
    

 

ABSTRACT 

WILLIAMS JR., MICHAEL EUGENE. Form-Fitted Athletic Wear Comfort and 

Performance Optimization. (Under the direction of Dr. Trevor Little and Dr. Rong Liu). 

 

The objective of this research project was to establish criteria for the evaluation 

and optimization of the next generation of form-fitted athletic apparel.  The methodology 

incorporated the use of the CSIRO Fabric Assurance by Simple Testing (FAST) to obtain 

objective textile testing of the mechanical properties of form-fitted garments.  Moisture 

management properties of the garments were tested using the Moisture Management 

Tester (MMT) with the assistance of SDL Atlas.  The objective measurements were 

compiled to develop a matrix for predicting subjective comfort responses.  

This research investigated the fibers and subsequently the fabrics used for form-

fitted athletic wear and the body’s psycho-physiological demands and response to these 

garments. 3D body scanning technology was applied to ensure proper fitting of the 

garments tested in the human wear trials. The human wear trials were conducted as a 

means of evaluating the performance of the garments in the three dimensional realm.  

Subjective and objective measurements from the wear trials were implemented in the 

research to determine actual variations in garment performances, and also the human 

physiology and sensory perception of comfort. 

The results of the objective measurements and subjective evaluations were 

compared to confirm the practicality and effectiveness of the testing methodology.  The 

methodology proved to effectively identify the critical parameters influencing subjective 

comfort responses. The analysis of the objective and subjective results can provide 

insight for the prospective optimization of form-fitted athletic wear.  
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1 INTRODUCTION 

With the increasing demand of functional form-fitted athletic wear in the athletics 

there is a growing need to understand and engineer these garments.  With a careful and 

thorough evaluation of fabrics that can be used for these garments, the functional and 

comfort performance of these garments can be improved.  This project reviews possible 

fibers and selects fabrics that incorporate these fibers in ways to optimize comfort and 

performance of these garments. Physical and psychological aspects of the body and skin’s 

interaction with the garment will also be evaluated and tested.   

The aim of this study is to examine what factors of garment composition influence 

comfort and functionality and apply these findings to a model that can be used for further 

product development.  The goal of the model is for the optimal design for form-fitted athletic 

wear to provide maximum comfort and performance of the garment. Addressing the 

relationship between an athlete’s physiological and psychological profile is vital in 

maximizing their garments for athletic performance to gain a competitive advantage in their 

respective sporting endeavors. The project framework is illustrated below to demonstrate the 

relationship of these factors that will be evaluated in the scope of this research.   
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1.1 Research Project Framework 

 

 

Figure 1 Research Project Framework 

 

 
 This framework graphically relates the major factors that will be evaluated in this 

research.  These areas will be explored in detail individually through the literature review 

sections of this thesis.  It is important to note prior to reading that it is important to 

understand how these factors can influence garment design not only individually but 

collectively.   
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There are portions of the literature review where the relationships between the factors in 

Figure 1 are outlined and discussed.  It is a goal of this research to qualify and quantify the 

attributes of these factors in effort to optimize the garment for comfort and functional 

performance. 

1.2  Significant Research 

In today’s textile industry there are substantial claims for functional garments in 

athletic wear.  However, there is little or no significant research on these garments to confirm 

benefits of form-fitted garments on athletic performance or comfort.  Research has 

previously been conducted on alternative garments such as commercial, technical, industrial 

and traditional athletic wear on physical and mechanical textile properties and perceived 

comfort.  These garments although varied in construction and fiber content all have a 

common factor of having an air gap between the garment and the wearer’s skin. Also, none 

of the aforementioned garments have gradient compression attributes that are designed to 

apply varying amounts of pressure at different parts of the wearer’s body.   

 The knowledge gap in this specific area of athletic apparel is significant enough to 

warrant a large body of work.  The joining of the traditional objective physical and 

mechanical measurement of textile garments with 3-D dimensional and human wear trial 

evaluations; to better determine functional performance and comfort of form fitted garments 

is the ultimate objective of this study.  This research will aim to provide a new framework of 
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evaluation of the growing niche of apparel to gain an increased understanding of the 

mechanisms that positively influence performance and comfort. 

This research can be beneficial to customers and the industry considering the large 

amount of demand in the market for these particular types of garments. If marketing claims 

are tested in the public domain the consumer will have a larger base of knowledge to consult 

when making purchasing decisions. 
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2    REVIEW OF LITERATURE 

A collection of works regarding the various aspects of the comfort and physical 

requirements of form-fitted athletic wear are reviewed. This body of research incorporates 

how textiles not only interact with athletes but improve performance by understanding 

requirements of athletes specifically in the realm of middle to long distance running.  

2.1  Form-fitted Apparel in Athletics 

Certain athletic endeavors require protective textile equipment for participation and 

safety.  The interest of this particular study is to evaluate and optimize the relationship 

between the textile garments, or more specifically form-fitted garments and elite athletes.  

Form-fitted athletic wear has been prevalent in sporting events in recent years.  Form-fitted 

athletic wear in general consists of a compression garments produced out of synthetic 

materials (polyester, nylon, etc.) that are designed to fit the athlete’s body with an absence of 

an air gap between the body and garment. The compression garments have been suggested to 

reduce muscle damage and maintain muscle function (Trenell et al., 2005).  

The absence of the air gap allows the material to be in constant contact with the skin. 

The fit classification can be represented by a cross-section view of the body and the air gap 

between the garment and body.  Vacant space calculations will help categorize fit of 

garments as shown in figures 2 and 3. 



6 

 

 

Cross Section Vacant Space

 

Figure 2 Fit Evaluation 3D Virtual Garment (Lee, 2007) 

 

 

 

 

Figure 3 Fit Classification 
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2.1.1 3-D Body Scanning 

The design aspect of garments has advanced in recent years.  Technology has been 

developed to ascertain more precise measurements of the body to assist in the garment design 

not only for athletic garments but garments in general.  One such technology is three 

dimensional body scanning (3-D body scanning).  Three-dimensional body scanning is 

capable of extracting an infinite number of data types and measurements.  Body shapes, 

angles, and relational data points are easily obtained with 3D-scanning technologies, in 

addition to the linear measurements on which the apparel industry has historically relied 

(Simmons et al., 2003).  It is the linear measurements that have the most direct relationship 

with the apparel design industry.  These measurements allow for the precise measurements 

individuals to be instantaneously captured and retrieved.   
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Figure 4  3-D Body Scanning Anatomical Landmarks (Simmons et al., 2003) 

 A 3-D body scanning subject is placed in a booth that contains a series of cameras, 

lights, or lasers depending on the technology being used. Scanners use light sources to 

illuminate scanned object, a series of cameras to capture the light reflected by the object, and 

a computer system to generate a 3D digital image of the object’s surface. Scanning 

technology not only provides a realistic 3D visualization of objects but also allows unlimited 

retrieval of precise linear, two-, and three dimensional measurements of objects’ surfaces 

(Petrova et al., 2008). These imaging devices are commonly connected to a computer for data 

acquisition and processing.   The computer software acquires data from the A/D converter 

and triangulates the discrete points for all of the horizontal planes, creating a point cloud 

representation of the object scanned.  This process takes approximately 2 minutes to 

complete.  After the data acquisition/reconstruction program is completed, a 3D image of the 
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object is displayed on the computer screen (Lerch et al., 2007).  The three-dimensional 

representation of what is derived by the computer can vary by scanning technology as seen in 

Figure 5. 

(a) (b) (c)

 

Figure 5 Comparative 3-D Body Scanning Images (Simmons et al., 2003) 

  

 These images serve as a graphical representation for the data points that are contained 

within the data cloud.  The actual data points can be saved and evaluated at a later date.  

Since not all individuals are shaped identically the data can also be manipulated to serve as a 

means of measuring certain points on the individual’s body that may differ from standard 

landmarks set by scanning software.  3-D body scanning is will become increasingly utilized 

in the development of form-fitted athletic wear to ensure proper fit of compression garments. 

Compression garments with high levels of technical design will required more precise levels 

of measurement, to allow for proper levels of compression at various points. 
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2.1.2 Compression Products 

Compression garments are not only popular in the athletic area, they have also been 

found to be helpful in the assistance of healing wounds and injuries and also can be found 

frequently in the medical field.  This type of application is identified as compression therapy.  

Compression therapy involves the application of pressure over a part of the body.  Pressure 

points can be chosen, for example, over a certain area of a tendon, changing its end point.  

The new insertion point will bear the stress induced on the tendon during an activity and will 

allow the inflamed insertion site to rest (Pereira et al., 2007) this compression treatment can 

be found in support braces and even hosiery.  Although this area has been widely studied, 

there currently is little international agreement on the optimal level of compression. 

Nevertheless, there is a general consensus that the medical functional performances of 

pressure levels depend largely upon the material properties of the knitted fabrics that the 

Graduated Compression Stockings possess. Substantial clinical experiments have 

demonstrated that the physical presence of GCSs with different fabric elasticities produce 

different pressure profiles, which resulted in a variety of significant complex physical and 

physiological effects on vascular anatomic structures (Liu et al., 2007).  A representation of 

desired graduated compression levels and intended medical effects can be seen in Table 1. 
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Table 1 Compression Therapy Levels (Liu et al., 2005, 2006) 

 

With these garments being in constant contact with the skin they have also been 

described as “second skin”, much like human skin it is important for them to provide a 

protective barrier from the external environmental conditions, and provide a channel to 

regulate the internal factors that can affect an athlete’s performance. These factors such as 

conduction, convection and radiation are all external forces that interact with the body.  

While such internal factors such as core body temperature, skin temperature, and sweating 

are equally important factors that need to be balanced by the garment. The form fitted 

garment has to effectively manage these properties for the athlete to experience a high 

perceived level of comfort.  These factors can be clearly illustrated in Figure 6. 
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Figure 6 Environment Interactions (McArdle et al., 2001) 

  

2.1.3 Compression in Elite Competition Sports 

Elite athletes were singled out for this particular study because they are considered to 

be at the top of their respective individual sports and demand the highest level of 

performance out of themselves and their equipment.  A definition of an elite athlete would be 

one who competes on the highest level of amateur competition on a worldwide or national 

scale.  The largest collections of such athletes are found at the Olympic Games which are 

held on a four year basis with modern day Olympic beginning in 1859. For an accurate scope 
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of the sporting events themselves and what types of garments are chosen by the athletes that 

participate in them a sampling of the summer Olympic events was compiled.  The summer 

Olympics were chosen because of the external environment that the athlete is expected to 

compete provides the interaction of a warm, humid environment on the athletes that most 

resembles the conditions that can be reproduced by our testing.  This particular sampling 

differentiates the choice of tradition garments for the respective sports, or the choice of form 

fitted garments.   

Table 2 Olympic Sports Listing 
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After this initial sampling of the summer Olympic events, a condensed version was 

constructed to only include the sporting events in which the athlete’s utilized form fitted 

garments.  This lower level sampling also includes the fabric selection (Natural vs. Synthetic) 

and also the desired properties of the fabrics for optimal performance of the athlete.   

Table 3 Olympic Events Using Form Fitted Apparel 

 

In researching the demands of these individual sporting events we found that Athletic 

(Track and Field) and Cycling are the two sports that most resemble that demands of 

garments that are in question in this study.  Specifically in the sports of running and cycling 

textiles are not used necessarily for protective reasons; they are used more as a barrier 

between the skin and the external environment.  This barrier however prevents evaporative 

cooling, which restricts heat dissipation of the skin (Fox, 1979) and makes wicking and 

thermoregulation a vital characteristic of the fabrics that are to be used in these sporting 

events.  Wicking is a fabric property that is comprised of the transport of liquid through 

fibers which involves fiber structure, liquid fiber interaction, and external conditions 
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(Coskuntuna, 2007). Thermoregulation of a fabric is characterized by heat and moisture 

transfer in the form of water vapor diffusion and liquid sweat transfer under capillary 

pressure (Li, 2005).  These particular functional properties are of great interest to the 

academic and textile community and will be incorporated in this study as a basis for 

establishing optimal levels of comfort and performance of the form fitted garments.   

Since all of the body’s activities are dependent on its ability to maintain a functional 

temperature, it becomes increasingly important for Athletes to regulate body temperature.  

Athletic performance is strongly correlated with the body’s ability to generate power over a 

period of demanding physical activity (Anders, Schjerling, Saltin, 2000). However, it is 

important to provide an internal environment inside the body that is conducive to muscle 

function which corresponds to athletic performance.   

 Considering that a majority of athletic events take place in outdoor environments, 

temperature conditions can have a high degree of variability.  Running and cycling 

competitive events tend to be held in warmer months (i.e. Summer Olympics). Garments 

worn in hot, humid, environments can potentially alter the body’s ability to achieve a state of 

thermo-physiological and sensorial comfort (Hatch, Woo, Barker, 1990).  There is a need in 

the academic community to establish baselines for these garments to be measured against and 

used to engineer the optimal performance garment. 
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2.2  Athletic Physiological Profile 

For this investigation to be effective, a basic understanding of the physiological profile 

of athletes was needed. The most obvious differentiating factor between athletes and non-

athletes is their physical stature. A detailed analysis and correlation of the physical attributes 

is helpful in profiling athletes in efforts to create garments to best suit and assist elite 

athletes.  With the overall focus of optimizing comfort and performance for form-fitted 

athletic wear specifically running and cycling some practical thinking and research is needed 

to determine the area of research to target the sector of these sporting activities that would 

benefit most from a functional garment.  In the literature reviewed there is an obvious 

knowledge gap in the area of merging the findings in the area of athletic performance to 

textile garment selection, and functionality. Little is known of the physiological effects of the 

garments on performance of elite athletes, but there is a substantial amount of literature on 

the physical characteristics and physiological measurements of athletes.  These factors can be 

used to form a framework of garment design to cater to the specific physical body 

compositions of athletes. Important factors to be considered are athletic somatotypes, height 

weight, percent body fat, and cardio respiratory power and efficiency (Butts et al., 1985). 

2.2.1 Athletic Body Types 

Athletic Somatotypes can be used to help categorize general body types of elite 

athletes.  Somatotyping, a method of describing morphological characteristics in which body 
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shape, rather than size, is expressed by a three-number rating that represents the components 

of endomorphy (fatness), mesomorphy (musculoskeletal development) and ectomorphy 

(linearity) (Sheldon, 1940, 1954). The ratings are comprised from calculations that take into 

account measurements of stature (height), body weight, bicondylar breadths of the humerus 

and femur, calf and upper arm circumferences, and skin folds (at triceps, subscapula, calf, 

and supraspine). These groupings are used to find similarities between body types of athletes 

participating in specific sporting events.  These similarities that are found can be used in 

predicting athletic performance in relationship to body type.  A graphical representation of 

these classifications can be seen in the figure below comparing the somatotype groupings of 

athletes and non-athlete students in Asia. 

Somatotype distributions for, (a) Badminton, (b) Soccer, (c) Volleyball, (d) students

ba

c d

 

Figure 7 Athletic Somatotype Distributions (Rahmawati, N., Budiharjo, S., Ashizawa, K. 2007) 
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As seen in Figure 7, conclusions can be drawn using the visual representation of these 

groups of body types.  It demonstrates a correlation of grouping of body types for specific 

sports.  This example of somatotyping shows that there is a stronger relationship between 

body type and activity in volleyball and soccer than in badminton.  

It is important to note in this example the non-athlete students were from well-off 

families, suggesting that they were exposed to a higher quality diet, and exercise. Other 

examples of sport correlation with somatotypes are distance runners who tend to have a 

higher ectomorphy component compared to the higher mesomorphy component for weight 

lifters and throwers (Butts et al., 1985). 

 A more common system of characterizing athletes physiques are simply using height 

and weight.  As in many sports there are physical similarities that are commonly evident to 

the masses, such as basketball player’s height and football player’s muscularity.  These 

trends can be seen across many sports and models have been developed to express these 

relationships.  In a study conducted between The Center of Human Performance at Texas 

Medical Center and Rice University the body mass and height of elite runners male and 

female where analyzed to find a correlation between body size and athletic performance of 

elite runners (Weyand, Davis, 2005). This model represented the difference between sprinters 

and long distance runners in relation to body size.  As seen in Figure 8, there is relationship 

between body size and athletic performance.  
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The sprinters represented in this model have bodies that are comprised of a larger 

stature (height) and contained more body mass than the long distance runners who tend be 

smaller in stature and weight.  These differences can be explained by the amount of force, 

power, speed, and endurance that is needed to compete in the respective events. 

