
ABSTRACT 

PACE, RACHEL ALINE. The Effects of Woven Structure Design, Layering, and Common 

Seam Types on Permeability for Thermal Comfort. (Under the direction of Dr. Minyoung Suh 

and Janie Woodbridge). 

 

This study investigated the differences in permeability through various woven fabric 

designs, layers and seam types to find indications of positive responses that would lead to 

thermal comfort. 9 woven structures found an initial air permeability (AP) trend in 3 weft satins 

based on increasing weave factors. Moisture vapor transmission rates (MVTR) taken in a 

controlled environment showed no discernable difference between 3 weft satins and a plain 

weave, indicating weave factor does not play a significant role in MVTR when comparing 

fabrics made from the same yarn and same weaving parameters. AP tests on double and triple 

layer variations of 3 weft satins and a plain weave, showed that there is not a complete AP 

reduction when layering same fabrics. Common woven seams, open and closed, were sewn into 

the fabric samples, and tested for AP. Results showed that for more practical woven fabrics, open 

and closed seams improve AP up to a certain longest float length and warp and weft threads per 

repeat. This indication could lead to the theory that more seams should be added to woven 

garments when needed for hot environmental conditions.  
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CHAPTER 1 

1. Introduction 

Woven fabrics are used in daily life for most people, from wearing professional woven 

dress shirts to work, to more casual woven denim jeans to school. These materials have a great 

effect on both the physiological and psychological feeling of humans. Thermal comfort 

encompasses both of these phenomena. Thermophysiological comfort is determined by three 

primary variables, moisture management, heat transfer properties, and air permeability [1].  

Permeability of a material is one of the key ways in which thermal comfort can be 

achieved in hot conditions. This includes both the air permeability, where air can move more 

freely between the skin and the environment, and the moisture vapor permeability that involves 

moisture evaporating and moving away from the skin’s surface. Air permeability falls under the 

convective cooling method of heat transfer, while moisture vapor transmission falls under the 

evaporative method of heat transfer.  

These methods of heat transfer are however not the only ways to achieve better thermal 

comfort. It is important to understand more fully what comfort is, and what the different heat 

transfer mechanisms are, and how they are tested. How materials or garments are tested for 

thermal comfort properties, such as air permeability (AP) or moisture vapor transmission rate 

(MVTR), is very broad. Research into past studies on different fabric or garment properties and 

their relation to thermal comfort properties is vital in emphasizing the needs within the industry 

for further research. The methods used within prior quantitative research will also help to guide 

further research.  

This research aims to look at three main components that may have a large effect on the 

permeability heat transfer mechanism through fabric or garments. The first component is how 
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woven fabric structural designs will alter either AP or MVTR through a material. This single 

layer experiment will identify any trends that occur within woven structural designs regarding 

the permeability achieved. The second component involves layering woven fabrics to determine 

how layering of clothes or fabric materials will alter the permeability between the skin and the 

environment. Lastly, the third component will combine theories from both previous components 

to understand how garment seams will affect permeability at the seamline.  

Garment seams are typically thought to be bulky and may reduce permeability within a 

garment [2]. Seams involve layering of the fabric within a small portion of the garment, and the 

layered areas would theoretically have less permeability than areas of a single layer of material. 

Seams also involve the addition of more thread, which could again reduce permeability by 

adding material that obstructs air or moisture vapor movement. Most designs will attempt to 

reduce the number of seams within a garment, not only to reduce cost, reduce bulk, or for 

aesthetic purposes, but possibly as a way to reduce excess layering that could lead to less 

permeability and more heat retention under the clothing. Understanding how garment seams and 

layering truly alter permeability within woven fabrics is important to designing woven garments 

for any hot condition use.  
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CHAPTER 2 

2. Literature Review 

The scope of this literature review is to: assess what thermo-physiology means in regards 

to fabric; assess the various types of cooling that lead to thermal comfort; investigate the 

research methods used to analyze thermal comfort of woven fabrics; assess the research on how 

yarn affects thermal comfort; assess the research on how material parameters affects thermal 

comfort; assess the research on how garment parameters affect thermal comfort. This literature 

review will explain any gaps in previous research leading to the necessity of further research.  

2.1. Thermal Comfort 

2.1.1. Comfort 

Comfort of the human body involves a harmony between the psychological, 

physiological, and physical state between the human and the environment. Therefore, comfort is 

not just a physical property relating to the environment, but also a condition of the mind. 

Psychological and physical features of clothing, such as color, garment fit or style, are 

determined by designers, while the psychological and physical characteristics are adapted by 

technologists including fiber content, yarn type, fabric construction, finishing treatments, etc. 

These influence comfort through thermal retention or transmission, moisture vapor permeability, 

air permeability, water resistance, and more [3].  

2.1.2. Human-Clothing-Environment System 

The primary purpose of clothing is to provide a barrier to protect the body from the 

environment [3]. Clothing creates a microclimate between the skin and the fabric which acts as a 

barrier to heat and vapor transfer between the environment and the skin [4].  
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2.1.3. Thermal Comfort 

Given that thermal comfort is a condition of the mind, it is achieved when there is a 

perception of satisfaction with the thermal environment. Since thermal comfort is mostly a 

mental condition, it is hard to convert it to physical parameters. There are, however, perceivable 

responses of the body to heat change. The human body can maintain thermal comfort over a 

large range of conditions by adjusting its rate of heat loss. This is done through altering the blood 

flow or moisture release rates at the skins surface. When the body becomes too warm, blood 

vessels vasodilate, which increases blood flow through the skin and initiates sweating. The 

process of sweating and evaporation of sweat can quadruple the body’s heat loss, cooling it down 

drastically, depending on the environmental conditions. The body can also conversely decrease 

its heat loss by vasoconstricting the blood vessels, which reduces the blood flow through skin, 

and by stimulating muscles causing shivering which increases internal heat production. It is not 

until the body experiences conditions outside of this range of adjustments that a person becomes 

aware of thermal discomfort [3]. 

2.1.4. Heat Transfer Mechanisms 

2.1.4.1. Radiation 

Most fabrics keep air trapped and reduce thermal conduction, creating warmth. The body 

emits thermal radiation as mid-infrared (IR) waves. These wavelengths are typically trapped by 

fabric and cannot escape, causing the temperature of the wearer to rise. One example of a 

radiative cooling fabric is Polyethylene nanoporous (nanoPE) fabric. It is made with pores of 50-

100nm in diameter, making the fabric essentially transparent to the 7-14µm wavelengths of the 

mid-IR thermal radiation produced by the body. This transparency, however, does not apply to 

visible wavelengths of 400-700nm, so the fabric still appears opaque [5]. This method of 
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radiative cooling would be most efficient in a single fabric layer garment, as to not trap the mid-

IR wavelengths in an outer layer. NanoPE, however, is not a woven material and applied 

additional radiative cooling by woven materials is not possible at this time.  

2.1.4.2. Conduction 

2.1.4.2.1. Intrinsically Conducting Polymers 

Intrinsically conducting polymers (ICP’s) or “synthetic metals” are flexible polymers that 

exhibit electrical, magnetic and optical properties. These conducting polymers are synthesized by 

means of chemical oxidative polymerization or electrochemical polymerization. The resultant 

synthesized product is either a powder, film or composite. These ICP’s are primarily being used 

in industrial areas of research, including sensor research, in which the ICP’s are applied to fabric 

to create fabric strain sensors [6]. 

It is believed that ICP coated fabrics may also be able to achieve a cooling effect on a 

wearer. This method of cooling would be achieved by a DC current applied to two dissimilar 

conducting polymers, creating a thermal electric effect by which the colder material will move 

heat away from the body by direct contact with the skin. Studies show, however, that the 

thermoelectricity effect between two conductive polymer powder coated fabrics was only about 

10µV/C°. So far, this means of cooling is shown to be possible, but not perfected to a large 

degree or stability [7]. 

2.1.4.2.2. Minerals 

Minerals are normally an inorganic, naturally occurring crystalline structure. These 

organized structures are composed of a single chemical compound or element. Minerals can 

either be Insulating, Average, or Conducting. Conducting minerals mean they are cold to the 
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touch. These minerals have the ability to conduct warmth from the body rapidly. The element 

subclass of minerals includes metals, metal alloys, native non-metals and semi-metals. Of this 

category, diamond, a native non-metal element, has the highest thermal conductivity, followed 

by the metal element silver. Other examples of non-metallic cooling minerals include corundum, 

hematite, spinel, and pyrite [8]. 

An Atlanta-based company, brrr°, in conjunction with researchers at Intertek and the 

Hohenstein Institute, use natural minerals in their active apparel in an attempt to create both an 

on contact and a continuous cooling effect for the wearer. The minerals start as a powder and are 

then melted, extruded, and chopped into small pellets. These pellets are combined with 

thermoplastic polymer during melt spinning. The exact mix and amount of minerals used to 

create the fabrics can be altered to achieve different levels of cooling. The resultant fabric and 

garments, however, do not solely rely on the cooling ability of minerals. They are enhanced with 

specialized wicking fiber cores and proprietary fabric structures for increased air flow. Testing of 

these fabrics using a Qmax Cooling Test showed that the materials were anywhere from 30-85% 

more effective in cooling than traditional nylon, polyester, or cotton. The garments made from 

the materials are claimed to reduce temperature of the skin by up to 3°F over 20 minutes, but it is 

unknown how much of the effect is a direct result of the conducting minerals [9]. 

2.1.4.2.3. Liquid 

Liquid conduction cooling can be more efficient at cooling than methods involving air, 

because liquid has higher levels of thermal conductivity or heat radiation. Liquid cooling 

garments (LCG’s), however, need to have an energy source to cool the liquid and therefore the 

wearer. Most LCG’s involve the implementation of tubes of liquid, circulated and cooled by a 

battery powered cooling unit. If controlled automatically or manually to be able to adjust the 
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cooling amount, these cooling garments can sufficiently reduce body temperature. Liquid 

cooling, however, may not meet weight or mobility restrictions in certain situations needing a 

cooling effect [10]. The nature of the liquid cooling method is not textile exclusive, and 

implements tubes of liquid, and an energy source into a garment, requiring more than just a 

fabric garment to achieve cooling. 

2.1.4.3. Evaporation 

Latent heat transfer is achieved by moisture transmission related to water vapor pressure 

differences between the skin’s surface and the environment. Higher levels of comfort can be 

achieved when permeability of water vapor through clothing is high. This is due to the constant 

production of water vapor by skin, which needs to be released into the environment instead of 

trapped in the microclimate [3]. For cooling to occur in this scenario, sweat produced by the 

body needs to be evaporated into water vapor before it is transferred through the clothing to 

create evaporative heat loss. If moisture vapor remains trapped in the microclimate, it can 

condense and remain on the skin preventing the heat loss from occurring. Spacer fabrics in 

particular will increase air flow through the fabric to promote evaporation on the skins surface 

and transport of the moisture vapor through the material and out into the environment [11]. 

