Results of survey for Exercise 1. 

 

The next set of questions asked about physical comfort during specific exercises. These 

questions were further divided by asking about specific body areas, the shoulders, arms, waist, 

chest, and neck as well as overall. These questions were evaluated on a scale of “1” indicating 

intolerable discomfort to “5” which indicated no noticeable discomfort. 

Exercise 1 asked subjects to reach overhead before squatting with feet flat on the ground 

and reaching through their legs. For each body part, subjects indicated the least amount of 

discomfort in the ACU, but none of the evaluations are statistically significant with the chest 

rating being the closest to reaching significance. Of the evaluated body parts, the neck was rated 

as the least comfortable on the ACU and tied for least comfortable on the experimental garments. 
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Table 3: Results of survey for Exercise 2. 

 

The squat bender required changing from a neutral position of the hands resting on the 

hips while alternately squatting with extending the “arms forward” and bending at the waist. 

Discomfort evaluations for Exercise 2 mostly followed the trend of Exercise 1’s evaluations 

where in general the ACU jacket was considered to produce less discomfort than the 

experimental garment. The only exception was in the evaluation of the arms in which both 

garments were evaluated to be equal. Only the chest area, where the experimental garment was 

rated as more uncomfortable, was statistically significant. 
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Table 4: Results of survey for Exercise 3 

 
 

Exercise 3 involved extending the arms from the sides of the body and twisting to touch 

the opposite foot and then repeating the process with the other arm and leg. Responses indicate 

the ACU jacket was preferred in the shoulder, chest, and neck areas as well as overall while the 

experimental garment was more comfortable in the arm area. The waist area was rated the same 

on both garments. None of the results were statistically significant for this exercise. 
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Table 5: Results of survey for Exercise 4. 

 

Exercise 4 was “Overhead Arm Pulls” and required subjects to reach overhead while 

bending the torso to both sides. None of the differences between both garments were statistically 

significant, but the ACU jacket was evaluated to be more comfortable than the experimental 

garment on the shoulders, waist, chest, neck, and overall. The arms were rated the same between 

both garments. 

The free response section provides some indications of which areas were especially 

uncomfortable for subjects. On both garments, five subjects noted that the neck area was a 

source of discomfort due to tightness. The experimental garment had several other areas which 

caused discomfort. The chest area was called out by six subjects as a source of discomfort with 

three specifically noting that the tightness of the chest area hindered motion. Three subjects also 

mentioned the shoulders as a source of discomfort. 



   

 

 

102 

 

Table 6: Survey results on garment comfort impression. 

 
 

The next set of questions asked about the subjects’ opinion of the garment’s comfort and 

were evaluated with “1” indicating an extremely uncomfortable garment while “5” represented 

an extremely comfortable garment and “3” being the midpoint of a garment which is neither 

especially comfortable nor uncomfortable. As with the previous section, this question asked 

about the shoulders, arms, waist, chest, and neck in isolation as well as the garment overall. 

The ACU was rated as being the most comfortable on all locations with the shoulders, 

chest, and overall evaluation being statistically significant. The greatest difference was in the 

evaluation of the chest where the ACU was rated at 4.29 which falls between somewhat and 

extremely comfortable while the experimental garment was rated at 2.29 indicating the garment 

was found to be somewhat uncomfortable on the chest. 
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Table 7: Survey results of fit satisfaction. 

 

The last garment-specific question asked the subjects about their satisfaction with the 

garment’s fit. In this question, “1” indicating extreme dissatisfaction and “5” indicating extreme 

satisfaction. These questions were again broken out by body part and included an overall 

evaluation. On each body part and for the overall assessment, the ACU was evaluated as having 

more satisfactory fit. Of these evaluations, shoulders, chest, and overall assessment were 

statistically significant. 
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Table 8: Results for overall garment preference. 

 

 Finally, subjects were asked their preference between the two garments. All subjects 

responded that the ACU was their preferred garment. In the free response section, five subjects 

indicated that the increased ease of the ACU led to a more comfortable wearing experience with 

the experimental garment feeling too tight. Five subjects also responded that the tightness of the 

experimental garment inhibited motion. 

4.2.3 Observations 

 Though the results of the survey indicate a clear preference for the ACU jacket, 

observation during the wear trial reveals some benefits to the experimental garment’s design. 