 

Figure 8 Runner’s Body Mass Correlations (Weyand, Davis, 2005) 

 

 Running and cycling are two athletic sporting events that require the combination of 

power, speed, and endurance.  Irrespective of the difference between these two sports on a 

functional level, the physiological demands placed upon the athletes are similar.  The balance 

of these physical demands of the athlete is dependent upon the selection of events, being that 

both sports have contests at incremental lengths. The physical demands required of the 
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athletes can have a large amount of variability even within the same sport. For instance  

distance runners will focus more on building endurance, while a sprinter focuses more on 

building explosive power and speed, and places less emphasis on building endurance.  

Although both types of runners participate in the same sport the training methods and goals 

differ greatly.   

2.2.2 Athletic Physical Demands 

Competitive Track and Field running events (races) can range from a minimal 

distance of 60 meters to 26.22miles (42,196.99 meters).  Having such a dramatic difference 

in distance required to travel by the participant will have obvious influences on the 

requirements of the athletes. Shorter distances of running are referred to as sprinting.  These 

races are commonly considered to be 200 meters or less.  These races place a higher demand 

on the athlete’s power and speed, and places less emphasis on the overall endurance of the 

athlete.  Elite sprinters are capable of exceeding speeds of 10 m/s while there long distance 

counterparts who participate in races above 10 km only reach speeds of 6 m/s (Alexander, 

2006).   

 Comparative trends are also evident in the arena of cycling where events range from 

speed sprints to staged races that can require a cyclist to perform at distances up to 5,745km.  

Cyclists who are considered to be in the realm of elite athletes can reach speeds up to 20 m/s 

in sprints but on average only achieve speeds of  14 m/s in distances over 10 km.   



21 

 

 Reasons for the disparities in performance are a matter of physiological supply and 

demand of the athlete’s body.  In relation to this project, it is advantageous to focus on events 

of the sporting activities that place a demand on the body over an extended period of time, 

which in turn will relate to the athlete’s endurance athletic performance.  These extended 

periods of athletic demand will allow for longer periods of fabric to subject interaction and 

will allow for evaluation of the garments effectiveness on functionality and comfort.  

 In these events there will be an increased need for an athlete to sustain an optimal 

level of performance over time.  When investigating an athlete’s performance in an extended 

activity, there are key components that need to be understood to grasp the concept of 

endurance performance.  Three primary factors of athletic endurance performance are 

maximal Oxygen consumption (Vo2, max), lactate threshold, and efficiency.  The interaction 

of these three factors can determine the overall performance of an athlete (Joyner, 2007).  

However, it is impossible to disregard that there are psychological factors that also in 

contribute to the performance of an elite athlete; this will be discussed separately in this 

review. 

 Oxygen consumption relevance has been debated in the world of exercise science.  It 

is not the aim of this study to justify the importance; however it is important to understand 

the concept.  Oxygen consumption is not a measurement of performance but has shown to be 

a major characteristic that determines performance in endurance sports (Levine, 2008). Data 
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from a study of elite athletes from various sports can help demonstrate the importance of 

Oxygen Consumption in respective endurance sporting events (Butts et al., 1985).  

Table 4 Athletic Vo2 Comparisons (Levine, 2008) 

Sport  Athletes Age VO2 

Hockey 23 22.1 54 

Volleyball 8 26.1 56.1 

Rowers  25 22.8 63 

Alpine Skier 12 21.8 63.8 

Middle Distance Running 42 21.7 68.9 

Long Distance 34 22.8 76.9 

CC Skier 17 25.6 78.3 

 

Table 4 data shows a concise representation of the demands of oxygen consumption 

on athletes of varying sporting events.  In this representation, cross country skiers and long 

distance runners have the largest average values of oxygen consumption.  These particular 

events are long distance events that require athletes to perform aerobic activity uninterrupted 

at a high level of intensity over a longer period of time, in contrast to other sports that do not 

require constant activity for extended periods of time.  It has been suggested that to be 

successful in world competition, endurance athletes must have a relatively high (above 70 

ml*kg*min
-1

) VO2 max value.  It is well known that oxygen consumption levels of elite 

athletes tend to be higher in untrained individuals but there are many factors such as skill, 

innate ability, training and anaerobic power that also contribute to an elite athletes 
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performance (Butts et al., 1985).  It is evident that oxygen consumption is a quantitative 

measurement that can be linked to athletic performance.  Since all energy-releasing functions 

of the body ultimately depend on the use of oxygen it can be assumed that there is 

relationship between the amount of oxygen consumed and the amount of energy that is 

possible to produce by an athlete.  This consumption can be measured by using spirometry 

analysis that will be discussed in detail in a later stage of this literature review.  

An athlete’s heart rate and blood pressure are also important factors to take into 

consideration.  During exercise, heart rate and myocardial contractility will be increased to 

satisfy energy demands of working muscles.  Its nervous modulation is considered to be due 

to the vagal withdrawal and sympathetic activation at moderate or high-intensity exercise 

(Du et al., 2004).  Heart rates of trained athletes vary in comparison to non-athletic persons 

due to the excessive level of cardiovascular exercise that is included in their training 

regimen.  Exercise decreases blood pressure at least in part by turning down the activity of 

the sympathetic nervous system, which in turn relaxes the tension in artery walls.  Exercise 

not only lowers the pressure in arterial vessels, it also increases the volume of blood coursing 

through the entire vascular system (Barinaga, 1997).  

 Athlete’s total percent body fat is another factor that is also commonly used to 

correlate athletic performance and fitness level.  As in many of the factors previously 

discussed there is a relationship between the athletic events physical characteristics of an 

elite athlete.  Another significant physical characteristic is the measure value of percent body 
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fat.  In general body fat can be represented in Figure 9.  For men, there is an optimal health 

level between 10% - 25%.  Athletic groups tend to fall in the range of 5%-13% total body fat 

content.   

 

Figure 9 Body Fat Content (http:www.tri-ecoach.com/art27.html) 

 

 When observing body fat levels of athletes in respective sporting events, there is a 

general correlation between activity intensity, endurance, and total body fat.  Looking at 

extreme comparisons of activities marathon runners who train to increase their endurance 

over extended periods of time has an average body fat percentage of 3.3%, compared to a 
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football defensive lineman who trains to exert extreme levels of force in short incremental 

periods has an average percent body fat of 18.4 as seen in Figure 10.     

 

Figure 10 Athletic Body Fat/ Mass Comparison (McArdle et al., 2001)  

 

2.2.3 Athletic Thermoregulation 

Thermoregulation and sweating has also been widely studied in the relationship that it 

has with athletics.  Sweating is the primary function of the body that regulates its 
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temperature.  Sweat secretion allows the heat that has been either generated by the body or 

taken on through conduction to be removed through evaporation.    

Being that sweating secretion has been proven to play such a vital role in the body 

heat loss, it is vital that this concept is thoroughly understood and the physiological functions 

that influence this reaction are constantly under review. Due the number of factors that 

influence this portion of physiology this reaction is extremely complex.  Previous studies 

have undertaken the task of creating models to understand and predict the thermoregulatory 

responses of humans and in particular athletes.   

 In the effort to define the relationship between sweating secretion and body 

temperature, models have surmised that sweating response is a result of the interaction 

between the hypothalamus and skin temperature.  Recently, the input from the skin has been 

investigated more thoroughly but sometimes varied and conflicting interpretations of 

experimental data have appeared (Nadel et al., 1971).  It is understood that temperature plays 

a role in thermoregulation, but there are additional factors to take in to consideration.  Many 

have studied the variances in sweating responses between athletes and non-athletes.  These 

studies have shown that an individual’s level of physical fitness and cardio vascular heath 

effect the body’s ability to regulate a constant temperature.   

In a study by Yamauchi, results indicated that long-term physical training leads to improved 

circulatory heat transfer to the skin and to a more graded nervous control of sweat expulsion 

and tends to reduce the rate of sweating (Yamauchi et al., 1996). 
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There has also been scholarly work in recent years that has contradicted the previous 

hypothesis that sweating is primarily caused by the rise of internal and skin temperatures.  

This theory is based primarily on correlations from human studies that there are internal 

reactions that activate the sweating response and can not only be attributed to changes in the 

body’s temperature.    

The objective of this research will not be to determine the physiological stimuli that 

influence this response. However, it is helpful to understand the heating zones of the human 

body and the anatomical locations of the areas that generate the extreme amounts of heat and 

moisture (sweat) being that this factor will have a substantial influence on an individual’s 

physical performance and perceived comfort of a textile garment. Human sweating zones 

during running are very well defined.  Between zone comparisons indicated the relatively 

high sweat rate on the central back (spine), being significantly higher than all other zones, 

while the lower front, arm, side and shoulder were significantly lower than most other zones 

(Havenith et al., 2007). 
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Figure 11 Mean Sweat Rates for Male Runners (Havenith et al., 2007) 

2.2.4 Body Temperature 

 Temperature is the other primary factor in thermoregulation.  Data has indicated that 

a rise in local (skin) temperature causes an accelerated increase in the rate of sweat 

production (Ogawa et al., 1986).  Therefore, the monitoring of human subject skin 

temperature can help predict sweat production.  Traditionally, in human wear trials 

temperature has been monitored by the use of rectal probes.  This practice is highly invasive 

for the subject and adds additional complexity the research protocol and equipment set-up.  

Our research aims to find less complex methods of acquiring data to be used in future 

research trials. Infrared thermometry is tool used in acquiring temperature data that has 

advanced rapidly.  
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Objects emit different amounts of infrared radiation depending upon their 

temperature.  When these object experience a change in temperature they will also 

experience a variance in the level of radiation. Infrared thermometry uses a wave-length in 

the range of 1µ and 20µm to measure thermal radiation.  The intensity of the emitted 

radiation varies in different materials and objects, and is defined as the object’s emissivity.  

These devices that measure these different objects are commonly referred to as non-contact 

infrared thermometers. 

 Non-contact temperature sensing devices are increasingly used in the industrial and 

medical fields.  Thermal imaging and infrared thermometry are common methods of 

temperature capture.  Data has strongly suggested that IR thermometry is a valid measure of 

mean skin temperature during rest and exercise in both hot and cold environments (Buono et 

al., 2007).  This type of data acquisition adds speed and flexibility for human trials.  

An additional benefit of using non-contact infrared thermometers is that it allows for 

temperature determination of the actual garments during a wear trial.  Although heat and 

moisture coupled transfer mechanisms, including water vapor diffusion, the moisture 

evaporation/condensation, the moisture sorption/desorption by fibers, liquid sweat transfer 

under capillary pressure and latent heat absorption/release due to phase are considered in 

clothing models (Li et al., 2005).  With this device, temperatures measurements can be made 

at key thermal sites on the body to correlate general interactions between the body and the 

garments, without the need for mathematical modeling. 
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Figure 12 Human/Clothing/Environment Interface Schematic (Li et al., 2005) 

 

2.3 Comfort 

Comfort is an essential textile characteristic, and has been studied extensively 

throughout the industry.  Comfort is a complex topic that has numerous variables and can be 

difficult to assess.  There are instruments available in the industry that attempt to assess these 

variables to assign comfort ratings to textile fabrics. However, it has been found that certain 

objective measurements may have more correlation with subjective comfort responses.  
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Different methods of assessing comfort were reviewed to establish a foundation for building 

a model to optimize comfort in form-fitted athletic wear. 

2.3.1 Objective Measurements 

A major part of this research is devoted to establishing comfort form-fitted athletic 

garments.  Comfort of textile garments is a multi-faceted issue that comprises an assortment 

of challenges in defining objective measurements for representing human comfort.  An 

athlete’s physical comfort is not simply the functional interaction between fiber and skin, but 

also the physiological perception of the individual athlete.  Taking this into account 

introduces variability that has not yet been resolved in scholarly work.  

2.3.1.1 Kawabata Evaluation System (KES)  

Obtaining objective measurements is vital to building a foundation to optimize 

comfort for form-fitted garments.  The most influential modern system for standardized 

evaluation of fabric hand is the Kawabata System of Evaluation (KES) (Kawabata and Niwa, 

1980).   

The basic assumption of Kawabata’s methodology is that fabric hand is derived from 

a combination of primary sensor factors such as softness, stiffness, or roughness.  A second 

assumption in Kawabata’s approach is the notion that the ultimate judgment of hand of a 

fabric is biased according to the specific apparel end use (Barker, 2002).  Implementation of 
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this system can allow for baseline measurements that can be used as predictors of human 

comfort perception of humans, more specifically for athletes. 

 There are several factors that can be obtained by utilizing the Kawabata system that 

can be pertinent to this study.  The Kawabata system can be used to evaluate fabric hand and 

also thermal properties.  Fabric hand is evaluated by testing shear and tensile properties, 

bending, compression, and surface roughness. These tests are standard within the industry as 

means for evaluating fabric hand.  To evaluate thermo-stability of the garment the Kawabata 

system is also an effective evaluation tool.  The Kawabata system can measure thermal 

resistance, the permeability index, and also heat loss of the garment.  These factors are all 

important in establishing the comfort characteristics of textile garments (Clark, 2008).  The 

challenge however is to determine the optimal performance level of these factors and 

evaluate how these characteristics can influence the overall athletic performance of an elite 

athlete. 

2.3.1.2 Fabric Assurance by Simple Testing (FAST) 

 The industry has consistently recognized the Kawabata as an effective method of 

obtaining objective measurements on fabric properties.  The issue with Kawabata is that 

impracticality of utilizing these measurements in the actual industry due to excessive time 

and cost requirements of the system.  The industry has demand a more simple method of 

evaluating fabric hand to predict comfort. Originally developed of the CSIRO Fabric 
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Assurance through Simple Testing (FAST),  FAST was intended for use in the wool textile 

industry.  This system allows for physical and mechanical objective measurements of fabric 

that can be used to predict fabric tailorability.   

 The system consists of four parts that can be used to determine fabric properties by 

conducting a series of concurrent tests. The results of the individual tests can be grouped into 

to five property categories: 

(1) Compression 

 fabric thickness; 

 fabric surface thickness; 

 released surface thickness; 

(2) Bending 

 bending length; 

 bending rigidity; 

(3) Tensile 

 extensibility; 

 formability; 

(4) Shear 

 shear rigidity; 

(5) Dimensional stability; 

 relaxation shrinkage; 
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 hygral expansion 

These properties are used to create what is known as a “fabric fingerprint”, which is 

essentially a collection of data points can be derived from the testing that will allow the 

observer to predict the behavior of the fabric sample in an actual garment.  These fingerprints 

can also be used for various functions including assessing stability, developing new fabrics, 

and creating fabric specifications. Table 5 illustrates how these fabric properties relate to 

manufacturing, tailorability, hand, and appearance.   

Table 5 FAST Fabric Properties (De Boos et al., 1994) 

Properties: (*) important, (-) not applicable, (“) not applicable 
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2.3.1.3 Garment Pressure Testing 

 Garment pressure testing is important aspect of this research since form-fitted 

garments are being evaluated. Many form-fitted garments have engineered gradient 

compression zones to maximize blood flow and recovery through the wearer’s body. For 

these garments to be effective in achieving their desired function specific amounts of 

pressure must be applied a key zones to ensure the benefits of gradient compression.  

Even though benefits of compression stockings have been established, not applying the 

correct pressure can lead to medical issues; especially if the gradient compression garments 

are being used for medical purposes.  Since the subjects for this research are perceived to be 

in top physical condition, it is not from a medical standpoint that the gradient pressure be 

correct, but for the products being tested to have the optimal opportunity to demonstrate the 

physiological benefits that it can provide the subject.   

 For pressure testing, there are many devices that can be used to assess the amount of 

pressure a garment places upon a subject.  In a Hong Kong Polytechnic University study, a 

multichannel measuring system for monitoring external pressure from stockings on the body 

was utilized.  The amount of pressure exerted by the gradient compression stockings were 

measured by using FlexiForce interface pressure sensors (Liu et al., 2005).  These sensors 

were able to measure the pressure in various positions on the lower body and successfully 

analyze the gradient compression distribution in a collection of gradient compression 
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stockings.  Although this research will not be testing gradient compression stockings, the 

testing method is still applicable. 

 

Figure 13  Pressure Testing Schematic (Liu et al., 2005, 2006) 

 

2.3.1.4 Moisture Management Testing   

Moisture management thought to be a key component of athletic wear.  Liquid 

moisture transfer in clothing significantly influences the wear’s perception of moisture 

comfort sensations.  A key cooling mechanism of the human body is sweating and 

evaporation (Hu et al., 2005).  Mecheels described four mechanisms by which water (liquid 

or in the vapor phase) can pass through a textile layer:  

 penetration through the space between fibers according to the laws of 

diffusion 

  absorption by the fiber material as a result of transfer within fibers and 

desorption 



37 

 

 transfer of liquid water through capillary interstices in yarns 

 migration of water on fiber surfaces  

The first two mechanisms are related to water vapor diffusion and the others to liquid 

transport phenomena (Hatch et al., 1990). 