Wicking materials are specialty fabrics and yarns designed to pull moisture from the skin, to be 

evaporated on the fabrics surface. This method is, however, not a method of cooling, but instead 

a method of drying, which can give a psychological feeling of comfort, but is in fact not cooling 

the skin’s temperature down.  
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2.1.4.4. Convection 

Still air held within a garment acts as an insulator. Natural convection occurs when the 

body is in motion, creating slight disturbances to the air held within a garment, and causing 

warm air to rise, which is why many activewear garments feature mesh paneling near the tops of 

the garments. Further disruption of still air can be made through wind or forced air movements 

[12]. Convection can be applied to garments through the use of battery powered fans, which 

creates a continuous air current around the body. This air circulation is a form of forced 

convection and actively cools the wearer [13]. Fan powered convection cooling garments, similar 

to liquid conduction cooling garments, require more than a textile material to produce results. 

2.2. Testing Methods 

2.2.1. Air Permeability 

Air permeability (AP) is defined by ASTM terminology D4850, as the rate of air flow 

perpendicularly to a known area of a material, while applying a specific air pressure [14]. The 

resulting rate of air flow is shown as inch-pound units of ft3/min/ft2. The Frazier Air Permeability 

test, ASTM D737 standard, is used to determine the air permeability of various materials, and 

involves using a test head, clamping system, air pressure system, pressure gage and a flowmeter. 

This test can be used to help determine breathability of fabrics [15].  

2.2.2. Moisture Vapor Transmission Rate 

The moisture vapor transmission rate (MVTR) is a measurement of the rate of moisture 

vapor diffusion through a material, which in turn allows the calculation of the rate of moisture 

vapor loss. Higher values of MVTR, in g/m2 – 24 hours, indicates a greater passage of moisture 
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vapor through a material. North Carolina State University T-PACC uses a Simple Dish Method, 

similar to ASTM E96-80, to determine MVTR [16].  

2.2.3. Qmax Warm/Cool Touch Test 

The Qmax value (watts/m2  ̊C), is a hand property of a material calculated by 

measurements of thermal transport. This value assesses the surface of a material for its initial 

warm/cool sensation and indicates the immediate thermal feeling when skin contacts the 

material. A higher Qmax value indicates more rapid movement of heat from the skin to the 

materials surface, meaning the material feels cooler to the initial touch [17]. This maximum heat 

flow value is measured when a hot plate comes in contact with a fabric and is recorded in a 

fraction of a second. The speed component of the test is done to mimic the touch sensation when 

skin comes in contact with a material [18].  

2.2.4. Vertical Wicking 

Vertical wicking tests measure the rate of water transport of a vertical material strip 

sample. This simple test involves a vertically secured strip of fabric with one end in a dish of 

water and is evaluated for its water transport up the strip per unit time. The more water transport 

vertically, the higher wicking potential of a material [19]. 

2.2.5. Gravimetric Absorbency Testing System  

Gravimetric Absorbency Testing System (GATS) determines a material’s demand 

wettability. Demand wettability is the through plane wicking ability of a material. This test 

specifically mimics sweating skin by measuring the amount of water drawn from a reservoir into 

a material through capillary action. The measurements taken with this test can calculate 
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absorbent capacity and absorbency rate of the material, and percent evaporation of moisture, 

indicating the ratio between absorbed moisture and evaporated moisture [19].  

2.2.6. Calorimetry 

Calorimetry measures the amount of heat transferred to or from a substance. Calorimeter 

is the device that takes the measurement during a chemical or physical process. Calorimeters are 

well-insulated to prevent heat from transferring to and from the calorimeter and its environment. 

Testing within a calorimeter involves placing two substances of different temperatures inside and 

calculating the heat loss of one substance and heat gain of the second substance. These loss and 

gain values should be equal, assuming the calorimeter and its environment does not take in any 

heat. The two substances within will reach a thermal equilibrium [20]. 

2.2.7. Differential Scanning Calorimetry 

Differential Scanning Calorimetry (DSC) measures how a material’s specific heat 

capacity changes with temperature. This is done by heating or cooling a material of known mass 

and tracking the changes in its specific heat capacity along a changing heat flow. This type of 

measurement can also detect transitions of a material’s state, such as melting point [21]. ASTM 

has a standardized testing method for this called the ASTM E1269-11 Standard Test Method for 

Determining Specific Heat Capacity by Differential Scanning Calorimetry. This test involves 

using a DSC apparatus, consisting of a DSC Test Chamber with a furnace, temperature sensor, 

differential sensor, temperature controller, data collection device, containers, and a balance. The 

apparatus also needs a way to sustain an environment of inert purge gas at a constant purge flow 

rate, as well as have a cooling capability to speed up cool down from elevated temperatures [22]. 
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2.2.8. Guarded Sweating Hot Plate  

The guarded sweating hot plate measures the heat flow from a heat test plate, through a 

material, into the environment. This is done for both simulated wet and dry skin conditions, with 

the hot plate calibrated to skins surface temperature, 35ºC. In the dry state, measurements of dry 

heat transfer are used to calculate thermal resistance/insulation (clo). In the wet state, fed by 

water to sweat the plate, the wet heat transfer measurements are used to calculate evaporative 

resistance. The measurements also correlate to material permeability, breathability and heat loss 

from sweat evaporation. Measurements in the dry and wet state combined can calculate the Total 

Heat Loss (W/m2) of a material. These measurements follow requirements of the ASTM F1868 

Standard Test Method for Thermal and Evaporative Resistance of Clothing Materials and/or the 

ISO 11092 Textiles – Physiological Effects – Measurement of Thermal and Water-Vapor 

Resistance Under Steady-State Conditions [23]. 

2.2.9. Thermal Conductivity/Resistance 

Thermal conductivity is the total heat transmitted through a fabric per unit time with unit 

temperature difference. Thermal resistance of a fabric is the reciprocal of its thermal 

conductivity. A Togmeter is a device used to compare a fabric sample with a known thermal 

conductivity value to determine the rate of heat flow through the fabric. A Togmeter uses either 

the two-plate method or single-plate method. In the two-plate method, fabric is placed between a 

heated lower plate and insulated top plate, and temperatures at the heated side of the bottom 

plate, fabric side of the bottom plate, and fabric side of the top plate are recorded to determine 

the thermal conductivity of the fabric. For the single-plate method, fabric is again placed on a 

heated plate, but instead is left uncovered at the top. The heated side of the bottom plate, fabric 

side of the bottom plate, and air just above the fabric are measured for temperature. The single-
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plate method in turn is also including the thermal conductivity of the air, so a second test needs 

to be run without any fabric, just to calculate the base value of the air. The difference in these 

two tests will yield the thermal conductivity of the fabric sample [24]. 

2.2.10. Thermal Effusivity 

Thermal effusivity, also known as thermal inertia, measures the rate at which a fabric 

absorbs heat from the skin. Fabrics with high effusivity will feel cold to the touch, because they 

are conducting heat away from the skin at a fast rate upon initial contact. There is a textile 

standard test for this measurement called the ASTM D7984 Test Method for Measurement of 

Thermal Effusivity of Fabrics Using Modified Transient Plance Source (MTPS) Instrument. 

There is one machine that conforms to this standard, the C-Therm TCi. This machine can 

measure both the thermal conductivity and thermal effusivity of wet or dry fabrics [25].  

2.3. Fiber, Yarn and Fabric Design Studies 

Thermal comfort of yarn and fabric designs have been researched using many different 

methods of thermal testing, and to various degrees. Research involving fiber fineness, shape, and 

diameter, as well as yarn twist and materials have all been investigated for their thermal affects. 

For fabric design, the yarn counts involved, picking counts, and various weave designs have also 

been researched for their thermal affects. The following studies are specifically called out to 

determine what gaps are present within thermal comfort studies of fibers, yarns, or fabric.    

2.3.1. Study 1: Fiber Fineness and Shape 

One study, by R.K. Varshney, V.K. Kothari, and S.Dhamija, tested how altering the fiber 

fineness and cross-sectional shape of a polyester yarn would alter the air permeability and 

moisture vapor transmission rate through a twill fabric. Their test involved four different fiber 
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finenesses and four cross-sectional shapes (circular, scalloped oval, tetrakelion, and trilobal). The 

results of their study indicate that there is a positive correlation between fiber decitex and both 

air permeability and moisture vapor transmission rate. Cross-sectional shapes also had a 

significant affect, with non-circular shapes improving AP and MVTR [26].  

2.3.2. Study 2: Fiber Shape and Size 

A second study, by B.Das, A.Das, V.K.Kothari, R.Fanguiero, and M.de Araujo, looked 

into how changing fiber cross sectional shape and fiber diameter would affect moisture and air 

transmission properties. The research involved 4 types of fibers (circular, triangular, trilobal and 

microdenier) all made from polyester. Water vapor transmission rate, AP, vertical wicking and 

in-plane wicking were tested. The results of this research showed that as the fiber shape factor 

increased, the wicking properties also increased, but the AP and water vapor transmission both 

decreased. Also, as the fiber diameter decreased, the wicking properties increased and the AP 

and water vapor transmission both decreased [27]. 

2.3.3. Study 3: Yarn Twist 

A third study, by D.Atalie, G.K. Rotich, and A.F. Tesema, investigated how weft twist 

would affect many thermal comfort properties of cotton plain weave fabrics. 5 weft twist levels 

were tested (900, 905, 910, 915 and 920 twists/m). Yarn counts, thread densities and the weave 

structure were all kept static. The research tested thermal conductivity, thermal resistance, actual 

insulation, water permeability, and air permeability of these different yarn twists within plain 

weaves. The results showed a negative relationship between twist and both the actual insulation 

and the thermal resistance of the fabric, meaning as twist is increased, insulation and thermal 

resistance go down. The results also showed a positive relationship between twist and both air 
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permeability and water permeability; as twist is increased, AP and WP increase. Thermal 

conductivity however did not statistically change with the changing twist of the cotton yarns 

[28].  

2.3.4. Study 4: Yarn Counts and Weave Designs 

A fourth study, by E.Tastan, M.Akgun, A.Guarda, and S.Omeroglu, looked into how 

altering weft counts and yarn twist levels would affect AP of woven fabrics. They also 

investigated how altering weave types would affect the AP. They used 2 weft counts (Ne 20/2 

and Ne 70/2) as well as four yarn twist levels (120, 360, 600, and 840 turns/m), and 3 weave 

types (plain, 1/3 twill and 1/7 sateen). The warp counts used in each test were static. The results 

of this experiment showed that as yarn counts and yarn twist increases, AP increases. The results 

also indicated that the 1/7 sateen was the most air permeable, followed by the plain weave and 

then the 1/3 twill [29]. 