Four subjects consented to having their wear trials videotaped, and an analysis of the video 

shows different garment slippage behavior between the garments. When subjects wore the ACU, 

the exercises that required the raising of the arms (Exercises 1 and 4) cause a large raising of the 

hem. The hem can also be observed flaring out from the side of the body. In contrast the 

experimental garment experienced much less garment slippage. During the same exercises, the 

hem remained lower and closer to the body. This is despite the ACU having a longer length than 

the experimental garment. 
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Figure 47: Comparison of garment slippage in ACU (top) and experimental garment (bottom). 
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4.2.4 Discussion 

 Results of the pilot physical wear trial survey indicate a clear preference for the ACU 

jacket with the greater ease at the shoulder and chest area being a primary cause for the 

preference. This is based primarily on the answers to the final three sections, “Garment comfort 

impression,” “Satisfaction with Fit,” and “Which garment did you prefer overall.” These 

questions produced more statistically significant results than the questions which focused on 

individual exercises. This indicates that while there may be some difference in experience for 

individual motions the difference is amplified when subjects are asked to summarize their 

experience. 

 When asked about specific exercises, most survey questions did not provide a statistically 

significant difference between responses. As previously discussed, this is a known issue with 

using wear trials to evaluate garments. Though participants were provided with descriptors, such 

as no noticeable discomfort, in an attempt to anchor their responses, each participant may have 

interpreted these in a different way introducing variability. Furthermore, the physical wear trial 

relied upon the participants subjective assessments and would have variance based on individual 

psychologies and physiologies. 

This lack of significant differences was expected in the arm and neck areas as the design 

of the garments was intended to be as similar as possible. The waist, however, was not intended 

to match between the garments and shared the chest area’s lowered ease. The lack of significant 

results differentiating between the two garments indicates that the lowered ease in this area was 

not a major source of discomfort or restriction to movement. When statistically significant results 

were found, they related to the chest and shoulder areas. The lessened ease in the experimental 

garment negatively impacted the chest and shoulder area’s comfort, but not the waist. 
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With regards to the motions which caused discomfort or restriction, only one exercise-

specific question produced statistically significant results. The chest area during Exercise 2 was 

rated as causing significantly more discomfort in the experimental garment. As Exercise 2 was 

the exercise which most closely replicates the “arms forward” and “bent” avatars, the results of 

the simulated in those positions will be of interest in explaining why this result was more 

significant than others. 

While the physical wear trial results produced a clear preference for the ACU jacket’s fit, 

the experimental garment experienced less garment slippage. This does not appear to have 

affected the survey results as no participants remarked on it. It is possible the short duration of 

the physical wear trial did not provide sufficient time for the difference in garment slippage to 

become noticeable or deleterious to performance. The reduced amount of garment slippage 

would also be relevant to several possible garment applications. In uses such as fire or chemical 

protection, a hemline which remains stationary would create a more secure interface between 

two garments increasing protection. 

4.3 Simulated Wear Trial 

 Both experimental and ACU garments were simulated on each of the avatars using 

Optitex. Access to the fabric analysis and testing functionality was not available, so the garments 

were simulated using the predefined 100% cotton denim fabric. The denim was chosen as the 

closest match to the cotton/nylon ripstop used in the ACU because it emulated a woven fabric 

which did not accommodate stretch through either fabric formation or yarn type. The denim’s 

weight of 236 gm2 also fell within the specification for ACU fabric. 

 Using the denim parameters, both garments were simulated on each of the five avatars 

and checked for the simulation errors detailed in Chapter 3. Error free models of each garment 
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were captured with both x- and y-direction stretch maps from front, back, left, right, and 

overhead camera angles. Pattern pieces were oriented in the workspace so that the x-direction 

map measures stretch around the horizontal circumferences of the torso, arms, and neck while 

the y-direction map relates to the stretch along the vertical height of the body and length of the 

arms. 
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4.3.1 Results 

 

Figure 48: ACU jacket x-direction (top 2 rows) and y-direction (bottom 2 rows) stretch maps in 

the anatomical position. 
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Figure 49: Experimental jacket x-direction (top 2 rows) and y-direction (bottom 2 rows) stretch 

maps in the anatomical position. 