 Once sweat is created by the human body, the evaporation of this liquid allows for 

heat to be carried away from the body; making moisture management of fabrics a vital 

portion of thermal regularity and comfort.   Fabrics that are used in many athletic garments 

have distinct properties that allow for improved moisture management performance. To 

assess the fabrics capability of transporting moisture in multiple dimensions a Moisture 

Management Tester (MMT) can be utilized.  The properties that the MMT evaluates are at 

the basis of many of the garment claims that are being investigated in this study.  An 

understanding of inclusion of these properties is vital in the design and optimization of form 

fitted athletic wear.  This device is designed for the measurement, evaluation of the liquid 

moisture management of knit, woven, and non-woven fabrics in three primary dimensions. 

 Absorption Rate – Rate of which moisture is absorbed by the fabrics inner and 

outer surfaces. 

 One-way Transportation Capability- Unidirectional movement of moisture 

from the fabric’s inner surface to the external surface.  

 Spreading and Drying Rate – Rate of moisture dispersion on the inner and 

outer surfaces of the fabric. 
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The moisture management tester contains two moisture sensors, an upper and lower sensor 

that makes contact with the fabric specimen under a fixed pressure.  Each sensor has a 

collection of pins that placed in a concentric arrangement.  Each concentric arrangement of 

pins is 5mm apart as shown by Figure 15.   As the sensors are making contact with the fabric 

specimen a predetermined amount of test solution is emitted onto the fabric, as the solution 

spreads the electrical resistance across the pins altered. 

 

Figure 14 Moisture Management Tester (MMT) 

 



39 

 

 

Figure 15  MMT Sensor Schematic (Hu et al., 2005) 

 

When moisture is transported in a fabric, the contact electrical resistance of the fabric will 

change and the value of the resistance change will depend of two factors: the components of 

the water and the water content in the fabric (Hu et al., 2005). 

2.3.2 Subjective Measurements 

Garment comfort can be defined variously, and can be affected by how it feels against 

the skin of the wearer, how it moves, sounds, or appears to the eye.  The collections of 

sensations to the physical stimuli are the primary components of what is termed perceived 

comfort.  The perceived comfort of garments have been quantified by the use of several 

objective methods in the past, but to date, there is no definitive translation for objective 

measurements into perceived subjective comfort. 



40 

 

Subjective textile comfort measurements are largely dependent upon psychophysical 

concepts, which is an area of psychological study which focuses on physical stimuli and 

sensory responses. Subjective comfort measurements can be an insightful method of data 

collection when the psychological perception of textile clothing comfort is incorporated.  

When paired with objective measurements, trends of correlation can be drawn on the overall 

comfort of a garment or fabric.  It is in fact essential to a comprehensive study of clothing 

comfort to evaluate the subjective opinion solicited from the individual wearing the tested 

fabrics (Andreen et al., 1953).  

Numerous articles have appeared in literature of such factors involved in garment 

comfort as moisture porosity and wickability. However, the only way to determine the 

relative importance of such factors is to conduct a subjective comfort test (Mehrtens et al., 

1962).  It is known that the human perception aspect to garment wearing comfort if 

effectively integrated into the comfort framework, can allow for a basis for fiber and yarn 

selection for textile comfort performance.   

Traditionally, there are two methods of subjective evaluation of textile garment 

comfort, direct and comparative. Direct, or absolute, methods are based on the sorting of 

individual textiles according to a subjectively defined ordinal grade scale (0-very poor, 6 – 

excellent). Comparative methods consist of an evaluator sorting according to the subjective 

criteria of evaluation (ordering from most pleasant hand to worst hand). Both methods have 

been used widely throughout the textile and previous research studies, although using direct 
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evaluations allow for a greater analysis of data by placing a quantitative value on comfort 

sensations.  However, both methods are inherently susceptible to large amounts of variation 

due to human evaluation inconsistencies.  Although it is impossible to eliminate this human 

subject response variation, the overall weight of normal variation factor can only be lessened 

with the increase of the subject sample size.   

2.3.3 Functional Fabrics’ Influence on Comfort 

As stated previously there are a collection of stimuli that influence comfort and 

performance of garments.  Therefore, it is imperative to have a sound grasp of fibers 

properties and functions and behaviors that can be utilized in garments.  Fiber selection can 

effect nearly ever attribute of the final product.  Athletic wear is a less compromising field.   

Highly engineered garments can be designed for a particular end use and can require 

strength, durability, moisture transport (wetting and wicking), thermoregulation and 

extensibility.  With a high level of each property desired, there is a challenge of prioritizing 

and balancing fiber properties. 

Wetting and wicking are properties that are positive attributes in various textile uses 

such as floor covering, diaper, medical wipes, and textile garments; however it is 

advantageous to correlate fiber selection with different wicking characteristics for each of 

these various end uses (Coskuntuna et al., 2007). Form-fitted athletic wear demands high 

levels of moisture transport, to keep athletes cool, dry, and comfortable.  In the history of 
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athletic garments various fibers have been utilized in garments.  For many years cotton has 

been the fiber of choice but recently a shift in the market demand has changed the status quo. 

Currently, synthetic fibers are now being widely used in athletic garments, specifically form-

fitted garments because of the fibers excellent moisture transport properties. Inadequate 

movement of heat and moisture through a fabric can produce a general feeling of thermal and 

wetness discomfort (Hatch et al., 1990). 

 Synthetic fibers have become increasingly applied to the athletic apparel industry 

because of their level of customization can extend back to the fiber level.  The fact these 

fibers are manmade, allows for modification of their modifications of their fiber cross 

sections.  This allows fabric designers and producers to select fiber properties dependent 

upon the end use of the product and allowing for greater flexibility in product design, and 

ultimately greater functional performance.  

Hollow Trilobal Ribbon 4DG™
 

Figure 16  Modified Fiber Cross Sections (www.fitfibers.com) 
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Manipulation of the individual fiber cross-sectional area allows for increased functionality in 

fabrics.  These cross sections that are now being developed in the industry can be composed 

of bicomponent fibers, filament, and staple fibers.  Each cross section has a unique set of 

inherent functional assets that can be applied to the fabric such as moisture transport, rigidity, 

and luster.  

Hollow cross sections are usually round, but not confined to only that form have 

higher specific surface areas, higher thermal insulation properties and increased rigidity 

properties.  These cross sections are not as illustrious as other modified cross sections and are 

not as effective for moisture transport.  Tri-lobal cross sections will contribute distinct 

characteristics to fabrics for its high levels of resilience and fiber rigidity.  The increased 

surface area for light reflection increases the luster of these fibers. Ribbon cross sections 

have larger flat surfaces that give off a high amount of luster. The surface of the fiber has a 

directional bending bias and can alter the bending rigidity of the fabric.  4DG™ cross 

sections are one of the highly modified cross sections, with the primary design component 

being improved moisture transport capabilities.  The cross sections modification improves 

the capillary wicking attributes by providing increased surface area in its deep grooves for 

the moisture to be removed. This cross section can also be effective for thermal insulation.  

 There are more options than ever before in fabric design through the incorporation of 

fiber content and design that allow for the specific engineering of the “smart fabric” garments 

for athletic specific uses.  From zone placement, embellishment, and fabric reinforcement 
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garments can be designed to elicit specific comfort perceptions from the body.  This can be 

achieved by focusing the construction of the garment to allow for varied levels of fabric 

hand, thermal regulation, moisture transport, and range of motion.  These factors are a key in 

providing stimuli to wearer’s comfort perception of the garment.   
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3  METHODOLOGY 

This study was approved by the Institutional Review Board of North Carolina State 

University under the direction of Joe Rabeiga the IRB Coordinator.  The research project is a 

multidisciplinary study that used resources not only form the College of Textiles but also 

those of North Carolina State University Athletic Department, and industry partners that 

were willing to assist the project research.     

3.1 Phase One – Garment Selection 

Fabric selection for this research is essential to the success and the validity of this 

research project as a whole.  Being that this is such a vital part of the research process, a 

careful examination of the portion of the literature review containing fiber properties was 

conducted and discussed with the research committee. The review of the literature led the 

committee to select a group of form-fitted garments that were currently in the market.   

The original scope of the research had contained the possible pursuit of creating 

prototype garments designed with specifications of the best in class attributes form-fitted 

garments.  Due to time constraints the project was limited to selecting retail garments that are 

available to consumers. The primary functional performance attribute that was initially 

concerning was the garments thermoregulation properties. Since these garments will cover 

the majority of the athlete’s body it is essential the garment provide proper level of thermal 

management.  
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To address these concerns the preliminary selection of retail garments were then 

evaluated in three dimensional space by utilizing a sweating manikin.  The sweating manikin 

allows for the investigation of thermoregulation that will most resemble the properties the 

garment will exhibit while being worn in human trials.   

The data from the sweating manikin displayed variations in performance from the 

initial groups of garments.  With the safety of the human subjects that were being evaluated 

being the primary concern, five garments that had the highest performance during the 

manikin evaluation were selected.   

 

Figure 17  Sweating Manikin 

(www.centex.be/images_2008/manikin -4.jpg) 

 

http://www.centex.be/images_2008/manikin
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Poor performing garments that had high levels of heat insulation and moisture vapor 

resistance from the manikin testing would increase the amount of thermal stress being placed 

on the human subjects.  Increasing risks for hyperthermia and other heat related illnesses.  

For this reason the lower performing garments were no longer considered for the human wear 

trials.  A summation of the work in progress conducted by Dr. Rong Liu can be seen in 

Figures 18 and 19. 
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Figure 18 Sweating Manikin - Moisture Vapor Resistance (Liu) 

Figure 18 shows the Sweating Manikin moisture vapor resistance values for the garments 

sets that were tested, and Figure 19 shows the thermal insulations results.  Lower values for 

these two properties were desired. The four matching sets that were selected were Garment 

Sets B, C, E, and F. 
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Figure 19 Sweating Manikin - Thermal Insulation (Liu) 

 

The garments sets that were selected for the human trials are all form fitted 

performance knit garments that have been found in the commercial market and all are 

designed to provide comfort and performance enhancing attributes.  These garments all have 

substantial claims of strength, speed, and recovery increasing capabilities.  The human wear 

trial evaluation allows for an initial investigation into some of these claims.  The garments 

that were selected are all described below as they are presented to customers in the market.  

The descriptions of the individual garments is combined synopsis of company marketing 

statements that have been collected through various mediums such as internet, television, and 

product hang tags. 
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3.1.1 Garment 1  

A performance garment set that is comprised of a running knit top and bottom. The 

top weight garment that is 81% Coolmax® Polyester/19%Lycra® Spandex shell, with a 72% 

Nylon/28% Lycra® Spandex support panel.  The running bottom weight garment is 

comprised of 80% Coolmax® Polyester/20% Lycra® Spandex shell, with 80% Nylon/20% 

Lycra® Spandex reinforcements.  This set is specifically designed for running in warm 

weather for short or long distances. 

 

Figure20 Garment 1: Front and Back 
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3.1.1.1 Product Description 

 These products were developed in response from the vast demand for functional 

garments by world class runners.  The running top has patented technologies that are 

anatomically engineered to improve comfort and performance throughout a wide range of 

running distances.  The key chest and upper body muscles are targeted to be supported by the 

fabric exoskeleton. The fabric design allows for improved posture, power and efficiency.  

With the incorporation of the high tech fiber Coolmax® which has been claimed to dry faster 

than any other fabric. It allows the top to wick away moisture nearly instantaneously away 

from the body to outside of the fabric where the fabric is said to allow the water to evaporate 

twice as fast as a cotton garment.  

The running tights are specifically designed to counteract the effects of heat fatigue 

and improve air circulation. The tights are also equipped with targeted muscle support. The 

mesh panels in this garment are the primary component that allows heat to escape from the 

garment to improve thermoregulation. The panels are located in the quadriceps and calf 

muscle areas, thus reducing the amount of heat buildup in the key muscle area. The targeted 

muscle support of this garment functions to stabilize the knee joint, engage hamstring and 

calf muscles, and support the quadriceps muscles.  The garments in this set have been said to 

be tested and proven to increase performance and efficiency in professional athletes. 
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3.1.2 Garment 2  

A matching top and bottom engineered compression knit garment that is made of 

76% Meryl Microfibre Nylon/24% Lycra® Spandex.  These garments are intended for use in 

various outdoor athletic events ranging from running to skiing.  These garments are made 

from smart fabrics that encourage optimal performance and recovery. 

3.1.2.1 Product Description 

The garment has several components that make that set it apart from other 

compression garments in the market. These garments have been used in previous research 

and showed statistical improvements in relative lactic acid build up and recovery.  The 

garments are body-molded garments that are scientifically to allow maximum support and 

muscle alignment.  The technology is designed to delivery gradient compression to apply 

equal and precise pressure over key muscle areas that will in turn trigger the acceleration of 

blood flow.  This also increases the amount of the oxygen that is transported to the muscle, 

which allows for enhanced performance. A reduction in the buildup of lactic acid is a result 

of the improved circulation response of the body, which allows for an extended period of 

peak performance.  Muscle wrapping and support were also incorporated into the product 

design. The wrapping effect and compression of the garment reduces soft tissue damage and 

muscle soreness by limiting the amount of vibration during activity.   
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Figure 21  Garment 2: Front and Back 

 

Moisture management and thermoregulation are also features of this garment. The 

smart fabric was engineered from the polymer production level to ensure advanced moisture 

transport away from the skin to the surface layer where it is allowed to evaporate to allow the 

athlete to remain dry.  The compression design promotes rapid warming of the muscles and 

combines with the moisture regulatory potions of the garment allow athletes to better 

regulate their body temperatures.   

The garments are also treated with antibacterial and antimicrobial agents to prevent 

the growth bacteria and to discourage odor.  The smart fabric also acts as a barrier of 
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protection from Ultra Violet (UV) Rays. The garments have been tested and rated at 50+ UV 

level of protection. 

3.1.3 Garment 3  

Compression knit garments that are specifically engineered to be worn in athletic 

events in extreme warm weather.  The compression garments set are composed of a top and 

bottom with similar construction yet having distinctly different fiber content. The top 

 

Figure 22  Garment 3: Front and Back 

 

garment is composed of 81% Polyester/19% Elastane.  The bottom weight garment is 80% 

Nylon/20% Elastane.  
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3.1.3.1 Product Description 

 The top weight compression knit garment is ergonomically engineered for 

performance and durability.  The garment is abrasion resistant and allows for complete upper 

body coverage during any activity. The compression fit encourages moisture transport and 

increased support of upper body muscles to maximize performance.  With the primary design 

focus being keeping athletes cool, dry, and light in extreme conditions.  The garment also 

boasts antimicrobial properties for odor control, and ultra violet protection of UPF 30+ which 

blocks 97% of UV radiation, thus reducing possible premature skin aging and damage to the 

sun. 

 The running leggings are designed to provide similar benefits as the top weight 

despite the differences in fiber content.  The bottom weight garment’s compression is 

engineered to maximize circulation and muscle efficiency, while providing improved support 

and limiting the chance of injury.  The garment has specially designed seams that reduce skin 

abrasion and increase garment comfort.  The leggings also have a distinct moisture transport 

system that allows the athlete to stay dry and lightweight during physical activity.   
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3.1.4 Garment 4  

A performance compression knit garment set that is composed of two separate fiber 

blends.  The top weight garment is composed of a 75% Nylon/25% Spandex shell, a 73% 

Nylon/27% Spandex Insert, and 100% Thermoplastic Polyurethane “support bands.”  This 

garment set is specifically designed for running in warm weather. The company product 

description and benefits are compiled below. 

 

 

Figure 23  Garment 4: Front and Back 

 



56 

 

3.1.4.1 Product Description 

This garment represents the highest level in the company’s product category. It is 

designed to focus your muscles’ energy to generate maximum explosive power, acceleration 

and endurance. This is an exclusive company technology blending high performance 

compression with a network of continuous “support bands,” converting the energy of an 

athlete’s movement into increased speed and power generation.  The garments compress 

underlying muscles and tissues in the body, improving blood flow and increasing energy 

delivery to an athlete’s muscles.  When optimal pressure is applied the blood vessels 

compress and an increasing blood flow improves the delivery of oxygen and expulsion of 

muscle wastes like carbon dioxide and lactic acid. This speeds up the process by which 

energy is created in muscles.  

 The claims of high performance compression decreases soft tissue vibrations, helping 

to create controlled, efficient game play or training are stated.  This aspect comes into play 

once the body (foot) makes contact with the ground. It is stated that impact forces can cause 

muscle and soft tissue packages to oscillate.  In a normal situation the body responds by 

contracting muscles to stop tissue vibrations from becoming damaging.  