2.3.5. Study 5: Weave Designs and Yarn Materials of Bilayer Fabrics 

A fifth study, by M.U.Nazir, K.Shaker, Y.Nawab, M.Z.Fazal, M.I.Khan, and M.Umair, 

looked into how bilayer woven fabrics were affected, for their thermal properties, by differing 

weave designs and yarn materials. The front layer of each tested fabric was a plain weave cotton. 

The back layers consisted of 2 weave designs (2/2 twill and 3/1 twill), and 4 yarn materials 

(cotton, polyester, micropolyester, and nylon). The air permeability, thermal resistance, and 

water vapor resistance were measured for each fabric. The resulting overall moisture 

management capacity was also determined. The results of this study showed that in a bilayer 

fabric, both the front and the back layers are important in determining comfort properties. AP 

was highest in the fabrics with cotton as both the front and back layer. The 2/2 twill had a higher 
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thermal resistance than the 3/1 twill. Overall, it was determined that the micropolyester 3/1 twill 

back layer produced the best comfort properties [1].  

2.3.6. Study 6: Weave Designs and Picking Sequences 

A sixth study, by M.Umair, T.Hussain, K.Shaker, Y.Nawab, M.Maqsood, and M.Jabbar, 

researched how altering the weave designs and picking sequences of a woven fabric would 

change its wetting, wicking, and AP. There were 2 weave designs (3/1 twill and 1/1 plain) and 3 

picking sequences (SPI, DPI and 3PI) tested. The results indicated that the 3/1 twill and 3PI 

picking sequences produced higher air permeability, shorter wetting times and increased water 

spreading rates than the plain weaves or the SPI or DPI picking [30].  

2.3.7. Study 7: Weave Designs 

A seventh study, by A.Asayesh, M.Talaei, and M.Maroufi, was conducted to test how 

varying weave structures would affect thermal resistance and conductivity of cotton fabrics. The 

study consisted of testing 23 different weaves (1 plain weave, 4 different twills, 6 warp ribs, and 

12 hopsacks). These weaves were all woven using the same warp and weft densities, and had a 

cotton yarn count of 24/2 Ne. The thermal resistance was tested for each, and the thermal 

conductivity was then calculated. The results of the study indicated that the plain weave had the 

lowest thermal resistance and therefore highest thermal conductivity, while the hopsack 2/2 (4) 

had the highest thermal resistance and lowest thermal conductivity. In all fabrics, except for 

hopsack (4), the results also indicated that the warp float lengths had a significant effect on the 

thermal resistance of the fabric. Increasing the warp float length, increased the thermal resistance 

[31]. 
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2.4. Garment Feature Studies 

Beyond yarn and fabric designs, there has been research into how garment features 

influence thermal comfort properties. Research involving woven fabric layers, the arrangement 

of layers, the use of different seam types, and garment openings, has all been done to analyze the 

effect on thermal comfort. The following studies are shown for their use of garment features as 

variables to test thermal properties using one or more thermal comfort testing methods, to 

determine what gaps are visible in garment studies.    

2.4.1. Study 1: Woven Fabric Layers 

Study 1, by S.Sundaramoorthy, P.K.Nallampalayam, and S.Jayaraman, looks at creating a 

model to predict air permeability of multilayer woven fabrics. Their study looked at the fabric 

cover factors and proposed distortion of yarns when adding layers to a woven fabric. Fabric 

cover factors used in the model were determined using an image processing method. Proposed 

distortion factors were determined based on yarn liner densities and fabric structures. Based on 

the applied research, they concluded that the AP of woven fabrics decreases to a large degree as 

the number of fabric layers increases. The rate of decrease of the AP was directly proportional to 

the cover factors and inversely proportional to the distortion factor. The models created were 

validated by applied research creating a usable model to help with the design of multilayer 

woven structures with specifically desired AP requirements [32].  

2.4.2. Study 2: Fabric Layering Arrangements 

A second study, by M.Tian, S.Zhu, N.Pan, L.Qu, G.Han, and F.Pan, experimented with 3 

types of commercial fabrics, to determine how layering arrangements would affect thermal 

responses. The 3 fabrics chosen all had different constructions and fiber types. Based on 
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Fourier’s Law, the researchers determined that thickness would have too great of an effect on the 

rate of heat flow through the material. To compensate for this, the 3 fabrics were layered 

accordingly to create 3 primary samples. Sample A was 1 piece of Fabric 1. Sample B was 6 

pieces of Fabric 2, and Sample C was 7 pieces of Fabric 3. All three Samples, A, B, and C, then 

had equal thicknesses, of 2mm. The thermal conductivity, thermal diffusivity, and specific heat 

capacity was determined for each sample A, B, and C [33].  

To test the effects of layering arrangements on thermal response, samples A, B, and C 

were arranged in 6 different orders: ABC/ ACB/ BCA/ BAC/ CAB/ CBA. The heat flow through 

the layered arrangements was tested using a heat plate on one side of the material, and an 

isothermal cold plate on the opposite side. The results of these tests indicated that the 1st layer of 

the multilayer arrangement in contact with the heat is the most important layer in determining 

thermal response. It was also determined that the volumetric heat capacity of the layer in contact 

with the heat plate was the main factor in determining thermal response [33]. 

2.4.3. Study 3: Seam Types 

A third study, by E.Beaudette and H.Park, tested how using different seam types for 

athletic apparel would affect the thermal properties of the garment. 2 primary knit seam types 

were tested (overlock and flatlock); as well as an adhesive film seaming method. The researchers 

used a full bodysuit tested on a thermal manikin to test the thermal insulation, air permeability 

and water vapor transport of each sample. The results of this research showed that the flatlock 

seam had the highest thermal insulation and lowest AP. Results also indicated that each seam 

type reduced the overall AP compared to no seam. There was no statistical difference between 

any of the 3 samples for their water vapor transport rate. This can be a good indicator for which 

seam type will improve or degrade thermal properties of athletic apparel [2].  
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2.4.4. Study 4: Garment Openings 

Study 4, by J.E.Ruckman, R.Murray, and H.S.Choi, investigated how openings within 

outdoor jackets affect the thermal regulation of the human body. Their research involved 2 

outdoor jackets, one made from PTFE laminated fabric, and the other made from polyurethane 

coated fabric. The jackets were tested on 6 male subjects, all performing like exercise 

representative of fell walking, or hiking. The researchers tested 4 different locations on the body 

for skin temperature, both during rest and exercise. The amount of perspiration generated by 

each subject was also recorded. Their study concluded that during exercise, the pit openings, 

specifically at the sleeves and side seams, had a large effect on the thermal regulation of the 

subject regardless of the base fabric. However, at rest, the base fabric was of larger importance to 

the thermal regulation [34].  

2.4.5. Study 5: Garment Openings and Air Permeability 

A fifth study, by P.M.Matthew and M.R.René, was done to explore how different air 

permeable materials affect the efficiency of ventilation features in garments. 3 types of 

ventilation features were assessed, chest zips, back zips and pit zips. 2 insulating fabric layers 

were tested, one with a low air permeability and one with a high air permeability. These 

garments were tested on a 26-zone thermal torso manikin. The researchers analyzed each at both 

a low wind speed and a high wind speed. The results of their study concluded that a high AP 

insulation layer increases the efficiency of all of the ventilation features. At a low wind speed, 

the high AP layer increased efficiency by 7%, while at high wind speed, it increased by 10%. 

Their research determined, however, that there was no particular ventilation feature that was 

more effective than the others [35]. 
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2.5. Gaps in Literature 

Permeability of a material, in hot environmental conditions, is one of the top contributors 

to transfer heat and sweat away from the skin and cool the body by means of evaporative and 

convective cooling. Although some of the studies found above have tested air permeability and 

water vapor permeability through various materials, there is still much that can be expanded 

upon to understand thermal comfort of different fabrics.  

There is a need for research on AP and MVTR involving more varied weave structures. 

Previous studies primarily focused on plain weave or twill weave. There is limited 

experimentation involving basket weaves, satin weaves, waffle weaves, and other variant weave 

designs. Comparing many types of weave structures, while keeping other variables constant, 

such as yarn type, EPI, and PPI, would develop upon the ideas of how woven structures affect air 

permeability and MVTR. Further research is also needed to explain why different weave 

structures have different air permeabilities or MVTR. Basic analysis into thickness, weight, float 

lengths, weave factors, cover factors, and more could be useful into explaining how weaves 

change the overall permeability of a fabric.  

Fabric layering occurs in many garments without being perceived by the wearer. In all 

common seams used in woven garments, there is a layering affect within the seam. To 

understand how this layering in seams alters permeability of a material, basic layering of the 

same fabric needs to be investigated. Previous research has focused more on layering of various 

materials to create specific garments. Research into how directly increasing the number of layers 

of a singular material would help to explain how thickness, weight, and airflow channels affects 

permeability.  
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Research into how seams effect permeability within garments is also very limited. 

Previous research focuses more on knit garments for athletic apparel, where seams are often 

stretched over the body. The effect of basic seams used in woven garments on the permeability 

through a material should be investigated. Comparing seam types, and their layering affects, 

could indicate which seam types are more effective for creating a highly permeable woven 

garment. Also considering the stitch used to create seams and how that affects air passages 

within a woven material would be important in understanding how seams affect permeability of 

air through a material. 
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CHAPTER 3 

3. Experimental Methods and Procedures 

3.1. Sample Preparation 

3.1.1. Yarn/Thread 

Cotton yarns were chosen for both the warp and weft yarns of the weaves to eliminate 

varying fiber types from causing differences in permeability testing. 30/2 Ring Spun Mercerized 

Cotton were chosen for the warp yarns, in colors white, red, green, and blue. 40/2 Ring Spun 

Mercerized Cotton in white was chosen for the weft yarns. Sewing thread used to create seams 

was chosen as cotton 24 Ncc in black. The diameters of the warp and weft yarns, as well as the 

sewing threads, were calculated using the formula: 

𝒅(𝟏,𝟐,𝟑) =
𝟏

𝟐𝟗.𝟑
√

𝟏

∅𝒑𝒇𝑵𝒄𝒄
          (3.1) 

where 

 d1 = warp yarn diameter, 

 d2 = weft yarn diameter, 

d3 = sewing thread diameter, 

𝒑𝒇 = fiber density, g/cm3, 

∅ = yarn packing factor = 
𝒑𝒚

𝒑𝒇
, 

𝒑𝒚 = yarn density, g/cm3, and 

𝑵𝒄𝒄 = yarn number in cotton (h/lb). 