In the anatomical position, the x-direction and y-direction stretch maps show greatest 

stretch at the shoulders of the garments. When viewed from the side, the sleeves of both 



   

 

 

111 

 

garments also show substantial stretch in the y-direction. This stretch is also most severe at the 

shoulder point and lessens in intensity as it travels down the sleeve. 

The x-direction map in the anatomical position was the only x-direction map in which the 

ACU jacket experienced more stretch than the experimental garment. Most of the x-directional 

stretch for both garments was concentrated around the shoulders and neck but was more severely 

expressed on the ACU. Areas of red are visible around the base of the neck on the ACU, where 

on the experimental garment no red was detected in the x-direction map. 

Table 9: Percentage of each color present in anatomical position stretch maps. 

 

 Image analysis for the stretch maps shows the anatomical position produced the greatest 

area of stretch in the y-direction. In the anatomical position, the direction of stretch affects which 

garment is experiencing greater amounts of stretch. In the x-direction the ACU jacket 

experienced more stretch with 89.15% of the stretch maps indicating no stretch compared with 

the 91.72% of the experimental garment’s stretch map. The y-direction maps show the ACU 

jacket having more relaxed fabric comprising 83.23% of the stretch maps while the experimental 

garment’s stretch maps show only 79.18% of the map as relaxed fabric. 
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Figure 50: ACU jacket x-direction (top 2 rows) and y-direction (bottom 2 rows) stretch maps in 

the "t-pose." 
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Figure 51: Experimental jacket x-direction (top 2 rows) and y-direction (bottom 2 rows) stretch 

maps in the "t-pose." 

 The simulations in the “t-pose” show reduced stretch compared with the anatomical 

position. Both garments show y-direction stretch on the back in several distinct lines emanating 

from the shoulder and neck areas. Both garments display an area of stretch across the front chest, 

but on different stretch maps. This stretch changes to smaller amounts of x-direction stretch 
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along the arms. The ACU shows the stretch on the x-direction map while the experimental 

garment shows the stretch on the y-direction maps. 

Table 10: Percentage of each color present in "t-pose" stretch maps. 

 

Compared with other garments, the “t-pose” showed the least stretch with the ACU jacket 

showing no red on either the x-direction or y-direction stretch maps indicating no part of the 

garment experienced maximum stretch. The experimental garment also exhibited less stretch 

with no red displayed on the y-direction stretch map and 0.02% of the x-direction stretch maps 

displaying as red. The y-direction stretch maps again showed a greater stretched area than the x-

direction maps, but the difference was less severe than observed in the anatomical position. 
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Figure 52: ACU jacket x-direction (top 2 rows) and y-direction (bottom 2 rows) stretch maps in 

the "arms forward" position. 
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Figure 53: Experimental jacket x-direction (top 2 rows) and y-direction (bottom 2 rows) stretch 

maps in the "arms forward" position. 
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The x-direction maps show areas of increased stretch between the shoulders on the back 

view. This stretch is less severe on the ACU where it is displayed primarily as the cyan color 

while the between shoulder area on the experimental garment was green and yellow with a few 

areas of red. The back of the garments also show stretch in the y-direction though this is less 

severe than the x-direction stretch. The location of the y-direction stretch changes between the 

two garments; the ACU jacket shows this stretch at the neck and shoulder area while the 

experimental garment displays this stretch in two areas below the shoulder blades. 

 The stretch maps also indicate a difference under the arms. In the experimental garment, 

the underarm areas are nearly all blue with the stretch confined to a small area near the armpit, 

but the ACU shows areas of cyan and green down the side of the garment. The stretch shown in 

the experimental garment is shown to have a higher intensity despite smaller area. 

Table 11: Percentage of each color present in "arms forward" stretch maps. 

 

 The analysis of “arms forward” stretch maps show greater stretch in the x-direction than 

the y-direction in contrast to the results for the anatomical position or the “t-pose.” The 

difference between x and y-direction maps is greatest for the experimental garment which 

showed 85.15% of the map being relaxed fabric in the x-direction, but 93.29% in the y-direction. 
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The ACU jacket produced totals which are more similar between the two directions with only the 

green color having a difference greater than 1% between both directions. 
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Figure 54: ACU jacket x-direction (top 2 rows) and y-direction (bottom 2 rows) stretch maps in 

the "arms up" position. 
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Figure 55: Experimental jacket x-direction (top 2 rows) and y-direction (bottom 2 rows) stretch 

maps in the "arms up" position. 