This product is explicit in its claims to improve power 5.3%, endurance 0.8%, jump 

height 4% and improve energy 2.2%.  There are also claims to improve athletic posture, 

blood flow, core muscle function, and provide additional elastic energy through the support 

bands.  
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3.1.5 Garment Features  

Table 6  Garment Features 

Garment Type Features Materials Weight

1

Top Long Sleeve Garment Shell

Core Support Panel 81% Coolmax® Polyester/19% Lycra® 165.38

72% Nylon/28% Lycra®

Bottom Full-Length Garment Shell 80% Coolmax® Polyester/20% Lycra® 225.64

Muscle Reinforcements 80% Nylon/20% Lycra®

Total: 391.02

2

Top Long Sleeve Garment Shell 76% Meryl® Microfiber/24% Lycra® 177.63

Bottom Full-Length Garment Shell 76% Meryl® Microfiber/24% Lycra® 158.92

Total: 336.55

3

Top Long Sleeve Garment Shell 81% Polyester/19% Elastane 144.24

Bottom Full-Length Garment Shell 80% Nylon/20% Elastane 138.09

Total: 282.33

4

Top Long Sleeve Garment Shell 75% Nylon/25% Spandex 165.15

Support Insert 73% Nylon/27% Spandex

Support Bands 100% Thermoplastic Polyurethane

Bottom Full-Length Garment Shell 75% Nylon/25% Spandex 227.71

Support Bands 100% Thermoplastic Polyurethane

Total: 392.86  
 

 

Table 6 was compiled to compare the fiber content and garment attributes between the test 

garments.  Table 6 contains data on the garment type, features, materials and weight of the 

garments.  The variation in fiber content and design can also be seen in the table.  It is also 

important to note the total garment weights were also included to show the disparity in 

weights. To ascertain a more accurate visual representation of the garment structures samples 

were also taken to the microscopy lab to get magnified images of all the test garments, shown 

in Figure 24.  
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Garment 1 Garment 2 Garment 3 Garment 4

Top Garments

Bottom Garments

*All Images Are Magnified 40x
 

Figure 24  Garment Structures Magnified 40x 

 

3.2   Phase Two – Athlete Selection and Garment Sizing 

The second phase of this research process is garments size selection, this phase multi-

leveled in itself.  The first step in this phase will be to begin a thorough evaluation of the 

human subjects (Athletes) that will be used in Phase Four of the research project.  Five male 

athletes from the University of North Carolina State University track and field athletic team 

will be recruited.  The selection of this athlete’s was based upon body type requirements that 

fall into ranges that were predetermined by the literature review of athlete’s physiological 

profile.  Being that the athlete’s were being selected from the track and field team according 

to the literature review it was assumed that the majority of these athletes would be found in 

the range of height and weight illustrated in Figure 8.  According to the research the runners 
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for this distance should weigh approximately 60 kg and be at least 1.75 meters tall.  This is 

not an exact specification, but more a general approximation for distance runners. 

3.2.1 Athlete Selection 

A recruitment survey was sent to the North Carolina State University Cross-Country 

Assistant Coach, and was distributed to eligible athletes.  The primary goal of the survey was 

to assess the athlete’s physical characteristics, any possible health issues, and scheduling 

conflicts that could prohibit them from participating in the research. Figure 25 is an example 

of a completed athlete recruitment survey.  This survey provided information on the 

participant’s weekly athletic activity level and general physical fitness.  The information 

included in the surveys was the primary criteria used to select the five participants for this 

study. 

The recruitment survey allowed for verification that the potential subjects were in the 

pre-selected age range and physical condition that is needed to participate in the study.  The 

survey provided a forum to screen for any pre-existing medical conditions, number of miles 

that the potential subject ran a week, and level of comfort running on a treadmill.  This 

survey also allowed the subject to present any possible scheduling conflict that could have 

possible interfered with the study.  Scheduling was of particular importance because of the 

limited time frame to complete the research project. 
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 Name: XXXXX XXXX 

 Height: 6 foot 1 

 Weight: 141 lbs. 

                                                                                                                                                                                                                          

1. Are you an active athlete at North Carolina State University? 

Yes, Cross-Country and Track. 

 

2. Do you consider yourself to be physically fit? 

Yes 

 

3.  Are you between the ages of 18 and 24 years old? 

 Yes 

 

4. Do you have any pre-existing medical conditions that would prevent you from                      

running a distance of two miles or any other rigorous exercise? 

No 

 

5.  Do you maintain a constant level of fitness throughout the year? 

Yes 

 

6. On average how often do you run in a week? 

60-70 miles a week 

 

7. Do these running sessions exceed 2 miles? 

Yes 

 

8. Are you comfortable running on a treadmill? 

Yes 

 

9. Do you have any restrictions to wearing form-fitted garments made from 

polyester, nylon, or cotton blended with elastain? 

No 

 

10. Are there any limitations physical or otherwise that would prevent you from 

participating in this research? 

Class/Work Schedule 

 

 

 

 

 XXXXX XXXX 11/20/08 

 

           Printed Name      Signature/Date 

 

 

  

Figure 25  Athlete Recruitment Survey 
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3.2.2 Garment Size Selection 

The selected athletes were then analyzed by the college of textiles 3-D body scanning 

technology to evaluate further body measurements and to focus efforts to ensure proper 

garment fit and design.  Since the aim of this study is to evaluate the performance and 

comfort of specifically form-fitted garments is imperative to ensure proper fit of the garment 

of the athlete. The 3-D body scanning of the athletes allowed us to take key measurements all 

over the body simultaneously.  

 

Figure 26  Subject 1: Body Scan Data 

 

The scans display individual measurements of each athlete so that they could be used as 

reference for selecting the garment sizes. Although these measurements are extremely 
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precise, the garments were ordered from retail locations and the accuracy of size ordering 

was heavily dependent upon the sizing accuracy of the retailers. As seen in Figure 27 there 

were discrepancies between companies on size classification, and there were also gaps in 

sizing.  Some of the individual measurements of the athlete’s fell within these sizing gaps.  

For those instances, sizes were ordered on the upper limit of the sizes, with the rational that if 

alterations were needed that garments could be altered at the college of textiles to ensure a 

tighter fit.  If garments were too small additional time would be needed to return garment to 

retailer for larger size. 

(a) (b)

(c)

 

Figure 27  Sizing Charts Company, (a), (b) and (c) 
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Table 7 Participant Data and Garment Sizing 

 

 

Table 7 is a collection of the participant’s measurements. This data was used to cross 

reference with the sizing charts provided by the garment company’s websites.  Once garment 

sizing and fit had been discussed and confirmed all garments for the human wear trial were 

ordered.  Since garments had to be ordered from several retail locations, ordering garments 

under the same sizing practices were maintained whenever possible.   

 

3.3 Phase Three – Physical, Mechanical, and Transmission Testing 

The third phase of the methodology includes fabric mechanical measurements to 

predict fabric handle, moisture management, and air permeability of the garments. The 

testing for the fabric level was conducted in Room 1311 in the College of Textiles at North 

Carolina State University.  These tests were completed independently and the results were 

later combined to illustrate the fabric properties and performance in comparison to other 

tested fabrics. 
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3.3.1 Fabric Assurance by Simple Testing (FAST) System 

The FAST system which was originally designed for the assessment of tailorability, 

has been widely used throughout the industry and academia for the development of an 

alternative to the Kawabata Evaluation System. This system provides a simple interface to 

determine hand and mechanical properties of fabrics. All methodologies for FAST testing 

procedures were extracted from the CSIRO Fabric Assurance by Simple Testing User 

Manual.  

3.3.1.1 FAST Sample Preparation  

 Samples were needed for three of the four FAST tests.  The FAST 4 test which 

calculates Dimensional Stability by measuring hygral expansion is not applicable for these 

synthetic knit garments.  With the fabric samples being used coming from garments 

additional planning was needed to extract fabric from the individual garments.  Seam 

placement, gradient compression, reinforcements, and mesh zoning were all factors that were 

taking into consideration.  Zones on garments that did not include there aforementioned 

factors where used for objective mechanical measurements.  This allowed the baseline 

comparison for the overall fabric construction. 

FAST – 1, FAST – 2, and FAST – 3, samples were prepared using the Plexiglas 

templates for the FAST system.  The FAST -1 test requires a 100mm x 100mm sample for 

compression.  The FAST – 2 Bending meter and FAST 3 Extension meter both use 50 mm x 
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150 mm samples that are cut parallel to the wale and course directions of the knitted fabric. 

The FAST – 3 Extension Meter also uses both left and right handed bias-cut 50 mm x 150 

mm strips.  All samples were marked to indicate orientation prior to testing. 

3.3.2 FAST – 1 Testing 

For each garment type that was to be used in the human trials, compression testing 

was conducted on the FAST -1 system.  100mm x 100mm samples were prepared from each 

garment and measurements were taken for each sample at 2 gf/cm^2 and 100 gf/cm^2.  The 

sample is placed upon the flat observation surface of the FAST – 1 tester.  The tester dial is 

then slowly turned in the counter clockwise direction lowering the meter on the fabric 

sample, the resulting reading is the surface thickness for 2 gf/cm^2.  After reading is 

complete the dial is returned to its original position.  A weight (180g) is then added to the 

center of the dial and the process is repeated, producing the surface thickness for 100 

gf/cm^2.  The sample is then moved to take four additional readings at other points of the 

fabric being cautious not to repeat measurement in the same area and not testing closer than 

5mm from the edge of the fabric samples.  This process produces five compression readings 

for each garment sample. 
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Figure 28 Schematic Diagram of FAST -1 Compression Meter (De Boos et al., 1994) 

 

3.3.3 FAST – 2 Testing 

Bending testing was performed on the 50mm x 100 mm wale and course samples.  

Four samples for each direction respectively were tested.  This portion of the FAST system is 

designed to evaluate the perceived stiffness of the fabrics which is related to the fabrics 

bending.  Bending rigidity can be derived by the bending length and the mass/unit area.  

Bending rigidity is a measure of the stiffness of a fabric and is related to handling in garment 

making.  FAST -2 operates on the cantilever principle and uses a photocell to detect the 
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leading edge of the sample as it reaches 41.5º form the horizontal, which is done by eye in 

some other test methods.  The elimination of this source of operator error makes the FAST 

bending meter more reliable and simpler to use than alternative instruments (Allen et al., 

1990).  A deflection angle of 41.5 satisfies the finding by Abbott that is reduces the effect of 

overhang length and too small or too large angles of deflection on the flexural rigidity of 

various fabrics (Sun, 2008). 

The FAST instrument has all of its photocell measuring devices contain within the 

unit, and has a flat and smooth upper surface that the samples can be placed upon.  A fabric 

sample is placed upon the top of the instrument and covered with the aluminum platen 

allowing approximately 5mm of uncovered fabric sample on the leading edge. Using the 

platen the fabric sample is slowly displaced horizontally, pushing the sample over the 

observation edge.   

As the fabric sample progresses over the edge, it begins to bend under its own weight.  

As the fabric bending angle approaches 41.5º a red light indicator on the meter will 

illuminate as the fabric is detected by the photocells.  The operator at that point should 

attempt to toggle the red and green light on the meter by moving the sample back and forth to 

ensure that the bending angle is accurate.  After 8 seconds passes the meter will produce an 

audible beep and the bending length is recorded.    
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3.3.4 FAST - 3 Testing 

Extension testing was performed on the 50mm x 100 mm wale, course, and bias 

(Wale and Course) samples.  Three samples for each direction respectively were tested.  This 

portion of the FAST system is designed to evaluate overall fabric extension capability. The 

extension meter is capable of measuring fabric extension over a range of loads, with direct 

reading of extension as a percentage of the initial gauge length (Ly et al., 1991).  

The extensibility meter measures under three different loads (5, 20 and 100g/cm 

width).  Originally, these loads where chosen to best represent the loads that where required 

during wool garment manufacturing.   

 

Figure 29  Schematic Diagram of FAST 2 Bending Meter (De Boos et al., 1994) 
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Figure 30  Schematic Diagram of FAST-3 Extension Meter (De Boos et al., 1994) 

 

This portion of the FAST-3 systems is the only component that also incorporates the 

measurements of bias fabric samples (45º to the wale direction) under the minimum load of 5 

g/cm width.  This measurement of bias extensibility is not directly used; however it is used in 

the calculation of shear rigidity which is one of the principle components of establishing the 

ease in which a fabric can be deformed into a three-dimensional shape (De Boos et al., 1994).   

 Each course and wale sample was loaded between the fixed and moving clamp while 

the fulcrum was in the locked position.  The FAST-3 device operates using a balance 

principle; the moving clamp force is determined by the removable weights on the balance 
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arm.  The 5g load is tested initially when the dial is turned from the locked to the unlocked 

position, and then tested under the 20gf/cm and100 gf/cm loads respectively. 

 Extensibility measurements are produced for each sample under the three 

predetermined loads.  Being that the fabrics that are being tested are being collected from 

knit garments that have fiber contents that are approximately 15% spandex, inherently there 

is a higher level of extensibility expected.  After all course and wale samples have been 

tested under the varying loads the bias samples are then tested.  However these fabric 

samples are only tested under the 5gf/cm load.  Each bias sample is tested once under this 

load. 

3.3.4.1 FAST DATA OUTPUT  

 Traditionally the fast system would compile all the data collected from the fabric 

sample and compile it into a graphical representation that is referred to as the fast fingerprint 

chart.  An example of this plot can be seen in Figure 31. However the limits that are set in the 

graphical plot were originally developed to predict the tailorability of worsted fabrics. 

Because of the fabric characteristic variances from this original model, this chart is not 

applicable. Therefore, simple graphical representations of the outputted data will be used 

created in Microsoft® Excel, thus allowing the individual fabric characteristics to be seen in 

contrast to other fabrics being evaluated in this research.  
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Figure 31  FAST Output Plot (Minazio 1995) 
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The FAST system’s lack of capability interfacing with other computers or data acquisition 

methods means that the data although automatically compiled and calculated within the 

system, had to manually transferred.  For this Microsoft® Excel was used to compile the data 

and later to convert into graphical representations.   

 The FAST system is capable of outputting 25 variables of data for each sample.  For 

this research the only the variables related to fabric handle were maintained and represented.  

The listing of these variables can be seen below in Table 8. 

Table 8  FAST Hand Output Variables 
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3.3.5 Moisture Management Tester (MMT)  

Moisture management testing consists of a test in which textile moisture transport 

properties are evaluated.  The tester allows for the investigations of wetting, wicking and 

absorption rate of textile fabrics.  All the parameters that are measured by the tester are 

compiled automatically to produce an overall moisture management capability index 

(OMMC) that is considered to represent the total moisture management property of a fabric. 

The moisture management testing was conducted according to the SDL Atlas User Manual 

procedures and with the assistance of a SDL Atlas representative.  

3.3.5.1 MMT Sample Preparation   

Prior to testing  the samples were to be laundered  to remove any residual sizing 

and/or finishes that could potentially affect the moisture management properties of the fabric 

samples.  Five 8 x 8 cm samples were cut from individual garments.  Four samples were 

taken diagonally across the width of the garments, and also one from the sleeves of the 

garments to ensure that different sets of length and width yarns were selected.  Samples were 

conditioned at standard conditions 21±1ºC and 65±2% RH for 24 hours prior to the moisture 

management testing.   

3.3.5.2 MMT Testing  

Prior to beginning the testing procedure the MMT tester had to be primed.  This was 

accomplished by raising the upper sensor of the MMT machine and holding the pump button 
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for 2 minutes to allow the testing solution to flow freely onto a paper towel.  It was important 

to ensure that no air bubbles were present in the solution dispensing tubing, which would 

cause inconsistent amounts of solution to be dispensed on to the fabric specimens.  

After priming was complete the fabric sample was placed flat on the lower sensor 

with the top side up.  For this testing procedure the top side of the fabric is the portion of the 

fabric that would come in contact with the skin when the garment is being worn.  The upper 

sensor is then released so that rests freely on the fabric sample.  The setting for the “Pump on 

Time” was confirmed to be set at 20 s, and the “Measure Time” was set for 120 s. Once all 

settings were confirmed the test was initiated.  The MMT tester automatically records all data 

that is being collected, and spreadsheets, and charts are automatically generated when the 

testing is complete. 