Ring spun yarn has a packing factor (∅) of 0.6, cotton has a fiber density (𝒑𝒇) of 

1.52g/cm3, the warp yarn used has a yarn number in cotton (𝑵𝒄𝒄) of 15, and the weft yarn used 
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has a 𝑵𝒄𝒄 of 20, and the sewing thread has a 𝑵𝒄𝒄 of 24 [36]. Using formula 3.1, it was found that 

the warp yarn diameter (d1) = 0.00923in., the weft yarn diameter (d2) = 0.00799in., and the 

sewing thread has a diameter (d3) = 0.00730in. 

3.1.2. Weaving 

All woven samples were woven on a Dornier Rigid Rapier Loom with Staubli Electronic 

Jacquard Loom, 4800 End Repeat (57” width). The warp was run at 84 ends/inch; arranged in an 

alternating tapestry warp color rotation of white, red, green, and blue. The weft was run at 50 

picks/inch. Table 1 indicates the 9 weave designs created for this research, with the diagrams for 

each being found in Appendix A. 

Table 1. Nine woven fabrics created. 

Fabric ID Title Diagram 

A 2x2 Plain Weave Appendix A 

B 8x8 Basket Weave Appendix A 

C 5-harness weft Satin Appendix A 

D 10-harness weft Satin Appendix A 

E 20-harness weft Satin Appendix A 

F 12x12 Waffle Weave Appendix A 

G 18x16 Waffle Weave Variation Appendix A 

H 20x20 Waffle Weave Variation Appendix A 

I 24x24 Gradating Pointed Twill Appendix A 
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The weave factor, or ratio of threads to interlacing’s within a weave, are calculated for 

each of the 9 woven materials. This relationship can be used to represent the average float 

lengths and will lead to further calculation of fabric tightness or construction factor. Weave 

factor [36] was calculated as: 

𝑀1 =
𝑁1

𝑖1
         (3.2) 

𝑀2 =
𝑁2

𝑖2
         (3.3) 

where 

 M1 = warp weave factor, 

 M2 = weft weave factor, 

N1 = number of warp ends per weave repeat, 

N2 = number of weft threads per weave repeat, 

i1 = number of weft intersections per weave repeat, and 

i2 = number of warp intersections per weave repeat. 

These calculations are made by referring to the N1,2 and i1,2 values from the weave design 

diagrams in Appendix 1. For symmetric square weave designs, M1=M2=M, where M is referred 

to as weave factor. 

After weaving, each of the 9 samples were washed using an at-home Whirlpool Front-

Loading Automatic Washer, on the cold wash cycle, with extra fast spin speed, and no detergent 

[37]. Each woven sample was then air dried. Physical properties of the weave designs were then 

calculated after washing was complete.   

Pick and end counts were counted per ASTM D3775, Standard Test Method for End 

(Warp) and Pick (Filling) Count of Woven Fabrics. Five counts were taken from randomly 
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selected 1”x1” squares of material and averaged [39]. The resulting counts indicate the ends/inch 

or EPI and picks/inch or PPI for each material.  

Shrinkage due to laundering was based on the AATCC Test Method 96-2012, which uses 

the dimension of the warp and weft before and after laundering to determine the % Dimensional 

Change [40]. Shrinkage % for the warp and weft directions were calculated as: 

 Shrinkage Warp % = (1 −
𝐸𝑃𝐼 woven

𝐸𝑃𝐼 average count
) ∗ 100     (3.4) 

 Shrinkage Weft % = (1 −
𝑃𝑃𝐼 woven

𝑃𝑃𝐼 average count
) ∗ 100     (3.5) 

Warp and pick spacings for each material after washing were also calculated [36]. Pick 

spacing (p2) was calculated by: 

 p2 (in) = 
1

𝑃𝑃𝐼
          (3.6) 

and warp Spacing (p1) was calculated by: 

p1 (in) = 
1

𝐸𝑃𝐼
          (3.7) 

Using the yarn diameter information from equation 3.1, along with the pick spacing from 

equation 3.6, the longest warp float length in inches can be determined. This will be necessary 

when understanding how seams affect permeability through a woven material, by comparing the 

longest warp float length to the stitches per inch used when sewing the seams. The longest warp 

float length is chosen as seams will be sewn parallel to the warp direction. The following 

equation can be used to express the longest warp float length in inches: 

𝐹𝐿𝑤𝑎𝑟𝑝 = 𝑃𝑃𝐹(𝑑2) + 𝑆𝑃𝐹(𝑝2)      (3.8) 

where 

 FLwarp = longest warp float length, 

 PPF = picks under per float, 
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 d2 = weft yarn diameter, 

 SPF = pick spaces per float, and 

 p2 = pick spacing. 

Warp and weft cover factors were measured by determining the area of fabric covered by 

either warp or weft yarns compared to the pick or end spacing of the fabric. Pierce’s cover 

factors for any yarn type are defined as [36]: 

𝐾1 =
28𝑑1

𝑝1
          (3.9) 

𝐾2 =
28𝑑2

𝑝2
          (3.10) 

where, 

 K1 = warp cover factor, 

 K2 = weft cover factor, 

d1 = warp yarn diameter, 

d2 = weft yarn diameter, 

p1 = warp spacing, and 

p2 = pick spacing. 

 Pierce’s tightness, or cloth cover, is a measure of the area covered by the warp and weft 

yarns compared to the total area of the fabric [36], given by: 

𝐾𝑓 = 𝐾1 + 𝐾2 −
𝐾1𝐾2

28
         (3.11) 

where 

 Kf = cloth cover, 

 K1 = warp cover factor, and 

 K2 = weft cover factor.     
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Ashenhurst’s theory of ends plus intersections is used to determine the maximum sett of 

the woven fabrics. This theory assumes that weave intersections occupy a space equal to the yarn 

diameters, and that the yarns used are perfect cylinders. The maximum sett indicates the 

maximum number of warp ends and picks per unit fabric width and length, respectively [36]. As 

these equations result in maximum threads, the resulting values will be rounded down to the 

nearest thread. These max threads can be used to further find the fabric tightness or construction 

factor after washing. Ashenhurst’s theory of ends plus intersections is given by: 

𝑡1 𝑚𝑎𝑥 =
𝑀1

𝑀1𝑑1+𝑑2
        (3.12) 

 𝑡2 𝑚𝑎𝑥 =
𝑀2

𝑀2𝑑2+𝑑1
        (3.13)  

where 

 t1 max = the maximum number of warp ends per unit fabric width, 

 t2 max = the maximum number of picks per unit fabric length, 

M1 = warp weave factor, 

 M2 = weft weave factor, 

d1 = warp yarn diameter, and 

d2 = weft yarn diameter. 

 Russell’s Tightness, or construction factor, uses t1 max and t2 max from Ashenhurst’s theory 

of ends plus intersections to compare to pick and end density of a woven fabric, to determine the 

overall tightness of the material, on a range from 0-1 [36]. For this equation, the pick and end 

counts are considered the densities, meaning EPI=end density and PPI=pick density. The 

resulting construction factors indicate the fabric tightness after washing and shrinkage have 

occurred, which may result in a tightness greater than 1. Russell’s tightness is defined as: 
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𝐶𝑓 =
𝑡1+𝑡2

𝑡1 𝑚𝑎𝑥+𝑡2 𝑚𝑎𝑥
        (3.14) 

where 

Cf = construction factor, 

t1 = end density, 

t2 = pick density, 

t1 max = the maximum number of warp ends per unit fabric width, and 

 t2 max = the maximum number of picks per unit fabric length. 

Table 2a. Physical property calculation results for 9 woven fabric samples. 

Fabric 𝑴𝟏 𝑴𝟐 EPI PPI 
Warp 

Shrinkage 

% 

Weft 

Shrinkage 

% 

𝒑𝟏 E-02 𝒑𝟐 E-02 
𝑭𝑳𝒘𝒂𝒓𝒑 

(in.) E-03 

A 1.000 1.000 87 59 3.45 15.25 1.15 1.69 7.99 

B 4.000 4.000 88 56 4.55 10.71 1.14 1.79 85.54 

C 2.500 2.500 90 59 6.67 15.25 1.11 1.69 82.81 

D 5.000 5.000 89 55 5.62 9.09 1.12 1.82 217.35 

E 10.000 10.000 88 56 4.55 10.71 1.14 1.79 473.29 

F 1.532 1.532 95 62 11.58 19.35 1.05 1.61 200.95 

G 5.063 4.000 90 56 6.67 10.71 1.11 1.79 188.94 

H 1.852 2.241 90 56 6.67 10.71 1.11 1.79 214.79 

I 1.823 1.823 87 58 3.45 13.79 1.15 1.72 159.37 
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Table 2b. Physical property calculation results for 9 woven fabric samples cont. 

Fabric 𝑲𝟏 𝑲𝟐 𝑲𝒇 𝒕𝟏 𝒎𝒂𝒙 𝒕𝟐 𝒎𝒂𝒙 𝑪𝒇 

A 22.478 13.202 25.082 58 58 1.26 

B 22.737 12.530 25.092 89 97 0.77 

C 23.254 13.202 25.491 80 85 0.90 

D 22.995 12.307 25.195 92 101 0.75 

E 22.737 12.530 25.092 99 112 0.68 

F 24.545 13.873 26.257 69 71 1.12 

G 23.254 12.530 25.378 92 97 0.77 

H 23.254 12.530 25.378 73 82 0.94 

I 22.478 12.978 25.038 73 76 0.97 

 

 Table 2a and 2b show the calculated physical property results for the 9 woven fabrics 

created. The weave factors shown in Table 1a demonstrate the large variation in the weave 

designs and respective average float lengths. All fabrics were originally woven at 84 EPI and 50 

PPI. The EPI and PPI indicated in Table 1a are that of the materials after washing. Each fabric’s 

EPI and PPI increased based on the % warp or weft shrinkage indicated. The fabric shrinkage is 

due to the nature of cotton yarns, which naturally shrink when washed. The differences in 

shrinkage, however, are directly related to the weave designs. Fabric F, the 12x12 Waffle 

Weave, had the largest warp and weft shrinkage as well as EPI and PPI. The fabric shrinkage and 

ending EPI and PPI also lead to differences in warp and pick yarn spacing within each fabric. 

Fabric F, having the largest shrinkage and EPI and PPI, consequently, had the smallest warp and 
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pick spacing. The longest warp float lengths, FLwarp, show that there is a large variation in some 

of the warp lengths. 

Since the woven fabrics were all made with the same initial EPI and PPI, their variances 

in ending EPI and PPI along with warp and pick spacing are not enough to cause large 

differences in warp cover (K1), weft cover (K2), and cloth cover (Kf) based on Pierce’s tightness 

equations, shown in Table 1b. Fabrics can range in Kf values from 7-28, with ranges including 

Open Construction, Regular Construction, or Tight Construction. Based on the cloth cover 

tightness factor, all 9 materials are considered tight construction materials. This result 

demonstrates Pierce’s lack of weave consideration in finding cloth cover. Cloth cover can be an 

overall simple way of finding tightness, but it does not account for behavioral differences when 

comparing different weave types [36]. Figure 1 shows the cloth cover results of all 9 fabrics on a 

scale from 7-28 Kf. As shown, there is limited difference between the materials, but with fabric F 

appearing to be the tightest. 