 In the “arms up” position, both garments show areas of y-direction stretch at the chest, 

but both garments experienced the stretch in different formations. The ACU experienced stretch 
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in a nearly vertical line extending from the shoulders to the underarm while the experimental 

garment’s y-direction stretch more closely followed the bi-swing design in a more horizontal 

direction. 

Both garments show some stretch in the x-direction stretch on the arms. This stretch was 

distributed in narrow bands in areas where the fabric is displayed as being crumpled. The 

experimental garment also shows an area of high stretch at the base of the arms. Some stretch is 

observable in this area on the ACU, but in a smaller area. 

Table 12: Percentage of each color present in "arms up" stretch maps. 

 

 The direction which shows the greatest stretch varies between the two garments with the 

ACU jacket showing greater stretch in the y-direction while the experimental garment showed 

more stretch in the x-direction. Both garments showed greater stretch in the experimental 

garment. This stretch was greater both in terms of area as the experimental garment showed less 

blue color and intensity as the green, yellow, and red colors were more present in both directions 

on the experimental garment’s stretch map. 
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Figure 56: ACU jacket x-direction (top 2 rows) and y-direction (bottom 2 rows) stretch maps in 

the "bent" position. 
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Figure 57: Experimental jacket x-direction (top 2 rows) and y-direction (bottom 2 rows) stretch 

maps in the "bent" position. 
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 In the “bent” position, both garments show a band of x-direction stretch across the back 

waist area. This area shows more stretch in the ACU garment with a sizable patch of yellow 

represented on the stretch map while the experimental garment shows green as the greatest 

stretch in the area. However, the experimental garment shows red indicating maximal stretch 

across the back shoulder. On the ACU, the back shoulders show only a few small cyan areas. 

The “bent” pose also shows significant areas of y-direction stretch. Both garments show two 

areas on the back of y-direction stretch. As on the anatomical position, the sleeves also show 

substantial y-direction stretch emanating from the sleeve cap. 

Table 13: Percentage of each color present in "bent" stretch maps. 

 

 The “bent” position produced the more stretch than most other positions. Both directions 

of stretch on the experimental garment and the x-direction stretch map of the ACU jacket 

showed the least amount of relaxed fabric in the “bent” position, and the y-direction stretch of 

the ACU jacket was greater only on the anatomical position avatars. The “bent” position shows 

the greatest difference between the two garments. In both x and y-direction stretch maps, the 

experimental garment has 10% less area shown as the blue, relaxed fabric color and the highest 

amount of red area in the x-direction with over 4% of the stretch map being red. 
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Table 14: Percentage of each color present in all x-direction (top), y-direction (middle), and 

total stretch maps (bottom). 

 

 The percentages of colors in each direction on each pose were averaged together to create 

an overall total for each direction individually, and those averages were combined to create a 

total average encompassing all poses and directions. The majority color for both garments is the 

blue indicating no stretch. The cyan color was second most common with the red color being 

rarest covering less than 1 percent in both directions for both garments. When considering the x, 

y, and combined figures both garments, the ACU had a greater amount of blue with the color 

comprising 90.58% of all stretch maps compared with 86.79% of the experimental garment’s 

stretch map. Each of the colors representing stretched fabric (cyan, green, yellow, and red) were 

present in more of the experimental garment’s stretch maps than the ACU jacket’s stretch maps.  
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4.3.3 Observation 

When compared to the videos taken during the wear trial, differences between the 

fabric’s draping behavior can be seen. The garment slippage that was evident when the arms are 

raised above the head is not as pronounced in the simulation. In the simulation, the hemline 

remains in close to the same position on both the experimental and ACU garments with the most 

evident change being the ACU’s sides flaring outwards. The sleeves also appear different in this 

position as the simulation shows the sleeves sliding down the arms with significant crumpling 

around the biceps. The videos of the wear trial show some sliding and crumpling, but not as 

much as was present in the simulation. 

 

Figure 58: Comparison of wear trial and simulation while wearing ACU jacket. 
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Figure 59: Comparison of wear trial and simulation while wearing experimental garment. 