3.3.5.3 MMT Data Output  

The MMT software has three primary outputs of data for each fabric sample. These 

outputs include a spreadsheet with individual values for each sample and output variable, a 

graphical representation of fabric water content, and a multi-graph of the sensory ring water 

content.  An example of these outputs can be seen in Figure 32. 
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Table 9 MMT Data Output 

 Wetting Time Wetting Time Top Bottom Top Max Bottom Max Top Bottom Accumulative

Top(sec)  Bottom(sec) Absorption Absorption  Wetted Radius  Wetted Radius  Spreading Speed  Spreading Speed  one-way transport  OMMC

 Rate(%/sec)  Rate(%/sec) (mm) (mm) (mm/sec) (mm/sec) index(%)

Garment Bottom-1 4.116 4.036 23.4966 61.2273 20 20 3.4466 3.4949 514.3344 0.8502

Garment Bottom-2 3.555 3.475 21.1752 59.9724 20 25 3.5257 3.7884 500.474 0.8712

Garment Bottom-3 4.357 4.116 15.6327 58.4671 20 20 3.0415 3.1602 459.6631 0.8146

Garment Bottom-4 4.036 3.956 18.7535 53.9167 20 20 3.4105 3.4804 432.0615 0.8287

Garment Bottom-5 4.516 4.196 25.2851 53.3063 20 20 3.6165 3.5814 442.4108 0.8354

Mean 4.116 3.9558 20.8686 57.378 20 21 3.4082 3.5011 469.7888 0.84

S.Deviation 0.3672 0.2833 3.8208 3.581 0 2.2361 0.2198 0.2268 36.0601 0.0216

CV 0.0892 0.0716 0.1831 0.0624 0 0.1065 0.0645 0.0648 0.0768 0.0257

MMT

 

 

 

Figure 32  MMT Tester Data Output 1 
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(a) ring1, (b) ring 2, (c) ring 3, (d) ring 4, (e) ring 5, (f) ring 6

a b c

ed f

 

Figure 33  MMT Data Output 2 

 

Although simple mathematical calculations are conducted such as mean, standard deviation 

and coefficient of variation this data was entered in to JMP statistical software to distinguish 

the statistical significance of the data.  Also, this data was also placed into a snake plot to 

graphically represent the moisture management attributes of the fabric samples.  
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3.3.6 Air Permeability 

Air Permeability of textile fabrics are a very important measurement.  The ability of a 

fabric to allow air to pass through it can be strongly correlated to the comfort aspect of a 

garment. The factor is a primary component in what is known as breathability.  It is 

important for the garments that are being tested for this research primarily for the fact that 

they are form-fitted and are in constant contact with the wearer’s skin.  Increased level of air-

permeability or lack of resistance of air-flow, are a positive attribute in terms of garment 

comfort. The KES-F8-AP1 model was used for testing, according to the KES User Manual. 

3.3.6.1 Air Permeability Sample Preparation 

Five 5 x 15 cm samples were cut from each of the individual test fabrics. Samples 

were taken diagonally across the width of the fabrics, and also one from the sleeves of the 

garments to ensure that different sets of length and width yarns were selected.  Samples were 

conditioned at standard conditions 21±1ºC and 65±2% RH for 24 hours prior to the air 

permeability testing.   

3.3.6.2 Air Permeability Testing 

This particular tester was designed to measure the amount of air permeability of textile 

fabrics.  The tester allows for mounting of fabric samples, and produces measurements in a 

cycle of 10 seconds. Measurements are directly displayed on the digital panel meter. 

Measurements are given in R (Kpa x s/m) which is the total air flow resistance. 
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Figure 34  KES-F8-AP1 Air Permeability Tester  

(http://info.shiga-irc.go/jp/public/data/904/image.jpg) 

 

The KES tester once turned on needs to sit for more than 10 minutes prior to use. After 

tester acclimation period is complete the sample fixation handles are released and clamping 

plate is raised. Samples are then loaded under clamping plate, and the secured with the 

sample fixation handles.  The sensitivity switch was then adjusted for these particular 

samples the tester had to be set to high, and the zero adjust dial was set to zero. The start 

switch was then pressed and measurements were taken.  Five samples were tested to assess a 

representative value of the fabric. 

 

3.4 Phase Four - Elite Athlete Human Wear Trials 

The human wear trials were conducted to qualitatively and quantitatively investigate 

psycho-physiological and mechanical influences form-fitted garments can have on elite 

http://info.shiga-irc.go/jp/public/data/904/image.jpg
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athletes.  The athletes selected for the human trials were competitive collegiate athletes that 

compete on a national elite level. The subjects physiological and also perceived comfort 

levels were measured throughout the human wear trial protocol. 

3.4.1 Wear Trial Testing Environment 

This experimental procedure was conducted in a semi-controlled environment under 

ambient temperatures 21±1ºC.  Human wear trial subjects were exposed to the same research 

protocol seen in each session.  The consistency of the protocol provided a stable 

psychological environment for the unbiased evaluation of the form-fitted garments.  The 

treatment of subjects was conducted in an identical method to minimize differences in 

individual participants to provide substantial grounds for determining differences in 

garments. There was a full disclosure of all testing procedures and parameters with subjects 

prior to the beginning of each session. However there was a withholding of information 

pertaining to the actual garments to allow for unbiased physiological and psychological 

responses. 

The wear trials were preformed in Weiseger-Brown Athletic Facility in the strength 

and conditioning area.  This facility was ideal for its access to cardiovascular equipment, 

sports medicine, and training staff.  The track team locker rooms were also contained in this 

facility, which allowed for greater convenience for the research participants.  

 



80 

 

Table 10  Research Protocol 

 

 

3.4.2 Measurement Devices 

The Suntech Tango+ is a non-invasive multi-parameter monitor that can 

simultaneously measure oxygen saturation of arterial blood, heart rate, and blood pressure 

during stress and exercise testing.  This device has three components that need to be secured 
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prior to the exercise testing. The Orbit-K™ blood pressure cuff which monitors auscultator 

blood pressure during exercise must be placed precisely to provide accurate and consistent 

measurements during exercise.  This cuff contains a Lycra/nylon stretch material sleeve to 

ensure the cuff stays in place during the procedure.  The Orbit K™ Adult cuff which has a 

25-35 cm range for arm circumference was used for the test to accommodate the human wear 

trial participants arm size. 

As the arm was slid into the sleeve, the sensor marker was indentified and placed over 

the subject’s brachial artery as shown by Figure 36. Once the sensor was in place, the cuff 

was secured.    

 

Figure 35  Tango+ Display 
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Figure 36  Tango: Cuff Placement 

 

The heart rate is obtained by the device’s internal Electrocardiogram (ECG); the ECG 

unit has three electrodes that must be secured to the subject via self adhesive conductive 

electrodes.  Prior to attaching electrodes on the body subject were advised to shave any hairy 

areas that could possibly disrupt sensor and skin interaction.  Skin was cleaned with alcohol 

wipes prior to electrode attachment.  The three ECG (RL, V2, and V6) electrodes should be 

secured on bony areas of the body. The RL electrode is a ground connection and was 

suggested by the company representative that it be placed on the subject hip bone instead of 

the rib cage as shown here in Figure 37.   
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Figure 37  Electrocardiogram electrode placement 

 

The V2 electrode was placed on the center of the chest between the breast area on the 

upper torso, and V6 was attached on the lateral side of the left breast. This time was also be 

used to take baseline measurements prior to the beginning of the exercise portion of the 

study.  

 The Optris LS is a non-contact infrared thermometer is a temperature sensing device 

that was chosen for its flexibility in temperature detection.  This device is equipped with a 

laser sight that indicates the exact point that is being measured. The laser sight was helpful in 

ensuring that measurements were being taken in at the correct position.    
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Figure 38  Optris LS Infrared Thermometer 

 

Basic operation of this device is relatively simple.   The device is held in the hand pointed at 

the target of temperature detection.  As the trigger of the device is pressed the liquid crystal 

display on the top of the device is illuminated and begins to take readings on the targeted 

area.  The device itself can be set for many different temperature detection settings, such as 

maximum, minimum or differential. For this research, the average temperature setting was 

chosen.  This setting was selected to give the best representation of the temperature of the 

area during the duration of the measurement.  The data logger in the device can record the 20 

readings per second, and the measurement time was 3 seconds per thermal site. 
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3.4.3 Human Wear Trial Testing 

Each subject was required to complete five human wear trial protocols; one wearer 

trial for each of the four garments that were being investigated.  They were also required to 

complete a wear trial where the athletes wore a garment configuration that is representative 

of their normal training apparel, nylon running shorts and also a cotton t-shirt as illustrated in 

Figure 39. 

 

Figure 39  General Garment Wear Trial 

The general garment wear trail was used to compare the athlete’s physiological responses to 

garments that that are familiar with in the daily training to the test garments that were being 

evaluated in this study. 
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3.4.3.1 Wear Trial Preparation 

Each session began with 10 minutes of initial preparation where subjects will be 

informed about all procedures and requirements of the study.  There was a thorough 

discussions and disclosure of all testing materials and equipment. The subject was then asked 

to go to dressing room and enter the athletic training facility wearing only running shorts so 

that the subject can be weighed prior to testing as seen in Figure 40. The selected garment 

was also weighed prior to exercise. The subject was then allowed to go a private changing 

room (restroom) and put on the selected garment and then return to the testing area where all 

measurement devices were attached.  

 

Figure 40  Mettler Toledo Scale Configuration 

3.4.3.2 Wear Trial Acclimation 

Once the subject entered the testing facility they were allowed a 20 minute 

acclimation period. This period of time is allotted to allow subject come to an equilibrium 
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point with the room conditions while wearing the selected garments. Light stretching was 

also permitted to allow subject to prepare for the exercise activity and reduce probability of 

injury of the subject.   Measurement devices were also placed on the subject’s body during 

this time. The subject was given 8oz. of water to hydrate during this acclimation period. 

 

Figure 41  Stage 1 - Acclimation 

 

3.4.3.3 Physiological Baselines 

Prior to exercise physiological measurements need to be taken from each subject. The 

measurement will serve as a baseline to compare with inter-activity and post-activity 

readings. Baseline measurements variation between subjects was expected. However, taking 

measurements prior to each garment trial session will allow us to compare data that will 
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reflect the relative changes in the individual’s physiology for the particular day of evaluation. 

Blood pressure, heart rate and blood oxygen level were all taken at this point using the 

Tango+ medical device.  

 We also established a baseline temperature profile for the athlete at this time.  

The temperature profile would be used to assess how the individuals body, skin and garment 

temperature changed during the exercise protocol. Key thermal sites were indentified through 

various works in the literature review and were targeted to establish the thermal profile of the 

subject.  Being that our trial garments were full-length tops and bottoms certain cites would 

be completely covered by fabric.   This gave us the opportunity to examine how the fabric 

transmitted heat at these selected sites.  During our general garment wear trial where the 

athletes wore running shorts and a cotton t-shirt, sites such as the bicep, forearm, thigh and 

lower leg skin temperatures were captured to use in comparison with the garment heat 

transmission temperatures.   
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Figure 42  Temperature Profile Thermal Sites 

 

Table 11 Thermal Profile Anatomical Locations 

Number Location

1 Left Ear

2 Forehead

3 Center Chest

4 Abodmen

5 Left Bicep

6 Left Forearm

7 Right Anterior Thigh

8 Right Shin

9 Center Back

10 Lower Lumbar Center

11 Right Posterior Thigh

12 Right Posterior Calf  
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Figure 42 shows the key thermal sites on the body that were used to compile the subject’s 

thermal profile.  There were ten sites on the body that can be seen in Figure 41; also the 

subject’s forehead and skin temperature around the aural canal were also measured.   

3.4.3.4  Treadmill Testing 

Parameters that will be measured will be blood pressure, heart rate, body temperature, 

and blood oxygen level.  All of these measurements will be taken through non-invasive 

methods. Initial testing will take place after subject has become acclimated with the testing 

environment. After all baseline measurements are taken, the subject then began the exercise 

portion of the research.   

 

Figure 43  Stage 2 - Walking (3.5mph) 
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As subject begins the exercise (treadmill running) the treadmill will be set to the 

initial speed of level 3.5 (3.5 miles/hr). This speed will be maintained for five minutes to 

allow the athlete to warm up his body.  Physiological measurements will be taken as the 

warm up period concludes.  Temperature, blood pressure, heart rate and blood oxygen will 

observe to later be contrasted with measurements taken prior to exercise. The blood pressure, 

heart rate and blood oxygen level measurements were taken every subsequent five minute 

period thereafter during the exercise portion of the study. 

After the five minute warm up period the treadmill was turned off for one minute and 

all physiological measurements are recorded.  The subject at this time was allowed to fill out 

a brief comfort survey that consists of only six questions concerning their comfort perception 

of the garment at that particular time.   
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Comfort Response Form 

DATE______________ Evaluator ID____________ Ensemble ID___________ 

 

 

Select the best response for each item as a representation of your perceived comfort. 

 

1. Overall Comfort 

 

 
 

Very            Neutral      Very 

Uncomfortable                                           Comfortable 

 

 

2. Thermal Feeling 

 

 
Very            Neutral      Very 

Warm                                              Cool 

 

 

3. Moistness 
 

 
Very             Neutral       Very 

Wet                                                 Dry 

 

 

4. Performance  

 

 
Hindered           Neutral                                                 Improved  

Performance                                Performance 

 

 

5. Fatigue 
 

 
Very            Neutral     Very 

Fatigued                                        Dynamic 

 

 

6. Pressure 
 

 
Slight           Neutral                 Extreme 

Pressure                                        Pressure 

 

 

 

 

  

 

 

 

Figure 44 Inter-trial Comfort Response Form 
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As the treadmill came to a complete the stop the subject turned to the evaluator and was 

handed a survey.  Therefore the subject did not have to dismount the treadmill to complete 

the comfort assessment.  As the subject is filling out the survey the temperature profiles are 

simultaneously being compiled using the infrared thermometer.  

 

Figure 45 Subject Completing Survey 

 

As the 1 minute evaluation period ends the subject completed the comfort survey. Stage 2 of 

the human wear trial begins.  The speed of the treadmill was then increased to level 6 (6 

miles/hr). This level of intensity is selected to illicit a substantial amount of physical exertion 

from the subject.  It must be taken into consideration that these subjects are trained athletes 

and are in peak physical condition.  It is difficult to extract extreme physical exertion in the 
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given time period from standard cardiovascular treadmill equipment without endangering the 

subjects.  

Stage 2 had the subject running and mild pace. The 6 mph hour pace is equivalent to a 

10 minute mile pace, which is well below their competitive  pace, however this level of 

activity is sufficient to significantly raise their physiological responses, and this stage is also 

generally the point where sweat secretion begins and can be visually detected. The subject 

will maintain this speed for a period of 10 minutes.  At the five minute increment the Tango+ 

device will be initiated and the Blood Pressure, heart rate and blood oxygen level will be 

recorded.  The athlete will not stop running while the measurement occurs as the device is 

designed to be able to be used while subjects are in dynamic motion.   

 

Figure 46 Stage 3 - Running (6 mph) 
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However, it was recommended by the company representative that the subject hold there 

right arm in which the cuff was placed, straight down while the device takes the reading.  It 

was also suggested that the evaluator attempt to stabilize the straightened arm during this 

period. At the end of stage one, the physiological measurements are taken again, along with 

the intra-trail comfort response form. The subject then entered the third stage of the wear 

trial. 

The third stage was a 10 minute treadmill running period, this time at level 8 (8mph).  

This is slightly over a 7 minute mile pace, which is still below their competitive pace but 

elicits the amount of the peak exertion that was expected for this research.  It was targeted to 

take athletes to 60 – 70% of their maximum heart rate.  This was achieved by maintain this 

pace for the predetermined 10 minute running period at the 8 mph speed on the treadmill. 

Anything higher than this selected level of the physical exertion for extended time period 

increases the chances of physical overexertion and hyperthermia, considering the athletes 

complete body was covered by these garments.  Overheating the subjects was monitored 

since these athletes were fully covered by the types of garments used.   

The third stage was structured similarly to stage two, with the physiological 

measurements at the 5 and 10 minute mark, also conducting the one minute evaluation period 

after the completion of the 10 minute run.  The temperature profiles are also taken during the 
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evaluation period and recorded.  After the comfort survey was completed, the subject 

progressed to stage 4 the cool down phase of the wear trial protocol.  

 

Figure 47  Stage 4 - Running (8 mph) 

The fourth stage is a five minute walking period on the treadmill.  The speed of the 

treadmill is returned to the initial speed that was used in stage 1, level 3.5 (3.5 mph).  This 

cool down period allowed the subject to cool down slowly by still engaging in slight physical 

exertion, while the physiological factors are heading toward their homeostasis levels.   
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               Figure 48  Stage 5 - Walking (3.5 mph) 

 

The sixth and final stage was a ten minute rest period where the subject was allowed to sit 

and rehydrate with 8 oz. of water.  This period was also utilized to conduct a higher detailed 

comfort and sensation survey that contains the sixteen total comfort and sensation questions 

just as the initial survey in the acclimation period.  As the fifth stage reaches 10 minutes the 

temperature and physiological measurements are taken and the subject was allowed to leave 

the testing area and return the changing area.   
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Figure 49  Stage 5 - Rest 

 The subject sealed the garments in air tight bags that they were given initially with 

the garments to trap in the moisture in the garments so they can be weighed. The subject 

changed back into their running shorts and was weighed.  The subject then returned back to 

the testing area to report the final weighing in results and return the garments to the evaluator 

completing the wear trial.  This protocol was repeated identically for each subject and each 

trial garment.   