 

Figure 1. Cloth Cover, Kf, of 9 woven fabrics. 
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Ashenhurst’s theory of ends plus intersections resulted in some problems where t1 max and 

t2 max values were lower than the original EPI and PPI used when weaving, as shown in Table 1b. 

Fabrics A, C, F, H, and I show a lower t1 max, or maximum number of warp yarns, than what was 

originally used in weaving the fabrics. Fabric A also shows a lower t2 max, or maximum number 

of weft yarns, than what was originally woven. These discrepancies could be caused due to the 

assumptions made in Ashenhurst’s theory. Intersections may not be equal to the yarn diameters, 

and yarns may not be perfectly cylindrical [36]. This, along with shrinkage and increased EPI 

and PPI after washing, allow for values of Russell’s tightness, construction factor Cf, to be above 

the limit of 1, as shown in Table 1b. Russell’s tightness, however, includes consideration of 

weave types in the calculation of Cf. This makes the construction factor, Cf, a more reliable 

indicator of fabric tightness than the cloth cover, Kf.  

Figure 2 shows the resulting construction factors after washing for all 9 fabrics, with 

fabric A being the tightest. This could be due to the nature of a plain weave, having a lower 

weave factor than the other weaves tested, meaning that even though the EPI and PPI of fabric A 

after washing was not the highest, the yarns present within the repeat have more intersections 

that may help to create a tighter fabric. Fabric F, the 12x12 Waffle Weave, has the second lowest 

weave factor of the materials tested, and due to the nature of the design, it had the largest 

shrinkage due to washing, leaving the highest number of yarns per inch. These extra yarns as 

well as the lower weave factor could help to increase fabric F’s construction factor, or tightness. 

Fabric E, on the other hand, has the highest weave factor, meaning it has the least intersections 

per yarns within its weave design. This along with a lower shrinkage than most of the other 

materials tested, resulted in fabric E, 20-harness weft satin, being the loosest material, according 

to Russell’s tightness, or Cf, shown in Figure 2. 
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Figure 2. Construction Factor, Cf, of 9 woven fabrics. 
 

3.1.3. Seam Construction 

To create the seams used on the woven fabric samples, each sample was first surged 

using a 302 Pegasus M652-52 2x4 Overedge machine with Needle DCX27. The average thread 

tension of the 4 overedge machine threads was taken using a Checkline EMTX-500 Data 

Logging Limited Access Digital Tension Meter and was found to be 9.25 Centinewtons. The 

seams were then sewn using a 115 Juki DDL-9000B-SS Lockstitch machine with Needle DBx1. 

The average thread tension was taken by measuring the top thread with the Checkline EMTX-

500 Data Logging Limited Access Digital Tension Meter, found to be 15 Centinewtons, and 

balancing the bobbin thread to match the same tension. The lockstitch machine used for seam 

creation was set to a stitch length of 0.083-0.100 inches, 10-12 stitches per inch (SPI). All 

sewing threads used were the same, with a diameter of 0.00730 in. 

Two types of seams (open and closed) were chosen for this research. These seams are 

common among woven garments, with open seams being used to create flatter seams in such 

garments as woven shirts, and closed seams creating bulkier seams used in garments such as 
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jeans. A standard ½” seam allowance was chosen for each seam type. A ½” open seam means 

that the seam is folded out to each side of the seamline, resulting in 1” of 2-layer width, ½” on 

each side of the seamline, shown in Figure 3a. A ½” closed seam means that the seam is folded 

to one side of the seamline, resulting in ½” of 3-layer width on 1 side of the seamline, as shown 

in Figure 3b.  

        

Figure 3a. Image open seam.    Figure 3b. Image closed seam. 

 

3.2. Measurements 

Four measurement types were conducted in this research: thickness, weight, AP, and 

MVTR. Thickness and weight were taken for the purpose of explaining variances in permeability 

results. Standard procedures below were followed for each of the measurements conducted: 

• ASTM D1777-96: Standard Test Method for Thickness of Textile Materials 

Table 1, Option 1: Woven Fabrics 

For this standard, 10 thickness measurements are taken in random locations on 

each fabric and averaged to get a final thickness in mm [41].  
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• ASTM D3776/3776M: Standard Test Methods for Mass Per Unit Area (Weight) 

of Fabric 

Option C: Small Swatch 

For this standard, 6”x6” (32in2) samples of each material are cut and placed on a 

scale to determine the mass in grams of each, and then each material’s mass per 

unit area is calculated as g/m2=106G/LsW, where W is the width of the specimen 

in mm, Ls is the length of the specimen in mm, and G is the mass of the specimen 

in grams [42].  

• ASTM D737-16: Frazier Air Permeability Testing 

This standard determines the Air Flow in inch-pound units of ft3/min/ft2. The 

experiment is done at 30” Mercury, 70 ºF, and 65% R.H. The fabrics were 

conditioned for 42.5 hours, and the standard uses a 2.75” circular test area. 10 

measurements are taken of 2.75” test areas randomly located on the material and 

then averaged. Each material used the specialized orifice size, installed under the 

sample, to produce enough pressure to move the mercury in the test equipment to 

an acceptable level for the standard measurement to be taken. A higher Air 

Permeability measurement indicates a larger passage of air through the material 

[15].  

• Simple Dish Method of Moisture Vapor Transmission was run through the Textile 

Protection and Comfort Center (T-PACC) in the Wilson College of Textiles at 

North Carolina State University. 

Using standard laboratory conditions, 70 ºF and 65% R.H., the materials are 

conditioned for 48 hours. 3 samples are cut into 3.25” diameter circles for each 
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material. Samples are placed on a water dish with a diameter of 82 mm and a 

depth of 19 mm, similar to ASTM E96-80. The depth allows for 9 mm of air 

space between the water’s surface and the sample. The samples are placed on a 

vibration free turntable, which then carries the samples in a rotation of 2 

meters/min. The samples are exposed to the same average ambient conditions 

during the test, due to this rotation. The initial weight is taken after 2 hours, to 

allow the samples to stabilize. The final weight is taken after the samples have run 

for 24 hours. The moisture vapor transmission rate (MVTR) is then calculated in 

units of g/m2-24 hours, based on how much weight the samples have lost. A 

higher MVTR indicates that there is a larger amount of moisture vapor transport 

through the material. The MVTR values of the 3 samples of each material are 

then averaged [16]. 

3.3. Experimental Design 

3.3.1. AP 

The objective of the AP experiment is to determine the base air permeability of each of 

the 9 woven materials and compare that to their respective thicknesses and weights. This 

comparison determines whether trends exist between air permeability and thickness and weights 

of the woven materials. Previously determined physical properties, such as weave factor and 

construction factor, of the 9 woven materials can also be compared to AP results to determine 

any relationships. Figure 4 shows the 9 woven fabrics tested in this experiment, A, B, C, D, E, F, 

G, H, and I.  
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Figure 4. Image of all 9 woven fabric samples, A, B, C, D, E, F, G, H, I. 
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3.3.2. MVTR 

                  

Figure 5a. Adding water to dish for                Figure 5b. Measuring weight before             Figure 5c. Rotating MVTR samples 

for MVTR.                                                        MVTR.                                                           24  hours.                                                    

 

The objective of the MVTR experiment is to determine the Moisture Vapor Transmission 

Rates of woven materials that were found to have an AP trend from experiment 1. Results will be 

compared to other physical properties of the woven materials. MVTR will be run using a simple 

dish method similar to ASTM E96-80. Figures 5a, 5b, and 5c, demonstrate the simple dish 

method process as outlined in section 3.2.  

3.3.3. Layering 

The objective of the layering experiment is to assess the layering effects of woven 

materials on their air permeability, compared again to their respective thicknesses and weights. 

Double and triple layered woven samples are measured by layering the original fabrics on top of 

one another in a parallel manner. For this experiment, the results from the original AP 

experiment are considered the 1-layer results as they were tested on a single ply of material.  
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3.3.4. Seams 

The purpose of the seam experiment is to determine how seams and seamlines in woven 

materials will affect their air permeabilities. Two seam types are tested, open and closed seams, 

each sewn in the warp direction of the fabric samples. The resulting AP’s are explored for their 

significance based on seam type and seamline properties. Figure 6 shows the experimental setup 

using the Frazier Air Permeability ASTM D737-16 testing.  

  

Figure 6. Experimental setup for AP testing open and closed seams. 

 

Each seam contains sections of either 2-layers or 3-layers of material. The two types of 

seams are analyzed for their quantity of layers and size of the layered sections that are present 

within the Frazier Air Permeability testing circle, 2.75” in diameter, as shown in Figure 6. 
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Figure 7a. Mathematical setup for layering of open seam.    Figure 7b. Mathematical setup for layering of closed seam. 

 

 Figure 7a and 7b represent the Open and Closed seam mathematical setup for 

determining the % of 2-layer or 3-layer sections for each type of seam. This setup was used in 

conjunction with the following equations, to determine the area of each layer type, and therefore 

% of layering within the 2.75” in diameter testing area. 

Area of a circle was calculated for the AP testing as: 

 𝐴𝑟𝑒𝑎 ● = 𝜋𝑟2         (3.15) 

“a” in the above diagrams was solved for using: 

𝑎2 + 𝑏2 = 𝑐2          (3.16) 

𝑎2 = 𝑐2 − 𝑏2          (3.17) 

𝑎 = √𝑐2 − 𝑏2          (3.18) 

where r=c. 