4.3.4 Discussion 

 The simulated wear trial shows, in the “arms forward” and “bent” positions the bi-swing 

of both garments can unfolding to accommodate the motions. Likewise, the “arms up” position 

shows the experimental garment’s bi-swing unfolding to accommodate the vertical motion. Both 

actions were also present in the physical wear trial indicating that simulated wear trials were 

correctly emulating the garment’s design features. 
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Figure 60: Simulated bi-swing function of ACU jacket in "arms forward" position (top left), 

experimental garment in "arms forward" position (top right), and experimental garment in 

"arms up" position (bottom). 

 The results of the simulated wear trial align with those of the physical wear trial in terms 

of ultimate preference. The simulated wear trial predicted the experimental garment would 

experience the greatest amount of stretch overall and for most positions and directions of stretch. 

The only simulations where the experimental garment was shown to have a greater percentage of 

unstretched fabric was in the x-direction in the anatomical position and the y-direction in the 

“arms forward” position. 

 The simulated wear trial was also successful in predicting the location of discomfort in 

the physical wear trial. In the physical wear trial, the only statistically significant difference 
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between comfort of the two garments was seen in the chest area during Exercise 2 which 

required the participants to adopt the “arms forward” and “bent” positions. Both of which 

showed large differences in the amount of x-direction stretch present on the back of the chest 

circumference. 

 The physical wear trial subjects also noted that the shoulder and chest areas were the 

most noticeable sources of discomfort and restriction in the experimental garment. This 

assessment is mirrored in the simulated wear trial. Each pose but the anatomical position did 

show some areas of maximum x-direction stretch in the shoulder and chest areas. The physical 

wear trial subjects also noted that the neck was uncomfortable on both garments, and in the 

simulated wear trial, each x-direction map displays some stretch along the collar, so areas of 

described discomfort match with x-direction stretch. 

 The simulation was done with gravity set to 9.8 m/s2 attempting to replicate that of Earth. 

The simulated gravity appears to have had affected the y-direction stretch maps. Y-direction 

stretch was most observed originating from the areas which supported the garment. In the “bent” 

position this was the avatar’s back while in other poses this was the shoulders and arms. 

Excluding the “bent” pose, the most stretch for both garments was observed in the anatomical 

position. An explanation for this could be the lowered surface area on which the garment rested. 

In the “t-pose” and “arms forward” positions, the garment’s sleeves were supported by the 

avatar’s arms while the “arms up” position reduced the weight of the garment resting on the 

shoulders by elevating the sleeve fabric. The anatomical position provided only the shoulders to 

bear the garment’s weight causing more y-direction stretch, which is shown in the areas of y-

direction stretch down the sleeves that was only present in the anatomical position and “bent” 

position. 
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 An overestimation of the effects of gravity may also explain the discrepancies in garment 

slippage in the “arms up” position between physical and simulated wear trials. In the physical 

wear trial, the garments experienced more raising of the hem and only a small amount of the 

sleeves falling while in the simulated wear trial, the hem remained in nearly the same position 

while the sleeves were noticeable more crumpled around the biceps. Both of those differences 

show that the effects of gravity were overestimated in the simulated wear trial. 

 The crumpling around the biceps appears to have caused other phenomenon which do not 

appear to have been experienced in the physical wear trial. The crests of the crumpling were 

shown to be experiencing some stretch in parallel bands. But these bands were at the areas 

furthest from the avatar’s surface, so they are not likely to be caused by tension against the 

avatar. Instead, the likely cause is the bending of the fabric itself. This stretch does not appear to 

have been noticed during the physical wear trial as the arm area received no complaints about its 

comfort. 

 
Figure 61: X-direction stretch maps of ACU jacket (left) and experimental garment (right) 

showing bands of stretch over biceps. 