 

3.5 Phase Five - Garment Pressure Testing  

Garment pressure testing was conducted on all test garments.  The pressure testing  

The top and bottom garments were tested separately, being that there are 16 sensors on the 

testing equipment 16 points were tested on the lower body, and subsequently 16 points were 
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then tested on the upper body.  Testing the pressure of the garments at key sites on the body 

allows for the evaluation of the fit, and amount of compression the garments apply to the 

large muscle groups of the body. 

3.5.1 Testing Equipment 

 For pressure measurements Flexiforce
TM

 pressure sensor were used.  These sensors 

are very thin, flexible printed circuits. The sensor is two layers of constructed 

polyester/polyamide film.  Each layer contains of conductive material, and also pressure-

sensitive ink.  The sensors act as a force sensing resistor once applied to an electrical circuit.  

As force is applied to these sensors the resistance decreases.  

 

Figure 50  Flexiforce™ sensor (www.tekscan.com) 

 

Prior to the actual garment testing the each of the 16 pressure sensors had to be 

methodically calibrated.  By using calibration weights of 5, 15, 25, 35, 45 and 55g on an area 

of 71.1 mm², which can be converted into the pressure unit Pa (-1 N/m²). The external load 

that is placed on the sensors produces a corresponding voltage signal that is sent the 
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interfaced computer. Stable signals were recorded and used to establish the pressure-voltage 

corresponding relationship (Liu, et al., 2005, 2006).  A calibration linear relationship for one 

of the sensors can be seen in Figure 51. 
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Figure 51  Sensor 8 Calibration - Pressure/Voltage Relationship 

 

Static garment pressure measurements were taken to quantify the amount of pressure 

that each garment placed on the human subjects.  The garment pressure was taken at 32 

distinct points on the human subjects.  The sensors were placed upon the major muscle 

groups on the upper and lower body to measure the amount of support and pressure that was 

given at key muscle sites.   A representation of the major muscle groups can be seen in 

Figure 52 compared to sensor placement in Figure 53. 
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Figure 52  Major Muscle Groups 

(http://www.drstandley.com/images/muscular.bmp) 

 

Front Back 

 

Figure 53  Pressure Sensor Placement 

http://www.drstandley.com/images/muscular.bmp
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3.5.2 Pressure Testing 

The subjects were asked to simulate several running postures so the readings can be 

taken to compare the differences in garment pressure as the body is positioned differently 

cycle.  A representation of an elite runners striding postures cycle can be seen below in 

Figure 54. The purpose of these measurements is to gain an understanding of the range of 

compression levels that that subjects will experience from the garments. 

 

Figure 54 Elite Runner Posture (Sayers, 1998) 

 

Pressure readings were taken at two extreme striding postures, two walking, and a 

squatting position along with a standing position.  Athletes were asked to put muscles under 

tension to stimulate contraction while assuming the two walking a striding position. A 

representation of the positions that were tested can be seen in Figure 55.  The walking and 
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running were tested twice, once with each leg providing the movement posture (i.e. walking 

with left leg in front, walking with the right leg in front).   

 

 

Figure 55  Garment Pressure Testing Postures 

 

This simulation provided a representation of muscle activity that is expected in walking and 

running. The muscle contraction will not be required for the measurements in the standing 

position. This provided a baseline measurement of the garment pressure to compare with the 

striding position garment pressure.  15 second sample measurement recordings were taken 

for each of the six postures. The data was be used to give a representative level of changes in 

compression throughout the running stride and athletic activities.  
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4 RESULTS 

Results were compiled from all subjective and objective testing procedures to assess the 

optimal garment properties for form-fitted athletic wear.  These results are compiled into 

JMP for multivariate correlation analysis to indentify the properties of the garments that 

influence comfort and functional performance. 

4.1 Fabric Assurance by Simple Testing  

The FAST system was used to evaluate the mechanical properties of the form-fitted 

athletic wear that was being tested in the human wear trials.  The output data from the fabric 

testing was compiled into Microsoft Excel®, where graphical representations were created to 

provide visual comparisons of how the fabrics performed in comparison to their counterparts.  

Data was separated into two categories, the fabric tops and fabric bottom results. The data 

from output was then transferred to JMP statistical software to determine the statistical 

significance of the data was collected. Modified FAST Snake Plots were created to present a 

graphical depiction of how the mechanical properties of the fabric sample compare to each 

other.  

 This graphical representation of the mechanical properties of fabric tops in Figure 56 

illustrates the FAST plots of the data.  At points where all four fabrics have plots that cluster, 

there is little to no difference for that particular mechanical property.  There also points on 

this snake plot where there is a sizeable difference in between these fabric properties.  All of 
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this data has been analyzed in JMP statistical software package, and for the mechanical 

properties that had significant differences in there means further analysis will be shown.  

 

 

Garment 1 Garment 2 Garment 3 Garment 4

 

Figure 56  FAST Snake Plot - Top Fabrics 
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Figure 57  FAST 1 Result - Fabric Tops 

 

 

Fabric thickness is a mechanical property that showed significant difference between 

the fabric samples. Figure 57 shows the different values for the fabric thickness for each 

sample under the 2g load on the FAST 1 compression tester.  Fabric 4 was the thinnest fabric 

with a mean of 0.42 mm under the 2g load.  Fabric 2 had the highest thickness value at 0.68 

mm, while fabrics 1 and 4 had values of 0.60 mm and 0.57 mm respectively. 
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Figure 58  FAST 1 - Tops, One way Analysis of Variance 

 

When all of the fabric thickness data from the fabric tops was entered in to the JMP statistical 

software there were indications that these means were significantly different.  The P-value 

for the sample set means was less than 0.0001 which indicates that there is statistical 

difference between the samples.  The Tukey-Kramer test was also ran on the data set. The 

Tukey-Kramer test investigates the interaction between the fabric samples.  This test shows 

that there is a statistical difference between all of the samples, by displaying all positive 

interaction values between all of the means.  The difference between the means of fabric 

sample 2 and 4 had the greatest significant difference with a Tukey-Kramer value of 0.23166. 
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Figure 59  FAST 3 Results - Tops 

 There was an observational difference in the fabric extension of the fabric tops.  With 

Fabric 2 having the lowest extension mean with a value of 10.8%.  Fabric 1 had the highest 

extension mean with a value of 13.8.  These values are important to note because of a 

limitation of the FAST 3 system.  The amount of extensibility of these knit fabrics exceeds 

the maximum amount allowed for testing under high loads.  Producing maximum values of 

21.5% for the majority of readings with loads exceeding 20gf/cm, which subsequently skews 

the mean values.  However what can be interpreted by this data is that fabric 2 was the most 

extensibility resistant fabric, while fabric 1 was least resistant to the extending loads. This 

would infer that Fabric 1 has a higher level of extensibility than the other three fabrics.   
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Analysis of Variance
Source DF Mean Square F Ratio Prob > F
Fabric 3 42.3397 0.6878 0.5617
Error 92 61.5543
C. Total 95

 

Figure 60  FAST 3 - Tops, One way Analysis of Variance 

 

 

The one way Anova for the FAST 3 extensibility test does not show a statistical difference in 

the data sample means with a p-value of 0.5617. However, it has to be assumed that if the 

testing equipment allowed for full extensibility for the knitted fabric samples that the data 

would continue upon the initial trend seen at the lower loads and you would see an increased 

amount of variation between the fabrics as the loads increased.   
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Figure 61  FAST Calculated Weight - Tops 

 

Figure 61  shows that there is also a distinct difference in the calculated weight values for the 

FAST system. These calculations are based upon one 20cm x 20cm fabric sample that is 

weighed on electronic balance; the weight is then converted into grams/m². This only 

provides one weight calculation for the entire data set.  

Being that these garments have varying designs many of the garments contain several 

fabric and composite reinforced zones, so it is also important to note that the calculated 

weights for FAST are based upon the primary shell of the garment and do not take into to 

account any garment seam, embellishments, or additional fabric inserts. Because of the 

zoning in the garments, it is not possible for the calculations to provide a total representation 

of the weight of the actual garments.  
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To provide a more thorough representation of the weight disparities of the different 

garments the actual weights of the human wear trial garments were recorded prior to them 

being worn.  These values provide a larger data set to compare the weights of the garments.  

The garments were the same sizes and have relatively accurate surface areas, as the standard 

deviation between garments is low. These measurements also take into consideration all 

garment embellishments that may add weight and bulk to the garments.   

Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio Prob > F
Garment 3 14403.076 4801.03 1355.952 <.0001
Error 96 339.908 3.54
C. Total 99 14742.984

 

Figure 62  Actual Garment Top Weights ANOVA 

 

 

In reviewing the actual weights of the garment tops, the trend that was displayed from the 

FAST calculation is confirmed, and it is also revealed that there is a significant difference in 

their weights.  The p-value of the means from the actual weights is less than 0.005; and the 
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comparison of the means by the Tukey-Cramer test shows the significant difference between 

the garments.  According to the actual garment weights, Garment 3 is the lightest with a 

mean of 144.24 grams, and Garment 2 is the heaviest with a mean of 177.631 grams.  

Garments 1 and 4 weights are not significantly different from each other and their means fall 

between Garment 2 and Garment 3. 

Garment 1 Garment 2 Garment 3 Garment 4

 

Figure 63  FAST Snake Plot - Bottom Fabrics 

 

 From observation of the snake plot, FAST results for the bottom fabrics shows that 

Fabrics 1, 2, 3 share similar trends as far as mechanical properties are concerned.  Fabric 4 

has a larger degree of variation than the other three garments on the majority of fabric 
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property results.  The results from the FAST test for the bottom fabrics were also compiled in 

the JMP statistical software to see if the variation was significant.   
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Figure 64  FAST 1 Results – Bottom Fabrics 

  

The results from the FAST 1 test show distinct differences between the fabric samples.  

Fabric 3 had the largest thickness value under the 100g load at 0.69 mm.  The fabric with the 

lowest thickness value was fabric 2 with a value of 0.58.  All of the FAST 1 results for 

thickness were placed into JMP for further investigation of statistical significance.   
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Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio Prob > F
Garment 3 0.08610927 0.028703 58.1051 <.0001
Error 36 0.01778350 0.000494
C. Total 39 0.10389278

 

Figure 65  FAST 1 – One Way Analysis of Variance, Bottoms 

 

 The statistical analysis of the FAST 1 test data proved that there are significant 

differences in the data set.  The p-value of the analysis of variance is less than 0.0001 

proving statistical differences.  Fabric 1 and Fabric 2 have the lowest thickness means from 

FAST 1 tests and there is no statistical significance between them, but the two data sets are 

statistically different from Fabric 3 and Fabric 4.  All the interactions between individuals 

garment means can be seen by the Tukey-Kramer test. 
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Figure 66  FAST 2 Results - Bottoms 

 

 Bending lengths of the fabrics have vastly different values, with Fabric 4 having the 

highest value at 14.4mm, which deviates from Fabrics 1, 2, and 3.  The lower three fabric 

bending length values are close enough where statistical analysis is necessary to determine if 

there is any significant difference between them. 

When the data was analyzed it was realized that the differences were not substantially 

significant.  The p-value was less than 0.05, but the Tukey-Kramer test showed that there was 

no significant interaction between the data means.  In this situation, you have what is referred 

to a borderline significance.  When investigating the means with more robust data sets further 

test should be run to establish if there is a significant difference in the variables.  For this data 
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set a borderline significance can used to make assumptions. The assumption can be made that 

the Fabrics all behave similarly; however Fabric 4 has a higher level of bending length. 

 

Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio Prob > F
Fabric 3 74.11458 24.7049 2.9657 0.0361
Error 92 766.37500 8.3302
C. Total 95 840.48958

 

Figure 67  FAST 2 Results – Bottoms One way Analysis of Variance 

 

FAST 3 results similar to the results of the fabric tops will be skewed because of the 

incompatibility of the testing equipment of highly extensive fabrics under heavier loads.  

Because of the skewing of data it can be insightful for determining the fabrics behavior be 

making assumptions from the trends presented by the means of the data, despite the fact that 

they will prove to be statistically insignificant in JMP. 
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Figure 68  FAST 3 Results - Bottoms 

 

4.2 Moisture Management  

 The moisture management tester has ten items that it evaluates on every fabric sample 

these factors address the moisture transport capabilities of the fabric by not only measuring 

one-way transport but also spreading radius, and spreading speed for both sides of the fabric.  

This assessment gives a more comprehensive perspective of how the fabric is able to remove 

moisture away from the skin and release it into the environment.  The composite score of 

these factors is referred to the Overall Moisture Management Capability Index (OMMC).  

These values are placed in a fabric grading table with places a numerical value on each of the 

factors. The MMT grading table can be seen in Table 12. 
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Table 12  MMT Table of Indices 
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After values were referenced with the grading table these values were used to create snake 

plots of the fabric’s moisture management properties.  

Each of the factors that comprise the OMMC were evaluated statistically, however 

the most direct way of presenting the data is to review the significance of the OMMC 

between the top and bottom fabrics.    

Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio Prob > F
Garment 3 0.11676361 0.038921  46.0661 <.0001
Error 16 0.01351838 0.000845
C. Total 19 0.13028199

 

Figure 69  OMMC Tops – One way Analysis of Variance 

 

 The Overall Moisture Management Capability of the fabric 3 was different than the 

other fabrics.  Fabric 3 had a mean MMC value of 0.8953, which is statistically higher than 

the other fabric.  Fabric 1 and fabric 4’s means were not significantly different from each 
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other, but where significantly higher than Fabric 2. The Tukey-Kramer test confirms all of 

these interactions.   

Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio Prob > F
Garment 3 0.23932211 0.079774 14.8143 <.0001
Error 16 0.08615889 0.005385
C. Total 19 0.32548100

 

Figure 70  OMMC Bottoms – One way Analysis of Variance 

  

 The OMMC values for the bottom fabrics show a different trend than the tops in 

relationship to the moisture management indexes.  There are significant differences in the 

sample means, but the two highest rated fabrics (1 and 3) for OMMC are not statistically 

distinguishable.  Fabric 3 which was the highest rated fabric for OMMC for the tops is lowest 

rated bottom fabric for overall moisture management capability. Fabric 2 is also rated 

significantly higher than Fabric 3.   
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 When the moisture management fingerprints of the highest rated fabrics for the top 

and bottom are compared the similarities between their properties are evident. 

MMT  Grading Graph
Garment 3 Top vs. Garment 1 Bottom

Garment 1 Garment 3

 

Figure 71  MMT Snake Plot - Highest Rated Comparison 

 

The plots between these two fabrics are similar and when compared statistically there is not a 

statistical difference.  Being that these fabrics are both currently found in the  industry and 

that they rate so high on the MMT indexes it can be assumed that these fabrics perform at a 

level that is at or near best in class of the current market place.  The attributes that these 
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fabrics have in moisture management capability could be paired with the attributes of the 

mechanical properties correlated to comfort and performance to construct a superior garment. 

4.3 Air Permeability 

Air permeability was assessed on the four test fabrics using the KES air permeability 

tester.  The test measurers the amount of resistance to air flow on both sides of a textile fabric 

medium.  The results from the test were divided into top and bottom fabric results. 
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Figure 72  Air Permeability – Top Fabrics 

 

Fabrics 1, 2, and 4 had similar air permeability results for the fabric tops.  Fabric 2 however 

had a statistically higher a value of resistance. Thus meaning that is significantly more 

difficult for air to pass through the fabric.  Fabrics 1, 3, and 4 allow the flow of air with much 

less force, with fabric 3 having the lowest resistance value. Air permeability is an important 

factor in garment comfort and can be attributed to the breathability of a garment. 
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Figure 73 Air Permeability – Bottom Fabrics 

 

The air permeability of the bottom fabrics provided a much different result. Fabrics 1, 2, and 

3 had similar values of air flow resistance, with fabric 3 having the lowest value of 

resistance.  Fabric 4 had the highest air flow resistance value of all fabric tops and bottoms 

respectively, implying that it takes more pressure to get air to flow through this fabric and 

suggesting a negative comfort attribute for that particular fabric.  

4.3.1 Air Permeability Summary 

Positive air permeability values in respect to comfort were found in the tops and 

bottoms of fabric 1 and fabric 3.  It can then be assumed that fabric 1 and 3 would have high 

comfort values for breathability.  Fabric 4 which had the highest value for air flow resistance 
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can be assumed to have low relative values for breathability in the bottom fabrics, as is the 

case for fabric 2 in the top fabrics. 