 



  

39 
 

Area of a right triangle was calculated by: 

 𝐴𝑟𝑒𝑎 ◣ =  
𝑎∗𝑏

2
         (3.19) 

Angle 𝜃 in the above diagram was solved for using: 

 𝐴° = 𝑐𝑜𝑠−1(
𝑏

𝑐
)         (3.20) 

 𝜃 = 90° − 𝐴°          (3.21) 

Area of a sector was calculated as: 

 𝐴𝑟𝑒𝑎 ⪦ =
𝜃

360°
𝜋𝑟2         (3.22) 

Total area of the 2-ply for Open Seam was calculated as: 

 𝑇𝑜𝑡𝑎𝑙 𝐴𝑟𝑒𝑎 (2𝑝𝑙𝑦) = (𝐴𝑟𝑒𝑎 ⪦ +𝐴𝑟𝑒𝑎 ◣) ∗ 4     (3.23) 

and total area of the 3-ply for Closed Seam was calculated by: 

 𝑇𝑜𝑡𝑎𝑙 𝐴𝑟𝑒𝑎 (3𝑝𝑙𝑦) = (𝐴𝑟𝑒𝑎 ⪦ +𝐴𝑟𝑒𝑎 ◣) ∗ 2     (3.24) 

% of 2-ply in Open Seam was calculated using: 

 % 𝑜𝑓 2𝑝𝑙𝑦 = (
𝑇𝑜𝑡𝑎𝑙 𝐴𝑟𝑒𝑎 (2𝑝𝑙𝑦)

𝐴𝑟𝑒𝑎 ●
) ∗ 100      (3.25) 

and % of 3-ply in Closed Seam was calculated by: 

 % 𝑜𝑓 3𝑝𝑙𝑦 = (
𝑇𝑜𝑡𝑎𝑙 𝐴𝑟𝑒𝑎 (3𝑝𝑙𝑦)

𝐴𝑟𝑒𝑎 ●
) ∗ 100      (3.26) 

 

Using a circle diameter of 2.75” for the Frazier Air Permeability tester, r=1.375”. The 

following Table 15 represents the calculated results for the mathematical setup to determine % of 

2-layer area in Open Seam variation, and % of 3-layer area in Closed Seam variation. 
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Table 3. Calculated values for open and closed seam layering using 2.75” test circle. 

Equation Result 

Area of the circle 5.94in
2 

Area of the right triangle 0.32in
2 

Area of the sector 0.352in
2 

Total Area of 2-layer for Open Seam 2.688in
2 

Total Area of 3-layer for Closed Seam 1.344in
2 

% of 2-layer in Open Seam 45.25% 

% of 3-layer in Closed Seam 22.63% 

 

This calculated information, shown in Table 3, will be useful in understanding how AP 

changes when tested through these 2 types of seams sewn into woven materials. For each of the 

woven fabrics tested, the AP can be predicted by using the percentage of single layer and either 

double or triple layers present within the 2.75” tested circle. For each material identifier, the 

letters O, for open seam, and C, for closed seam, are attached to create identifiers for these seam 

tests. The open seam and closed seam AP predictors can be calculated by:  

AP Open Seam = (45.25%*2-layer AP) + (54.75%*1-layer AP)   (3.27) 

AP Closed Seam = (22.63%*3-layer AP) + (77.37%* 1-layer AP)   (3.28) 

 

3.4. Data Analysis 

To analyze the data from these experimental designs, ANOVA: Single Factor data 

analysis is chosen. . ANOVA:Single Factor, or one-way, is an analysis that is used to test the null 

hypothesis that the means of several populations are all equal to each other. The analysis 
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produces data indicating the SS (sum of squares), df (degrees of freedom), MS (mean squares), F 

(MS between groups divided by MS within groups), P-value (the probability of getting 

something more extreme than your result, when there is no effect in the population), and F-crit 

(f-statistic). When F>F crit, the null hypothesis can be rejected [43]. If the P-value is less than 

the alpha, 0.05, than it also indicates a statistical difference. If the null hypothesis is rejected, we 

can say that there is a statistical difference between the samples measured, but this analysis does 

not determine between which exact samples a statistical difference lies.  

To run this one-way analysis, there are 4 assumptions that are made about the data. First, 

ANOVA: Single Factor assumes that each sample has a normal distribution, second, that each 

sample is independent of the other samples, third, that samples taken have equal variances 

between groups, and lastly, that the dependent variable is measured on a continuous scale [44]. 

To test the normality of each sample group, the R statistics package was used to run the qqnorm 

function. The results of this showed that each grouping had a fairly normal distribution [45]. As 

shown in Appendix B through G, the variance of the sample groups measured were unequal in 

most cases. In studies done in 1953 and 1954, G.E.P. Box noticed that ANOVA was robust 

enough to deal with variations in normality within sample groups as well as unequal variances 

between sample groups due to the robustness of ANOVA. His studies found that as long as the 

sample size was the same for each group, which the samples shown in Appendix B through G 

are, that ANOVA could overcome most issues with normality and variance [46] [47]. Each 

sample tested in this research was also independent of the others, and the dependent variables 

were taken on a continuous measurement scale. The ANOVA: Single Factor was run using Excel 

[43]. 
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After ANOVA: Single Factor is performed on data sets, pairwise analysis can be run. The 

Tukey Honestly Significant Difference is a pairwise comparison technique, commonly referred 

to as the HSD test. The HSD test computes the honestly significant difference between two 

means. The value of the HSD test is determined by taking the absolute value of the difference 

between pairs of means and dividing it by the standard error of the mean (SE). The SE can be 

determined by taking the MS within, from the ANOVA: Single Factor, and dividing it by the 

sample size [48], as: 

𝑺𝑬 = √
𝑴𝑺 𝑾𝒊𝒕𝒉𝒊𝒏

𝑪𝒐𝒖𝒏𝒕
        (3.29) 

The Critical Value, which is what the resulting Tukey HSD values will be compared 

against, can be found using the alpha, the nmeans, and the df, and finding the Critical Value on 

Table N of Appendix C for Tukey Statistics [49]. If the HSD value is larger than the Critical 

Value, than the comparison is statistically different. This pairwise comparison test will call out 

significant differences between each individual sample measured within the sample size. 

This Tukey HSD statistical analysis was found using the R statistics package, where 

standard error and critical values are automatically determined based on ANOVA results. The 

resulting HSD pairwise comparison was formatted in a compact letter display (CLD) for clear 

understanding, by which the tested data is put into groups of statistically similar values, indicated 

by letters [50].  

For some comparisons of data in the research, linear regression will also be used to find 

the linear trend that best fits the data pairs of x,y values. This linear equation appears in the form 

of: 

𝑦 = 𝑚𝑥 + 𝑏          (3.30) 

where, m is the slope, and b is the y-intercept [51]. 
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 Further, the R2 value, or coefficient of determination, is used to understand the 

correlation between two variables. The R2 value measures the variation in the y-variable that can 

be contributed to the x-variable. These values can range from 0-1, and in general, higher values 

indicate a stronger relation between the two data sets being compared, where the y-variable is 

being more heavily affected by the x-variable [51].  
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CHAPTER 4 

4. Results and Discussion 

4.1. AP 

Fabrics A, B, C, D, E, F, G, H and I were tested for their air permeability using ASTM 

D737-16. Table 4 shows the air permeability averages of 10 measurements found for each of the 

9 woven samples. Figure 8 shows the depiction of air permeability averages. Out of the 9 woven 

samples, the 20-harness weft Satin (fabric E) was the most air permeable at 344, while the 2x2 

Plain Weave (fabric A) was the least air permeable at 5.231.  

Table 4. AP results for 9 woven fabrics. 

Material Air Permeability (inch-

pound units of ft
3
/min/ft

2
) 

A 5.231 

B 57.160 

C 61.400 

D 143.900 

E 344.000 

F 71.140 

G 161.200 

H 63.160 

I 34.930 
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Figure 8. Pictorial of AP for 9 woven fabrics. 

 

The ANOVA: Single Factor analysis was run for these AP results and indicated a 

statistical difference (F=3255.17 and P-value=<0.00) between the 9 woven samples tested, 

shown in Appendix B. The Tukey HSD pairwise comparison was also run and grouped by CLD 

and found that fabrics B, C, and H, all have statistically similar air permeabilities. Fabrics F and 

H also have similar air permeabilities, as shown in Appendix B. This indicates that there is not a 

statistical difference between fabric B and C, fabric B and H, fabric C and H, and fabric F and H 

for their AP’s.  Fabric B, C, H and F all have AP values between 57.16 and 71.14 inch-pound 

units of ft3/min/ft2. When comparing B to C, B to H, C to H, and F to H, there is too small of a 

difference in AP for the fabrics to be considered statistically different. The reasoning for this, 

however, is probably less related to physical properties of the fabrics, but instead due to the large 

AP variations that occur within the 9 woven samples. Since fabric A has an AP of 5.231 inch-

pound units of ft3/min/ft2, and fabric E has an AP of 344 inch-pound units of ft3/min/ft2, the 

standard error determined for this Tukey HSD, run using R, is most likely too high to notice the 

minor differences in AP of the middle range fabrics. 
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4.1.1. Thickness vs. AP 

Thickness was measured for fabrics A, B, C, D, E, F, G, H, and I, using ASTM D1777-

96. Table 5 shows the average thicknesses measured for each of the 9 woven materials. Figure 9 

represents the thicknesses of each fabric, demonstrating the largest thickness being fabric F. Out 

of the 9 woven samples, the 12x12 Waffle Weave (fabric F) is the thickest, at 1.992mm. The 2x2 

Plain Weave (fabric A) is the thinnest at 0.522mm. Differences in thickness can be due to fabric 

structure and the shrinkage from washing the samples. Fabric F had the largest shrinkage in both 

the warp and weft directions, as shown in Table 2a in 3.1.2. This increased shrinkage seems to 

lead to an increase in the z-dimension of the material, causing an increased thickness.   

Fabric A, after washing, did not have the lowest shrinkage in the weft direction, but did 

have the lowest shrinkage in the warp direction as seen in Table 2a in 3.1.2. This is indicative of 

shrinking not being the sole reason for fabric A having the lowest thickness. It is, however, more 

likely due to the plain weave having the tightest construction factor, shown in Figure 2. The 

tighter construction could indicate that the yarns are less able to move into the z-dimension and 

therefore lay on a flatter plane. The ANOVA: Single Factor analysis showed a statistical 

difference (F=3111.19 and P-value=<0.00)  between the 9 woven fabric samples, shown in 

Appendix C. All pairwise Tukey HSD values were determined and group by CLD. Results of 

this showed that fabric B is similar in thickness to fabric D, while fabric E is similar to fabric H, 

as shown in Appendix C. Fabrics B and D have very similar thicknesses, 0.928mm versus 

0.952mm respectively, indicating a lack of statistical difference. This is due primarily to their 

pick and end counts after shrinkage being almost identical, creating similar z-dimension 

thicknesses, shown in Table 2a from 3.1.2. Fabrics E and H have identical thicknesses, at 

1.178mm, indicating no statistical difference. As with the comparison between fabrics B and D, 
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fabrics E and H have very similar pick and end counts after shrinkage, shown in Table 2a from 

3.1.2. This along with variances in weave structure, resulted in thicknesses that were equal. 

Table 5. Thickness results for 9 woven fabrics. 

Material Thickness  (mm) 

A 0.522 

B 0.928 

C 0.754 

D 0.952 

E 1.178 

F 1.992 

G 1.138 

H 1.178 

I 0.828 

 

 

Figure 9. Pictorial of thickness results for 9 woven fabrics. 
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 For finding permeable woven materials to use for improved thermal comfort, it is 

important to understand how thickness affects AP. The comparison between all 9 woven fabrics 

sample thicknesses and their respective AP is shown in Figure 10. The results of this comparison 

indicate that there is not a strong direct correlation between the thickness of the woven materials 

and their air permeabilities, with an R2 value of only 0.0579. The lack of correlation between 

thickness and AP indicates that although the air is flowing through different z-dimension 

thicknesses, that does not play a crucial role in determining the amount of air that flows through 

the material for these 9 woven samples. One possible reason for this could be that the 9 woven 

fabrics have such varied weave structures. 