CHAPTER 5: Conclusion 

5.1 Conclusion 

 This research had the dual purpose of both developing a new pattern for the ACU jacket, 

using measurements derived from multiple poses to develop a pattern that can better 

accommodate motion and to investigate the possibility of using virtual prototyping technology to 
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replicate the use of physical wear trials in garment evaluation. One of the main research 

objectives of this study was to examine whether drafting a pattern using posed measurements 

would substantially change design and improve garment comfort and mobility. Using posed 

measurements to design a garment yielded less ease than that used in the ACU jacket and 

indicated a need for the garment to expand vertically around the shoulder and armscye in 

addition to horizontally expanding across the back. In the physical wear trial, participants found 

the experimental garment to be less comfortable and were less satisfied with its fit than the 

current ACU jacket design. Subjects also considered the experimental garment to be more 

difficult to move in though the differences between the two garments was less than in the 

questions which related to comfort and overall satisfaction. The lower amount of ease around the 

chest of the experimental garment appeared to be problematic to the subjects and was called out 

by several as an aspect of the design which inhibited their motion and caused discomfort. These 

results indicate that additional ease beyond just the maximum body measurements is needed to 

create a garment with a satisfactory fit and so using posed measurements alone did not produce a 

garment with enhanced mobility or comfort. 

 However, the fit of the experimental garment presented several advantages over that of 

the ACU jacket. The experimental garment exhibited less garment slippage in the torso with the 

hem of the experimental garment moving less when the wearer’s arms are raised. Though the 

ACU was a longer garment, the lowered garment slippage of the experimental garment allowed 

it to provide more torso coverage in the “arms up” position. As the ACU pattern is also made in 

flame resistant fabrics and used as a fire protective garment maintaining a consistent level of 

coverage and garment interface overlap is an important aspect of fit because in that application 

garment slippage is directly related to protection. Though ultimately the ACU jacket was 



   

 

 

132 

 

preferred over the experimental garment by physical wear trial participants due to the greater 

ease in the chest and shoulder area, the design of the experimental garment design did seem to 

provide benefits in reduced garment slippage. 

 Another research objective of this study was to conduct a pilot study assessing if the 

quantitative fitting methods available in virtual prototyping correlate with the ease of motion 

observed in a physical wear trial. The simulated wear trial showed the ACU jacket’s stretch maps 

as 90.58% relaxed fabric while the experimental garment’s stretch maps were only 86.79% 

relaxed. In addition, the stretch maps indicated that the experimental garment had a greater 

percentage of their stretch maps indicating fabric stretched to its maximum extent. These results 

were echoed in the physical wear trial where the first set of questions dealt directly with the 

subject’s perception of their mobility, and the results indicated the ACU was easier to move in 

for each exercise although none of the results were statistically significant save for the rating of 

all exercises overall which was not answered by all participants. The results of the physical wear 

trial highlight one of the known issues with wear trial evaluations in that the data obtained is 

often not statistically significant, but the consistency of results does indicate that the 

experimental garment posed more of an impediment to motion. The physical wear trial’s 

assessment appears to support the simulated wear trial’s assessment that the experimental 

garment would be more difficult to move in. 

 Lastly, this research examined whether comfort in a physical wear trial could be 

predicted based on the simulated wear trial. In both wear trials, the greatest source of discomfort 

was determined to be the chest and shoulder area. The physical wear trial subjects responded that 

the chest was the least comfortable area of the experimental garment. Likewise, the simulated 

wear trial showed the greatest stretch occurring in the chest and shoulder areas. Another area of 



   

 

 

133 

 

discomfort in both garments was the neck area which was noted as an area of high discomfort by 

physical wear trial participants. The simulated wear trial displayed areas of stretch at the neck of 

both garments in all positions, so areas of discomfort appear to align with areas of garment 

stretch. 

 Alignment between the physical and simulated wear trials also existed in predicting the 

body positions which would cause discomfort. The only exercise-specific question that produced 

a statistically significant result asked about feeling of discomfort during Exercise 2. On a 1-5 

scale where “1” represented intolerable discomfort and “5” represented no noticeable discomfort, 

The ACU jacket was rated as 4.85 while the experimental garment was rated at 3.29. 

In the simulated wear trial, results for the “arms forward” and “bent” positions both of 

which were adopted by the physical wear trial participants during Exercise 2 also indicated the 

greatest difference between garments. The “bent” position x-direction stretch map produced the 

greatest differences in stretch maps between garments. In this position, the ACU showed 86.55% 

relaxed fabric compared with only 76.43% on the experimental garment. The similarities in the 

results between Exercise 2 in the physical wear trial and the “arms forward” and “bent” positions 

in the simulated wear trial suggest the simulated wear trial was successful in predicting the body 

positions which would create the most discomfort in the physical wear trial. Overall the 

simulated wear trial seems to have correctly predicted the outcomes of the physical wear trial 

with regards to overall preference, areas of discomfort, and body positions which caused 

discomfort. 