 

4.4 Wear Trial Results 

 Human wear trial consisted of five subjects who evaluated four form-fitted garments 

though and treadmill running protocol designed to elicit above moderate physical exertion.  

The subjects also completed the same protocol wearing garments that were similar to their 

normal training apparel, which consisted of nylon running shorts and a standard cotton t-

shirt.  As the subjects went through the wear trial protocol, physiological measurements were 

taken.  The results from the physiological responses were investigated to see if there were 

any statistically significant differences that could have been elicited by the garments.   

 After comparing the various factors of the physiological measurements there were no 

statistically significant results that validate rating a particular garment over the other.  There 

were observational differences that should be noted, that could have potentially been 

statistically significant if the human trail sample size would have been larger.  With a small 

sample size, the data collected could not compensate for much of the variation caused by 

normal human physiological differences..   

 The myocardial consumption was a key factor that was investigated in this the study.  

Myocardial consumption is essentially a mathematical calculation that takes into 

consideration the systolic blood and heart rate and converts it into measurement that is 
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representative of the total exertion of the subject’s heart. There were observational 

differences that were apparent between the garments; however these observations were not 

able to be confirmed by statistical methods.   

Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio Prob > F
Garment 4 120.0963 30.0241 32.825 0.9147 0.4564
Error 195 6400.9448
C. Total 199 6521.0411

 

Figure 74 Human Trial - Myocardial Consumption Anova 

 

 When comparing the means of the Myocardial Consumptions of the trail garments 

you can immediately assess that the differences were not considered statistically significant 

since the p-value 0.4564.  However, it was worth noting that Garment 2 had the lowest mean 

for double product with a value of 13.16, and Garment 3 had a value of 13.91.  Both of these 

values show relative departure from the general garment double product mean of 15.33 

although this difference is not statistically significant is a point of interest.  Garments 2 and 3 
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not only had the lowest double product means, but they also had the two lowest standard 

deviation values, indicating they were also more consistent.  

 When examining heart rate for each of the subjects the data shows similar trends 

between all of the garments but there are slight observational differences between garments 

that tended to perform better in myocardial consumption. 

 

Figure 75 Subjects Heart Rate Means 

 

 

Assessments of the heart rates of the athletes are very insightful and provide vital information 

about the individual athletes and how they responded to the human wear trial protocol.  The 

distributions of the heart rate values demonstrate that the protocol was able to elicit the 

normal distribution of physical exertion that was desired.  All of the athletes’ heart rate 
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values had a “bell shaped curve” which was the goal of the protocol.  It also shows the 

relative comparison of how their individual bodies reacted to the wear trial, and did provide 

some information on the variable heart rates between garments.  

 Although the data was not statistically significant, it does provide additional 

physiological data to consider. An important finding in the examining heart rate means of the 

subjects shows that the Garments 1, 2, 3 elicited a lower heart rate on average than the 

general garment configuration.  Garment 4 had a very similar trend in heart rate as the 

general garment.  This finding could be significant if an endurance trial was conducted using 

similar garments.  The reductions in heart rate could possibly have an impact on performance 

in an endurance trial. 

The blood pressure trends were similar to those of the heart Rates.  The athletes had 

lower average blood pressures while wearing Garments 2, 3, and 4.  The athletes while 

wearing Garment 1 had similar blood pressure levels to the general garment configuration of 

running shorts and t-shirts. The subject’s systolic blood pressure means of all of the subjects 

that participated in the study was not statistically significant but the differences between the 

garments can be seen graphically. 
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Figure 76 Subject's Blood Pressure Means (Systolic) 

 

 

 

4.5 Subjective Comfort Assessment  

During the human trials the subjects were surveyed on the perceived comfort. The 

surveys were given prior, during, and after the exercise portion of the human wear trial to 

determine how the perceived comfort and sensations of the garments varied through different 

levels of physical exertion. These types of evaluations tend have a high amount of variation, 

especially under the circumstances of a low sample size and shows the sensitivity of this data 

set.  Means for overall comfort and sensation assessments after the completion of each 

human wear trial are shown. 
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There was a  progression of the mean values for comfort and sensation, and a large 

shift in the means after the completion of the fifth subject, Garment 1 had a higher average 

value of comfort and sensation,  followed by Garment 2 and Garment 3.  However Garments 

2 and 3 had the highest garment means according to the first four subjects combined scoring. 

Subject 5’s rating of Garments 2 and 3, although not statistically significant, were low 

enough to lower the overall means of those garments.  Subject 5 gave Garment 1 its highest 

scores, and Garments 2 and 3 their lowest scores. 

In total Garment 1 was statistically rated the highest in the subjective comfort and 

sensations assessment. The evaluation comments for garment one showed that every athlete 

considered Garment 1 as a comfortable garment. Primarily any negative comments about 

Garment 1 centered around the fit of the garment, such as the top riding up, or it not fitting 

well at the waist. 
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Figure 77  Subjective Comfort Response - 1 Subject 
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Table 13 Garment 1 Subjective Comments 

 

Table 14 Garment 2 Subjective Comments 
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 Garment 2 was rated relatively high by the most subjects. Many positive informal 

comments were made about Garment 2’s design that the subjects did not include in their 

survey responses. The survey responses were also very positive, addressing the overall fit in 

particular along with the seam placements on the garments.  Three out of the five subjects 

mentioned the fit as being a positive attribute of the garment specifically.  One subject 

mentioned Garment 2 as, “The best one yet.” Negative comments about Garment 2 were few, 

except about the top riding up, and that the garment was warm. 

Table 15 Garment 3 Subjective Comments 
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 Garment 3 was rated highly on subjective comfort and sensation assessment, and was 

also highly regarded in the subject evaluation comments.  One negative comment that was 

prevalent for Garment 3 was that the waistband on the garment bottom was too tight, one 

subject said that he, “almost couldn’t get them on.”  Also, it was mentioned twice the top 

garment rode up during the wear trial. 

Table 16 Garment 4 Subjective Comments 

 

 Garment 4 was the lowest rate garment in the subjective comfort and sensation 

evaluations.  The fit and reinforcement bands tended to be the primary negative comments 
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about this garment.  The reinforcement bands in the hips were commented on by the subjects 

as they entered the testing facility after putting on the garments. Although some subjects got 

use to the reinforcement bands, mentions of their presence were still the overwhelming 

comment for this garment.  Also, the fit of the top was unique and was also commented on by 

the subjects.   

The Garment 4 top, although providing adequate support on the core of the upper body, the 

sleeves had a semi-loose fit on all five of the subjects. However, one subject positively 

commented on the top stating that it was, “tight without being restrictive.” 

4.5.1 Comfort Assessment Summary 

The comfort and sensations perception evaluation provided a key insight into the 

overall comfort levels of the test garments.  The subjective evaluation allowed for the 

psycho-physical perceptions of the actual athletes to be recorded for each individual 

garments.  Extending further beyond the mechanical properties of the garments, the 

subjective evaluation allowed the subjects to comment on the perceived level of comfort with 

additional features of the garments such as embellishments and reinforcements.  These 

particular evaluations showed that this set of test subjects were not relatively positive about 

additional reinforcements in the garment design. The subjects were also helpful in 

determining which garment fit was preferred. 



134 

 

Overall, it was not statistically possible to determine that one garment was rated 

significantly higher than the other garments and it was concluded that Garments 1, 2, and 3 

were statistically similar.  Garment 4 however, was consistently rated the lowest out of the 

form-fitted garments that were tested.  The properties of Garment 4 can be informative in 

determining attributes that are not preferred in this garment design. 

4.6 Garment Pressure Testing 

After all data was compiled for the static pressure testing trends were analyzed to find 

correlations in garment pressure variations between garments and correlations with comfort 

ratings.  Although the pressure was tested in 6 total different postures it was found that the 

standing mean pressure results were a viable representation for the pressure distributed under 

varying postures.  For example, the garment with highest overall mean standing posture 

pressure also has the highest the overall mean running posture pressure.  This finding 

allowed for the simplification of the pressure comparisons between the garments.  The 

garment standing pressure means can be seen in Table 17. 
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Table 17  Garment Pressure Individual Standing Means 

 

 

There was no statistical difference between the garment means, however the values could 

still be extrapolated to find which garments provided the highest and lowest amounts of 

compression. The individual means from the subjects were then compiled to give an overall 

pressure mean for each garment.  

The pressure results were then grouped into six distinct pressure zones on the body, 

three upper body zones and three lower body zones.  The upper body zones were defined as 

the abdomen and lower back (Zone 1), chest and upper back (Zone 2), arms (Zone 3).  Lower 

body zones, lower legs (Zone 1), upper legs (Zone 2), waist and hips (Zone3).  The zones can 

be seen in  
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Figure 78 Upper Body Pressure Zones 

 

The zone pressure measurements for the upper body showed that the four compression 

garments were similar for zones one and two.  Garment 4 did have lower mean pressure 

ratings in zone 3 which consists of all the arm measurements.  The lower amounts of pressure 

could not be correlated to any physiological measurements however there were comments 

made by that subjects about the lack of compression in the garment.  The fit in the arms 

appeared to be inherent in the garment design, as the body shell fit well on all subjects, even 

as the garment tended to fit not as well in the arms.  
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Table 18 Upper Body Zone Pressure Means 

Garment Units Zone 1 Zone 2 Zone 3 Overall

1 Pa 2058.00 1686.75 1803.35 1849.37

2 Pa 2091.17 1668.41 1868.81 1876.13

3 Pa 2055.04 1666.98 1736.35 1819.45

4 Pa 2068.21 1697.36 1708.85 1824.81
 

 

 

The pressure zoning in the bottom garments displayed larger amounts of variation 

than the upper body pressure distributions. The bottom compression garments were 

engineered with muscle reinforcements and garment embellishments that contributed to the 

variances in pressure distributions.   

 

 

Figure 79 Lower Body Pressure Zones 
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Garment 1 had the highest mean of pressure for Zone 1 at 2411.26 Pa, while Garment 3 had 

the lowest mean of pressure at 2009.76 Pa. The Zone 2 pressure values of the lower body 

were much more evenly distributed with the values ranging from 1670.24 Pa to 1753.10Pa, 

with Garment 3 having the highest average pressure. 

Table 19 Lower Body Pressure Means 

Garment Units Zone 1 Zone 2 Zone 3 Overall

1 Pa 2411.26 1670.24 1925.61 2002.37

2 Pa 2136.38 1691.50 2054.32 1960.73

3 Pa 2009.76 1753.10 2483.40 2082.08

4 Pa 2165.78 1696.05 2751.69 2204.51
 

 

 

4.6.1.1  Garment Pressure Summary  

When reviewing the garment pressure ratings it was noted that Garment 2 had the 

highest overall mean compression ratings for the garment tops and bottoms.  Garment 3 had 

the lowest compression ratings for the garment tops and bottoms.  Both Garments 2, and 3 

were rated highly in the subjective comfort response survey thus it can be assumed that the 

even if the garment pressures are statistically indistinguishable that overall garment pressure 

is not to the primary component for comfort ratings in this type of form-fitted garments.  

Both Garment 2 and Garment 3, have a rather basic garment design and construction without 
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excessive embellishments and garment reinforcement zones.  It was noted that the 

reinforcement bands in garments, especially in Garment 4 that they were not rated as a 

positive attribute by a large percentage of the subjects. The garment pressure of the Garments 

2 and 3 are more evenly distributed as was verbally commented during wear trials by 

research subjects.   

The garment pressures of these garments all fall within the range of light compression 

when evaluated through the gradient compression stockings compression classification that 

was referenced in the literature review.  However, previous studies have shown the garments 

with light compression levels can also have positive medical benefits.  The physiological data 

that was collected during the human wear trials would suggest that physiological advantages 

were produced by the compression garments, the advantages were not however directly 

perceived by the subjects, according to their subjective performance ratings of the garments.  

4.7 Comfort Matrix 

To assess the objective measurements taken in this study and to gain insight on the 

correlations between these measurements and the subjective results that were collected a 

comfort and performance assessment matrix was also developed.  The development of the 

matrix is simplistic in nature to continue the theme of the research to develop practical and 

simple methods for garment optimization that can be simply adapted within the industry.   

The matrix employs a relative comparison of the objective measurements on a scale of 

1 to 4 in respect to positive correlating comfort attributes.  For example, in the objective 
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FAST – 3 testing, higher levels of extensibility have been correlated with improved hand and 

comfort properties. Therefore when comparing the four tested Garment tops, the top with the 

highest level of extensibility would be rated a 4 and the lowest receiving a value of 1.  These 

relative comparisons ratings were used to assess the objective factors that are more 

influential in comfort and physiological performance. 

Table 20 lists the factors that were included in the objective measurement comfort and 

performance matrix.  This table also defines how the factors are measured, and if there values 

are directly or inversely related to comfort or performance.  Relationships are considered 

inverse if the lower values of respective measurement correlate in increased comfort or 

performance, as is the case of surface thickness.  Lower surface thickness values in a garment 

are related to smoother fabric and increased comfort, thus demonstrating an inverse 

relationship between measured values and comfort and performance. 

Table 20  Objective Comfort and Performance Factors 

Factor Measurement Relationship Values

Thickness Thickness at 2 gf load Comfort Inverse

Surface ST = T2 - T100 Comfort Inverse

Bending Bending Length in mm Comfort Inverse

Extensibiltiy Avg. Extension Values Comfort Direct

Weight Total Garment Weight Comfort Inverse

OMMC Moisture Management Capability Comfort Direct 

M. Uptake Wet Weight - Dry Weight (Trial Garment) Comfort Inverse

Air Perm. Air Flow Resistance Comfort Inverse

D.P. Systolic Blood Pressure x HR/1000 Performance Inverse  
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 The comfort and performance matrix was compiled as the objective tests were 

completed. The overall composite scores were the compiled, averages for garment tops and 

bottoms were initially kept separate, to illustrate the individual performances of the 

respective garments. The top and bottom composite scores were then combined and overall 

mean scores were produced for each for the four garment sets.  It was the hope of the study to 

be able to find correlations between the comfort and performance objective results to the 

subjective comfort results that were collected through the human wear trials.  The ability to 

do so would provide evidence that this objective testing methodology of predicting comfort 

and performance should be further investigated.   
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Table 21  Comfort and Performance Matrix 

Garment Thickness Surface Bending Extensibillity Weight OMMC M. Uptake Air  Perm. D.P. Avg. Rating

1 2 2 2 4 3 2 2 3 1 2.50

2 1 3 1 1 1 1 3 1 4 1.78

3 3 1 3 2 4 4 4 4 3 3.11

4 4 4 4 3 3 3 1 2 2 2.89

Garment Thickness Surface Bend Extensibillity Weight OMMC M. Uptake Air Perm. D.P. Avg. Rating

1 3 4 4 2 1 4 3 3 1 2.78

2 4 2 4 3 3 2 4 2 4 3.11

3 1 3 2 4 4 1 2 4 3 2.67

4 2 1 1 1 2 3 1 1 2 1.56

Garment Thickness Surface Bend Extensibillity Weight OMMC M. Uptake Air Perm. D.P. Avg. Rating

1 2.50 3.00 3.00 3.00 2.00 3.00 2.50 3.00 1 2.64

2 2.50 2.50 2.50 2.00 2.00 1.50 3.50 1.50 4 2.44

3 2.00 2.00 2.50 3.00 4.00 2.50 3.00 4.00 3 2.89

4 3.00 2.50 2.50 2.00 2.50 3.00 1.00 1.50 2 2.22

Comfor Matrix Bottom

Comfor Matrix Top

Comfor Matrix Garment

 

 

The comfort matrix was separated into three parts, the top, bottom, and overall garment sets.  

The top two portions of the matrix show how the individual top and bottom garments 

performed in the objective testing in comparison to the other test garments.  The values as 

previously stated range from 1 to 4, with 4 being the highest score possible.  The garment’s  
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objective testing observed values were compared and converted into this rating system for 

the simplistic comparative evaluation. 

 The top garment that had the highest mean rating value for the top garments was 

Garment 4 with a mean rating of 3.00 out of 4.0.  Garment 2 had the lowest means score with 

the value of 1.89, primarily attributed to its relatively low performance during the FAST 

testing in comparison to the other garments.   

 The bottom garment that scored the highest on the comfort matrix was Garment 2 

with a mean comfort rating of 3.11, and the lowest score was attributed to Garment 4 with a 

mean score of 1.78.  However, when the top and bottom values were combined to provide an 

overall mean for the garment set it was Garment 1 that had the highest comfort rating.  