  

Figure 10. Thickness vs. AP. 

 

 To see if thickness directly relates to AP for the same weave structure, the three weft 

satins and the plain weave can be isolated. Looking at fabric A, C, D, and E, it is shown in 

Figure 11 that their thicknesses have a very strong positive coefficient of determination to their 

AP’s, with an R2 value of 0.9154. This indicates that for woven fabrics with the same weave 

type, even with altering float lengths, as the thickness increases, the AP increases. This 

relationship in the positive direction does not agree with intuition. It would be thought that as 

thickness of a material increases, the air permeability would decrease. One possible reasoning for 
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this result is that the weave factors, and float lengths, are in fact increasing as the thickness is 

also increasing, meaning that thickness may not be the main contributor to the increasing air 

permeability.  

 

Figure 11. Thickness vs. AP of weft satins and plain weave. 
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4.1.2. Weight vs. AP 

Table 6. Weight results for 9 woven materials. 

Material Mass per unit area (g/m
2
) 

A 234.65 

B 215.49 

C 225.96 

D 221.52 

E 219.15 

F 293.51 

G 231.51 

H 250.15 

I 237.15 

 

 The weight of fabrics A, B, C, D, E, F, G, H, and I were measured using ASTM 

D3776/3776M. Table 6 shows the weights measured for each of the 9 woven materials. Out of 

the 9 woven samples, the 12x12 Waffle Weave (F) is the heaviest at 293.51g/m2, while the 8x8 

Basket Weave (B) is the lightest at 215.49g/m2. As with the thickness, the much higher weight of 

fabric F can be attributed to the shrinkage caused by washing. This causes more yarns per square 

inch, resulting in a heavier fabric. Fabric B after washing, has 88 ends/inch and 56 picks/inch. 

This average yarns per square inch is 72 yarns/inch2, which is the same yarns per square inch as 

fabric D. Fabric D, however, has more ends/inch at 89 and less picks/inch at 55 than fabric B. 

This could explain why fabric B has very slightly less mass per unit area than fabric D, since the 

end yarns are thicker and larger than the pick yarns. The ANOVA: Single Factor and Tukey 
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HSD were not run on the weights of the 9 samples, because there is only one measured count for 

each sample.  

 

Figure 12. Weight vs. AP. 

 

The weights determined for each of the 9 woven samples can be compared to their 

respective AP’s to determine whether weight affects AP of the materials. Figure 12 shows the 

comparison between the two variables and indicates there is not a direct correlation between 

weight and AP of these woven samples. The R2 value is very low at 0.0917. Weight does not 

appear to affect how air will permeate through these 9 woven materials.  

As with thickness, isolating the fabrics to only like weft satins and plain weave, the 

weights can again be compared to AP to determine if weight is indeed correlated to the air 

permeability of materials of the same type. Figure 13 shows the weight versus AP for fabrics A, 

C, D, and E. The resulting R2 value is stronger than when comparing all 9 fabrics, at 0.7213. This 

shows that there is a stronger negative relationship between weight and AP when comparing 

woven fabrics of the same type. As the weight increases, the AP decreases.  
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Figure 13. Weight vs. AP of weft satins and plain weave. 

 

4.1.3. Weave Factor vs. AP 

As explained in the ASTM D737 standard, construction methods have a direct effect on 

AP, due to altering the length of airflow paths within a fabric [15]. As shown in Figure 8, fabric 

E, the 20-harness weft satin, had the largest AP, and fabric A, the 2x2 plain weave had the lowest 

AP. Looking back at the initial physical properties measured for the 9 woven fabrics, Table 2a 

shows that fabric E also had the largest warp and weft weave factor or average float length of 10, 

and fabric A had the smallest warp and weft weave factor or average float length of 1. It can be 

theorized that weave factor is directly affecting the resulting air permeabilities of the 9 woven 

fabric samples. Smaller weave factors result in a smaller size of passages for air to flow through, 

while larger weave factors result in larger sizes of passages for air to flow. Figure 14a and 14b 
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samples. 
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Figure 14a. Warp weave factor vs. AP.               Figure 14b. Weft weave factor vs. AP. 

 

The theory that weave factor has a strong relationship to AP is shown to be accurate in 
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comparing thickness to AP. 
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Figure 15. Weave factor vs. AP of weft satins and plain weave. 

 

4.1.4. Construction Factor vs. AP 

A likely conclusion can be drawn that as a woven fabric gets tighter, or has a higher 

construction factor (Cf), the air permeability through the material will be lower [36]. The AP 

values found for the 9 woven samples are compared to the Cf values from Table 2b, as shown in 

figure 16. The coefficient of determination, R2, indicates that there is not a large correlation 

between construction factor and AP for the 9 different weaves tested, although there is a general 

negative relationship. The directionality of the relationship matches theory, but the lack of large 

correlation could be due to the very different weave structures being investigated. 

 

Figure 16. Construction factor vs. AP. 
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As with thickness, weight, and weave factor, isolating the comparison down to fabrics of 

the same weave type, but with varied float lengths may prove to be more valid in showing a 

relationship between construction factor and AP. Figure 17 demonstrates the relation between 

construction factor and AP for the 3 weft satin materials, C, D, and E, and the plain weave, A. 

The comparison shows a larger correlation with an R2 value of 0.6648, indicating that within 

fabrics of the same weave type, there is a larger relevance of construction factor to the resulting 

AP through the material. This correlation, however, is not as strong as the correlation between 

weave factor and AP. This could be due to the discrepancies present when calculating 

construction factor with assumptions made in Ashenhurst’s theory of ends plus intersections.  

 

Figure 17. Construction factor vs. AP of weft satins and plain weave. 
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weave factor will have a consistent affect. Table 7 indicates the MVTR results for the plain 

weave and 3 weft satins, fabrics A, C, D, and E.  

Table 7. MVTR results for fabrics A, C, D, and E. 

Material MVTR (g/m
2
*24hrs) 

A 982.13 

C 997.28 

D 973.93 

E 964.46 

 

Out of the 4 woven samples, fabric E had the lowest MVTR at 964.28, while fabric C had 

the highest at 997.28. All MVTR’s for the 4 woven samples, however, are very close. The 

ANOVA: Single Factor analysis indicates that there is not a statistical difference (F=0.67 and P-

value=0.59)  between the 4 values of MVTR, shown in Appendix D. The Tukey HSD shown in 

CLD also demonstrates the lack of statistical difference between the 4 materials tested, also 

shown in Appendix D. This lack of statistical difference means that no comparison can be made 

between MVTR and weave factor, or any other aspect, as the MVTR’s are not different enough 

to show a verifiable correlation. As seen in the Fiber study by B.Das, A.Das, V.K.Kothari, 

R.Fanguiero, and M.de Araujo, water vapor transmission was affected when fiber diameter 

decreased, causing a large change in the air space present within the fabrics [27]. As the initial 

diameter of the yarns used in all 4 fabrics was kept the same and all samples were originally run 

at the same EPI and PPI, and have similar pick and warp spacings after washing, as seen in Table 

2a, it is understandable that the MVTR’s would not be statistically different.  
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4.3. Layering Air Permeability 

Layering of woven materials is present in all basic garments through the introduction of 

seams. Before investing the air permeabilities through common seams, it is important to 

understand how layering alone affects AP. This test involved both doubling and tripling the 

layers of the 4 chosen materials, 3 weft satins (C, D, and E), and 1 plain weave (A), to see how 

the layering of the materials would affect how air would flow through, and the resulting air 

permeabilities. Double layer materials are annotated as A2, C2, D2 and E2. Triple layer materials 

are annotated as A3, C3, D3 and E3. Thickness and weight were both retested for the layered 

materials to see if there is a direct correlation within each fabric type between AP and thickness 

or weight. Statistical analysis as well as comparisons include single layer results from the first 

AP experiment, now annotated A1, C1, D1, and E1, to better analyze the way that layering 

affects these results, going from single, to double, to triple layers. 

 Table 8 shows the measured double and triple layer air permeabilities, as well as the 

initial 1-layer AP’s, from the original experiment for each of the 4 woven material’s tested. 

Figure 18 clearly shows that the 1-layer variants for each material had the largest AP. 2 layers of 

a fabric should theoretically be 50% as air permeable as 1 layer of the same fabric. 3 layers of a 

fabric should theoretically be 33% as air permeable as 1 layer of the same fabric. As seen in 

Figure 18, the 2-layer and 3-layer results do not appear to be perfectly reduced in AP as would 

be expected.  
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Table 8. Measured AP results for layered materials. 

Material Air Permeability (inch-

pound units of ft
3
/min/ft

2
) 

A1 5.231 

A2 3.059 

A3 2.248 

C1 61.400 

C2 35.340 

C3 24.210 

D1 143.900 

D2 81.790 

D3 53.800 

E1 344.000 

E2 191.600 

E3 143.400 
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Figure 18. Measured AP results for 4 woven fabrics. 

 

 

Table 9. Calculated % AP compared to AP of 1-layer of material. 

 
% AP vs. 1-Layer 

Material 1-Layer 2-Layer 3-Layer 
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D 100 56.84 37.39 
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To better understand what AP affects are happening due to layering alone, each fabric is 

isolated and analyzed further. In Appendix E, ANOVA and Tukey analysis shows that Fabric A 

(F=1139.38 and P-value=<0.00), C (F=3213.48 and P-value=<0.00), D (F=1223.26 and P-

value=<0.00), and E (F=1005.34 and P-value=<0.00), are all statistically different when 

comparing between their 1-layer, 2-layer, and 3-layer variants. When materials are layered, their 

weight and thickness increases. To see if these variables effect the AP through the woven 

material layers, thickness and weight are both retested for the 2-layer and 3-layer variants of the 

4 woven materials. 

4.3.1. Thickness vs. Layering AP 

The thickness of the layered woven samples, A2, A3, C2, C3, D2, D3, E2, E3, were 

measured using ASTM D1777-96. These new thickness measurements are combined with the 1-

layer thickness results from the initial thickness tests of the 4 woven material’s chosen and are 

shown in Table 10. Table 10 also indicates the predicted thickness results based on doubling and 

tripling the 1-layer thickness results previously found. 
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Table 10. Calculated and measured thickness results for layered thickness. 