5.2 Limitations 

 The physical wear trial conducted in this research did not, for the most part, produce 

results which were statistically significant. This was a known issue with physical wear trial 



   

 

 

134 

 

methods but may have been exacerbated by several aspects of the research. Firstly, this research 

took place during the COVID-19 pandemic which required alterations to physical wear trial 

methodology be made to protect safety. The physical wear trial took place outdoors, so the 

environment was not able to be controlled. Secondly, only seven participants were able to be 

recruited. The participant pool was limited by requiring participants match the sizing 

recommendations of the ACU jacket’s MR size. Further difficulties in recruiting participants 

arose from a lack of funding for compensation. 

 A limitation of the simulated wear trial method however was the discrepancy discovered 

in garment slippage. In the literature, garment slippage is mentioned as working alongside stretch 

to accommodate motion (Huck, 1991; Kirk & Ibrahim, 1966). So, the inaccuracy is simulating 

garment slippage may have impacted the measurement of stretch. 

 The simulated wear trial methodology was also limited in that standardized methods for 

conducting and analyzing such a wear trial have yet to be developed and are not natively 

supported in virtual prototyping software. The study attempted to develop a quantitative way of 

summarizing a stretch map. Because this functionality was not available within Optitex, it was 

achieved through a second application. This method of quantification involved analyzing the 

images captured in the program which each hid a portion of the garment on the other side of the 

avatar or beneath folds of clothing. To minimize this limitation, the study captured images from 

multiple angles, but greater accuracy could have been achieved if the stretch maps were able to 

be displayed on the 2D patterns in addition to the 3D simulations. 

5.3 Recommendations and Future Research 

The outcomes of this research indicate that the present form of the experimental garment 

is too tight to provide comfort and mobility equal to that of the current pattern of the ACU 
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jacket. However, the experimental garment did have some benefits in the prevention of garment 

slippage and reduced bulk which would benefit wearers by providing greater protection and 

lessening thermal burden (Mert, Böhnisch, Psikuta, Bueno, & Rossi, 2016). Future work could 

focus on developing a garment which finds balance between the two designs. Because the waist 

area was not found to be as problematic for fit as the chest and shoulders, the pattern making of 

the waist area could maintain the lowered amount of ease while increasing the ease in the chest 

and shoulders. The bi-swing design of the experimental garment was also successful in reducing 

garment slippage at the hem and this design could be modified to increase ease and deliver a 

garment maintaining the low garment slippage and low bulk of the experimental garment with 

the comfort and ease of motion in the ACU jacket. 

 In this pilot study, the simulation to predict the results of a physical wear trial showed 

promise. The physical wear trial determined the ACU to be more comfortable and easier to move 

in, an assessment the simulated wear trial agreed with, but additional refinement of the technique 

could increase the accuracy of simulations. A major difference between simulation and reality 

was that the garment slippage exhibited during physical wear trials was not reflected in the 

simulation. This weakness could be addressed by further aligning textile properties with those of 

the used fabric by translating hand measurement systems into simulation software. 

 Another improvement which could address the inaccuracy of garment slippage is 

implementing animated avatars. As the avatars used in the study were static in position, they did 

not fully reflect the wear trial participants who were in motion between different positions. This 

may have contributed to the inaccuracy of garment slippage as the simulated garments were 

constructed around a static avatar while the physical garment was worn first in a neutral position 

before twisting and sliding around the body as the wearer moved into position. Evaluating 
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garments on animated avatars could more closely mimic the forces which cause garment 

slippage. 

 Lastly the scope of this project was limited to a single garment consisting of one layer of 

one textile. This does hamper applicability to many types of protective garments and could 

present new avenues of exploring this technology. Protective garments are frequently worn as a 

system where the interaction between different parts is a vital part of their function, so expanding 

the scope of research to include full ensembles would add valuable information. Many protective 

garments also utilize multiple textiles either as separate layers providing different types of 

performance or integrated into the garment shell to create targeted areas of protection. If garment 

simulation can accurately depict these more complex designs, its applicability would be greatly 

increased. 
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