Garment 1 achieved this by having a strong comfort rating on both the top and bottom 

garment with scores of 2.44 and 2.67 respectively.  Garment 4 had the lowest rating with the 

overall mean of 2.39.  The value distributions of these sets are relatively small but 

considering that the range of the rating is only 1 to 4, the overall trends, not the absolute 

values of the relative comparisons, are the primary points of interest.   

 After the overall garment comfort and performance ratings were complete they were 

then compared to the subjective comfort evaluations to investigate any possible correlations.  

If correlations were found, the methodology used in this research shows potential for future 

evaluation to develop this model. 
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When comparing the trends between the objective and subjective comfort ratings 

obvious correlations can immediately be observed. Garment 1 and Garment 3 both scored 

well on the objective and subjective comfort ratings.  Garment 2 scored well on the 

subjective comfort testing, but score relatively low in comparison in the objective rating.  

Garment 2’s overall rating was hindered by the garment top’s lower relative scores on several 

testing factors. It is also easily observed that Garment 4 had the lowest mean score in the 

objective and the subjective comfort ratings. This factor can be just as informative if not 

more so in developing models for optimizing form-fitted athletic wear.   
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Figure 80  Subjective Comfort Ratings 
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Objective Comfort Rating
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Figure 81  Objective Comfort Ratings 

 

 The correlations found in this study are encouraging for the further development of 

this model.  The testing methodology would greatly benefit from a more robust sample size 

in both subjective and objective testing.  This inclusion of the more testing data points would 

make the study less susceptible to the normal variation and could provide additional 

confirmations on the effectiveness of this methodology.  The objective and subjective ratings 

were used as a tool for high level comparison of various factors to investigate trends.   
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4.8 Comfort Multivariate Correlations 

 

Multivariate correlations was the statistical tool used to quantify correlations that 

established relationships between multiple variables from the testing methodology.  The 

comfort matrix provide a snapshot of the data for a high level comparison but did not provide 

a statistical analysis.  The multivariate correlations compared mean values from every 

physical, transmission, and physiological measurement that was captured in the study.  The 

analysis allowed for relationships to be built between parameters such as subjective comfort 

and physical fabric properties.  The correlations were graphically shown in scatter plots. 

 

 

Figure 82 Complete Data Multivariate Scatter Plot 
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 To simplify the data analysis pairwise correlations were used to display the 

correlation and significance probabilities between the multiple variables.  All though all 

interactions were reviewed, three groups of interactions were focused upon.  Subjective 

comfort and physical measurements, Subjective Comfort and Physiological measurements, 

physical measurements and physiological measurements were the primary focus.   

With a low sample size the decision point for correlation analysis is higher which 

lowers the probably significance of the correlations.  Therefore these results were not 

considered to have a significant probability less than 0.05, however it is valuable for our 

study to indentify the variables that have the strongest positive and negative correlation.  

Further studies with higher sample sizes can establish these results with further statistical 

analysis.  

Variable By Variable Correlation Sig Prob -.8  .6  -.4 -.2  0  .2  .4  .6  .8

 

Figure 83 Pairwise Correlations - Subjective Comfort  by Physical Properties 
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 The pairwise correlation of subjective comfort by the fabrics physical properties 

shows the strongest positive correlation between Wale Extension at low loads (5g, 20g) with 

subjective comfort responses with values of 0.6236 and 0.5786.  The correlation also showed 

negative correlations of course bending length (-0.5577), formability (-0.6421) and also 

fabric air permeability resistance (-0.5411). These results indicate that relationships can be 

found between these key parameters and the perceived comfort of the testing subjects.   

 

Figure 84 Pairwise Correlations - Subjective Comfort by Physiological Response 

  

The pairewise correlations between the subjective comfort responses of the subjects 

and their physiological responses did not show strong positive or negative data correlations.  

The strongest relationship was average temperature of thermal sites during the human wear 

trial and subjective comfort with a correlation value of 0.4152. 
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Figure 85 Pairwise Correlations - Physiological by Physical Properties 

  

 The correlations between the physiological responses of heart rate and blood pressure 

by the physical properties of the fabric both followed a similar trend. This trend was also 

evident in the double product (myocardial consumption) correlation by the fabric physical 

properties. Being that the double product is derived by using heart rate and blood pressure 

values this was expected.  The strongest correlation for the data set was the negative 

correlation of shear rigidity (-0.5477). According to the data analysis the fabrics that had the 

higher bending rigidity were more likely to produce a lower myocardial response in the 

subjects which is considered to be less workload on the heart.  
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5  DISCUSSION AND RECOMMENDATIONS 

The key objective of this study was to be able to incorporate existing testing methods in 

the textile industry to construct a framework that can be used to effectively evaluate form-

fitted garments and optimize their comfort and performance.  The test method used in this 

research has shown valuable information that can be used to be further developed in future 

research. 

5.1 Test Method Conclusions 

 The use of the Fabric Assurance by Simple Testing (FAST) allowed the research to 

gather basic, fast and meaningful results that characterized the mechanical properties of the 

garments that were being tested in the human wear trial.  The use of this equipment shows 

ample correlations between the mechanical properties of the garments and the perceived 

comfort in the subjective evaluations.  However, these observed correlations were not always 

statistically significant, there were recognizable trends that could be helpful in future studies 

with larger sample sizes, where data sets may not be as sensitive to interpersonal variation.  

Data output from the FAST system, although automatically calculated, had to be manually 

transferred into data acquisition and statistical analysis software. However this conversion 

allowed for greater flexibility of the data analysis which resulted in being able to review data 

on a more finite level.   

The Moisture Management Tester provided fabric transmission results for the moisture 

transport capability of the tested garments.  The tester automatically provided information all 
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the various characteristics that comprise the testers Overall Moisture Management Capability 

Index, this data has been compiled into the appendix where a more in depth perusal of 

OMMC performances of the garments can performed.  The tester was a very reliable and user 

friendly process that allowed for measurements to be produced.   

 The non-invasive physiological measurements taken during the human wear trials 

were very informative to the understanding the manner in which the human body responds 

the physical demands placed upon it.  The physiological measurements, such as heart rate, 

blood pressure, and double product for each human wear trial are also located in the 

appendix.  From this research, it was concluded that the double product, which is a 

comprehensive representation of the heart rate and blood pressure was the most insightful 

physiological measurement taken in the research.  These measurements produced no 

statistically significant results between the test garments but did however show a statistical 

improvement over the general running garments as discussed in the results portion of the 

research.   

5.2 Research Objectives  

1) Develop a unique framework for evaluating form-fitted athletic wear 

A unique collection of physiological, mechanical and psycho-physical evaluation 

procedures and test methods where utilized to further assess the capabilities of form-fitted 

garment performance in the three dimensional garment. 

2) Understand the physical, mechanical, physiological advantages of form-fitted garments 
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The evaluation of the tested garments evaluated the physiological advantages that form-

fitted garments can provide, and the variation in these attributes were investigated such as 

their advanced moisture management properties and there gradient compression support.  

The incorporation of these among other factors allowed the garments to have a higher value 

of perceived comfort and key physiological reductions in myocardial consumption when 

compared to traditional athletic garments (cotton t-shirt, nylon shorts). 

3)  Bridge the gap of comfort and performance evaluation in this growing textile market 

The gap between comfort and actually physiological performance in form-fitted 

garments was evaluated in this research and now has provided a framework for further 

exploration in this field of study. 

5.3 Research Summary 

This research began by selecting similar garments that were found in the retail market. 

The garments that were selected were believed to be high performing garments in this 

product offering.  The initial group of similar garments was then evaluated with a three-

dimensional sweating manikin to measure the heat and moisture vapor regulation properties.  

At this point, the top performing matching garment sets were selected for human wear trial 

testing, lowering even further the amount of variation between the garments. 

 These form-fitted garments were subsequently taken through a series of physical, 

mechanical and transmission testing procedures.  The testing methodology proved to be 

sensitive enough to detect small amounts of variations between the test garments.  The 
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amounts of variation that were measured through the fabric testing were not always detected 

through human perception.  This research also used correlation analysis between the physical 

properties and the subjective comfort responses to identify what factors were statistically 

more likely to be perceived positively by human subjects.   

 This research also indicates that on average, the form-fitted garments tested in this 

research did provide physiological benefits to the human subjects by lowering heart rate and 

stabilizing blood pressure.  The physiological benefits that were provided by the garments 

however were not perceived by the human subjects according to their subjective comfort 

response. A more physically exerting protocol over a longer period of time may allow the 

subjects to perceive, or further confirm the benefits of the test garments.  

 This research was indeed able to provide a unique insight into the physiological and 

psychophysical responses of elite athletes to form-fitted garments that had not previously 

been studied.  Also, the testing methodology was found effective in assessing the differences 

in fabric properties of similar garments and correlating them to the human comfort responses 

of the human wear trial.   
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5.4 Recommendations for Future Study 

Further study in the area of form-fitted athletic wear optimization is strongly 

encouraged.  This area of study is and field that has yet to become a large body of knowledge 

in the public domain.  A study with a larger number of subjects could assist in further 

distinguishing the garment attributes that are optimal for this product offering.    

 Similar studies to this research that are conducted in varying environments would be 

of particular interest.  These garments were tested under ambient temperatures, and even 

though they are designed to be worn in warm “hot” environments, changing trial 

temperatures was not evaluated in this research.  It would be beneficial to establish how 

similar garments can perform in varied temperatures, and correlate the physiological 

responses of the subjects at that point to verify any significant differences.   

 Further work in this area of study is to conduct “endurance” trials that would establish 

physiological changes over time that are a result of the physical properties of the garments 

and materials.  This type of trial would require a complete redesign of the metrology used 

and changes in the level of athletic ability needed to complete the trials.   
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7.1 Appendix A 

Table 22  Fabric 1 Top, FAST Results 
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Table 23  Fabric 1 Bottom, FAST Results 
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Table 24  Fabric 2 Top, FAST Results 
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Table 25  Fabric 2 Bottom, FAST Results 
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Table 26  Fabric 3 Top, FAST Results 
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Table 27  Fabric 3 Bottom, FAST Results 
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Table 28  Fabric 4 Top, FAST Results 
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Table 29: Fabric 4 Bottom, FAST Results 
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Table 30  Fabric Tops, FAST Mean Results 
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Table 31 Fabric Bottoms, Fast Mean Results 
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Table 32  Fabric 1 Top, MMT Results 
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Figure 86  Fabric 1 Top, MMT Graph 
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Figure 87  Fabric 1 Top, MMT Multi-Graph 
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Table 33  Fabric 1 Bottom, MMT Results 
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Figure 88  Fabric 1 Bottom, MMT Graph 
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Figure 89  Fabric 1 Bottom, MMT Multi-Graph 
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Table 34  Fabric 2 Top, MMT Results 
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Figure 90  Fabric 2 Top, MMT Graph 
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Figure 91  Fabric 2 Top, MMT Multi-Graph 
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Table 35  Fabric 2 Bottom, MMT Results 
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Figure 92  Fabric 2 Bottom, MMT Graph 

 

 



184 

 

 

Figure 93  Fabric 2 Bottom, MMT Multi-Graph 
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Table 36  Fabric 2 Top, MMT Results 
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Figure 94  Fabric 3 Top, MMT Graph 
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Figure 95  Fabric 3 Top, MMT Multi-Graph 
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Table 37  Fabric 3 Bottom, MMT Results 
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Figure 96  Fabric 3 Bottom, MMT Graph 
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Figure 97  Fabric 3 Bottom, MMT Multi-Graph 
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Table 38  Fabric 4 Top, MMT Results 
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Figure 98  Fabric 4 Top, MMT Results 
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Figure 99  Fabric 4 Top, MMT Multi-Graph 
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Table 39  Fabric 4 Bottom, MMT Results 

 Wetting Time Wetting Time Top Bottom Top Max Bottom Max Top Bottom Accumulative

MMT Top(sec)  Bottom(sec) Absorption Absorption  Wetted Radius  Wetted Radius  Spreading Speed  Spreading Speed  one-way transport  OMMC

 Rate(%/sec)  Rate(%/sec) (mm) (mm) (mm/sec) (mm/sec) index(%)

F-4- Bottom-1 4.116 4.036 23.4966 61.2273 20 20 3.4466 3.4949 514.3344 0.8502

F-4- Bottom-2 3.555 3.475 21.1752 59.9724 20 25 3.5257 3.7884 500.474 0.8712

F-4- Bottom-3 4.357 4.116 15.6327 58.4671 20 20 3.0415 3.1602 459.6631 0.8146

F-4- Bottom-4 4.036 3.956 18.7535 53.9167 20 20 3.4105 3.4804 432.0615 0.8287

F-4- Bottom-5 4.516 4.196 25.2851 53.3063 20 20 3.6165 3.5814 442.4108 0.8354

Mean 4.116 3.9558 20.8686 57.378 20 21 3.4082 3.5011 469.7888 0.84

S.Deviation 0.3672 0.2833 3.8208 3.581 0 2.2361 0.2198 0.2268 36.0601 0.0216

CV 0.0892 0.0716 0.1831 0.0624 0 0.1065 0.0645 0.0648 0.0768 0.0257
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Figure 100  Fabric 4 Bottom, MMT Graph 
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Figure 101 Fabric 4 Bottom, MMT Multi-Graph 
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7.2 Appendix B 

Table 40  Human Wear Trial Data Log, Subject 1 – Baseline 
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Table 41  Human Wear Trial Data Log, Subject 1 - Garment 1 
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Table 42  Human Wear Trial Data Log, Subject 1 - Garment 2 
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Table 43  Human Wear Trial Data Log, Subject 1 - Garment 3 

 
 

Name Subject 1

Date 1/27/09

Garment Garment 3

Research Data Log

Prepartion Baseline Rest 1 Mid-Run (6) Rest 2 Mid-Run (8) Rest 3 Rest 4-B Rest 4-E Post

Subject Weight 140.5 139.5

Garment Weight

Forehead 34.5 32.3 29.4 31.7 30.1 31.6

Upper Chest 29.2 27.5 27.1 25.9 25.2 25.3

Lower Chest 28.3 29.1 27.7 23.8 26.4 23.7

Bicep 31.4 29.4 28.2 27.7 28.5 29.6

Forearm 31.4 30.8 28.8 28 27.9 29.1

Thigh Front 30.8 29.6 30.4 32 32.1 31.9

Calf Front 29.8 29.1 31.5 30.8 31.3 30.3

Left Ear 32.5 30.0 31 30.7 31.2 29.9

Upper Back 27.7 28.2 27.5 28.7 28.2 25.1

Lower Back 27.5 27.5 26.9 26.2 26 22.5

Thigh Back 30 30.0 30.6 31.2 30.5 29.8

Calf Back 30.67 30.8 32.3 30.5 30.6 31

Blood Pressure 140/79 148/69 156/66 164/64 165/74 174/72 160/62 144/99

Heart Rate 46 71 108 110 126 127 73 52

SpO2 100 96 99 100 100 98 98 100

SysxHr/1000 6.0 9.7 16.6 18.3 20.9 21.7 11.8 7.2

Comfort Assessment x x x x x

Sensation Assessment x
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Table 44  Human Wear Trial Data Log, Subject 1 - Garment 4 
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Table  : Human Wear Trial Data Log, Subject 2 - Baseline 
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Table 45 Human Wear Trial Data Log, Subject 2 - Garment 1 
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Table 46  Human Wear Trial Data Log, Subject 2 - Garment 2 
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Table 47  Human Wear Trial Data Log, Subject 2 - Garment 3 
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Table 48  Human Wear Trial Data Log, Subject 2 - Garment 4 
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Table 49  Human Wear Trial Data Log, Subject 3 - Baseline 
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Table 50  Human Wear Trial Data Log, Subject 3 - Garment 1 
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Table 51  Human Wear Trial Data Log, Subject 3 - Garment 2 
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Table 52 Human Wear Trial Data Log, Subject 3 - Garment 3 
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Table 53  Human Wear Trial Data Log, Subject 3 - Garment 4 

 



212 

 

Table 54  Human Wear Trial Data Log, Subject 4 - Baseline 
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Table 55  Human Wear Trial Data Log, Subject 4 - Garment 1 
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Table 56  Human Wear Trial Data Log, Subject 4 - Garment 2 
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Table 57  Human Wear Trial Data Log, Subject 4 - Garment 3 
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Table 58  Human Wear Trial, Subject 4 - Garment 4 
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Table 59  Human Wear Trial Data Log, Subject 5 - Baseline 
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Table 60  Human Wear Trial Data Log, Subject 5 - Garment 1 
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Table 61 Human Wear Trial Data Log, Subject 5 - Garment 2 
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Table 62  Human Wear Trial Data Log, Subject 5 - Garment 3 
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Table 63 Human Wear Trial Data Log, Subject 5 - Garment 4 

 
 

 

 