Material Measured 

Thickness (mm) 

Predicted Thickness 

(mm) 

A1 0.522 0.522 

A2 1.042 1.044 

A3 1.568 1.566 

C1 0.754 0.754 

C2 1.356 1.508 

C3 2.024 2.262 

D1 0.952 0.952 

D2 1.792 1.904 

D3 2.670 2.856 

E1 1.178 1.178 

E2 2.110 2.356 

E3 3.186 3.534 

 

The results of this thickness experiment show that the theoretical doubling and tripling of 

the single layer thickness values for Fabrics A, C, D and E, are not perfectly accurate. This can 

be due to the nature of the fabrics surface when layering the material, allowing for grooves in 

which the double or triple layers can compress further, resulting in lower thicknesses than would 

be expected. In the study by S.Sundaramoorthy, P.K.Nallampalayam, and S.Jayaraman, it was 

shown that there is a distortion factor that occurs within the yarns when layering woven fabrics. 

The results of the thickness test corroborate the inherent distortion that occurs when layering the 



  

62 
 

materials [32]. Comparing within each fabric structure, A (F=7629.51 and P-value=<0.00), C 

(F=12789.80 and P-value=<0.00), D (F=5119.74 and P-value=<0.00), and E (F=9027.51 and P-

value=<0.00), the statistical difference is proven between the 1-layer, 2-layer, and 3-layer 

variants, shown by ANOVA and Tukey in Appendix F. 

In the original 1-layer AP vs. Thickness comparison between all 9 woven designs, there 

was not a direct correlation between Thickness and AP as shown in figure 10. This could, 

however, also be due to the varying fabric structure designs that were tested. A significant 

correlation between Thickness and AP when isolating weft satin weave structures was shown, as 

seen in figure 11. The thickness changes can now be isolated further, by comparing changing 

thicknesses within one weave design, through the addition of layers. Figure 19a shows the 

Thickness vs. AP of fabric A in 1, 2 and 3 layers. Figure 19b shows the Thickness vs. AP of 

fabric C in 1, 2, and 3 layers. Figure 19c shows the Thickness vs. AP of fabric D in 1, 2, and 3 

layers. Figure 19d shows the Thickness vs. AP of fabric E in 1, 2, and 3 layers. 

 

Figure 19a. Fabric A layer thickness vs. AP. 
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Figure 19b. Fabric C layer thickness vs. AP. 

 

 

Figure 19c. Fabric D layer thickness vs. AP. 

 

 

Figure 19d. Fabric E layer thickness vs. AP. 
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relationship that was shown in Figure 11. This could possibly be attributed to removing weave 

factor as a variable, as for each comparison present in Figures 19a, 19b, 19c, and 19d, the weave 

factor is the same for each sample, only altering the layers which affect thickness. As thickness, 

in this case due to the number of layers, increases, AP is reduced, and vice versa. All 4 woven 

fabric structures show this relationship with a high R2 value, with an average R2 value of 0.9277. 

Thickness changes due to layering are apparent in every woven garment due to the introduction 

of seams. The relationship between thickness and AP is relevant when investigating seams used 

in woven garments. 

4.3.2. Weight vs. Layering AP 

The weight of the double and triple layer woven samples, A2, A3, C2, C3, D2, D3, E2, 

E3, were measured using ASTM D3776/3776M. This along with the single layer samples from 

the initial experiment, A1, C1, D1, and E1, are indicated in Table 11. The predicted weights 

based on the 1-layer variant weights, along with the percent difference between measured and 

predicted weights are also shown in Table 11. 
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Table 11. Predicted and measured weight results of layered materials. 

Material Measured  

mass per unit area (g/m
2
) 

Predicted 

mass per unit area (g/m
2
) 

% 

Difference 

A1 234.65 234.65 0.00 

A2 467.58 469.31 0.37 

A3 694.92 703.96 1.28 

C1 225.96 225.96 0.00 

C2 444.77 451.91 1.58 

C3 666.50 677.87 1.68 

D1 221.52 221.52 0.00 

D2 437.88 443.04 1.17 

D3 660.47 664.56 0.62 

E1 219.15 219.15 0.00 

E2 435.72 438.31 0.59 

E3 656.17 657.46 0.20 

 

Table 11 indicates that there are minute differences in weight between the measured and 

predicted weights, which could be attributed to slight differences between sections of woven 

materials layered. In ASTM D3776/3776M, the 6”x6” samples cut for weight are made by hand 

and the % difference could be indicative of human error in cutting of samples. As with the single 

layer weights, the double and triple layer weights are not analyzed for statistical difference as 

they only use one measurement value.  
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Along with thickness, weights of single layer fabrics also did not appear to have an 

impact on air permeability during the initial testing of the 9 different woven designs, as shown in 

Figure 12. Figure 13, however, showed that there was a relationship between weight and AP 

when comparing weft satin woven materials. With the addition of layers for each fabric, A, C, D, 

and E, it can now be determined if with increasing weight, AP will be reduced for specific weave 

designs. Figure 20a, b, c, and d, show the relationship between weight and AP for the 4 woven 

materials in 1-, 2-, and 3-layer variants.  

 

Figure 20a. Fabric A layer weight vs. AP. 

 

 

Figure 20b. Fabric C layer weight vs. AP. 
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Figure 20c. Fabric D layer weight vs. AP. 

 

 

Figure 20d. Fabric E layer weight vs. AP. 
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material is relevant in understanding how seams will affect AP.  
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4.4. Seam Air Permeability 

Common seams in woven garments may have effects on the way air flows through the 

woven materials. It has been shown that weave factors within woven designs of the same type, 

are a great indication for how air permeable a woven material will be. It has also been 

determined that by increasing the layers of a woven material, thereby increasing the thickness 

and weight, the AP through a woven material will be reduced. To better understand how seams, 

which create natural layering affects, will impact AP, two common seam types are analyzed, 

Open Seam and Closed Seam, as described in 3.3.4.  

4.4.1. Predicted Seam AP 

Based on the circular test area for Frazier Air Permeability, two equations were 

developed to predict the AP results of the open and closed seam test variants. 2-layer and 3-layer 

air permeabilities from Table 8 were entered into equations 3.27 and 3.28 for each of the 4 

woven materials tested and the resulting predicted AP values are listed in Table 12. The original 

measured 1-layer AP for each material is also indicated in Table 12.  
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Table 12. Predicted AP for seam variants and measured AP for 1-layer variant. 

Material 

Predicted Air Permeability (inch-

pound units of ft
3
/min/ft

2
) 

Measured Air Permeability (inch-

pound units of ft
3
/min/ft

2
) 

Open Seam Closed Seam 1-Layer 

A 4.248 4.556 5.231 

C 49.608 52.984 61.400 

D 115.795 123.510 143.900 

E 275.039 298.604 344.000 

 

 These predicted results shown in Table 12 indicate that in all 4 woven materials, the use 

of a closed seam should result in a more air permeable material than the use of an open seam. 

This would suggest that the lower percentage of layering in the closed seam variant as explained 

in 3.3.4, is more important to air permeability than the additional layers present within the closed 

seam variant. As shown in Table 12 and Figures 21 a, b, c, and d, the predicted AP results of the 

open and closed seams, are all lower than the AP results of 1-layer of each of the 4 woven 

materials.  

 

Figure 21a. Fabric A variant AP predictions. 
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Figure 21b. Fabric C variant AP predictions. 

 

 

Figure 21c. Fabric D variant AP predictions. 

 

 

Figure 21d. Fabric E variant AP predictions. 
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As seen in the study of seams on knit fabrics, by E.Beaudette and H.Park in 2.4.3, seams 

reduced the AP compared to using no seam [2]. The predicted AP results of the open and closed 

seams, shown in Figures 21 a. b, c, and d, are all lower than the AP results of 1-layer of each of 

the 4 woven materials. This suggests that just as with seams used on knit fabrics, seams used on 

woven fabrics should reduce their AP compared to not having a seam present.  

4.4.2. Measured Seam AP 

Open and closed seam variants, AO, AC, CO, CC, DO, DC, EO, and EC were tested for 

their air permeability using ASTM D737-16. Table 13 shows the air permeability results found 

for each of the seam variant woven samples, as well as the original 1-layer AP results for each of 

the 4 fabrics tested. Comparing between individual fabrics, Fabric A (F=1444.71 and P-

value=<0.00) and Fabric C (F=67.64 and P-value=<0.00) both showed statistical differences 

between all comparisons of 1-layer, open seam and closed seam variants. Fabrics D (F=14.05 

and P-value=<0.00) and E (F=90.24 and P-value=<0.00) showed statistical differences between 

1-layer and open seam, and 1-layer and closed seam variants, but had a lack of statistical 

difference between the open seam and closed seam variants. The statistical analyses for these 

seam variants are shown by ANOVA and Tukey in Appendix G. 
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Table 13. Measured AP for open and closed seam and 1-layer variants. 

Material 

Measured Air Permeability  

(inch-pound units of ft
3
/min/ft

2
) 

Open Seam Closed Seam 1-Layer 

A 9.763 10.940 5.231 

C 65.520 68.280 61.400 

D 124.800 129.700 143.900 

E 279.000 288.200 344.000 

 

 The results of the AP testing for open and closed seams on the 4 woven materials showed 

that for fabric A and fabric C, the two seams actually improved air permeability, versus no seam, 

as shown in Table 13 and Figures 22a and 22b. This goes against theory that seams should be 

reducing AP of materials.  

 

Figure 22a. Fabric A variant AP. 
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Figure 22b. Fabric C variant AP. 

 

 

Figure 22c. Fabric D variant AP. 

 

 

Figure 22d. Fabric E variant AP. 
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The results of the AP testing, shown on Table 13 and Figures 22a, 22b, 22c, and 22d, also 

showed that the closed seams were more air permeable than the open seams for all 4 materials. 

For fabric D and E, however, this difference was not to a large enough statistical degree ,as seen 

in Appendix G. The results match the first prediction about seam AP, that closed seams should 

be more air permeable than open seams. This indicates that although the closed seam has a 

section with more layering versus the open seam, the reduced percentage of a layered affect, 

22.63% for closed vs. 45.25% for open, is possibly more important to the overall air permeability 

of the material and seamline.  

4.4.3. Predicted vs. Measured Seam AP 

The results of the AP testing for open and closed seam variations of 4 woven materials 

also indicates that there is large difference between the predicted AP and measured AP, shown in 

Figure 23. One possible reasoning for this large difference is that the seamline itself either 

improves or degrades the air flow by creating an opening at the seamline. In every variant, 

except for EC, the measured AP was better than the predicted AP. This could mean that the 

seamline is improving air flow in a single line across the diameter of the test circle, by 

integrating an additional type of air flow channel. Fabric E variant Closed Seam (EC), is the 

most air permeable of the seam variant woven samples tested. The addition of a seamline within 

the seam in this fabric variant may not have actually improved the air flow channels through the 

material, as it does in the other fabric variants, due to the already high air permeability existing 

within the EC variant. Table 14 shows estimated % improvement or degradation due to the 

seamline’s presence for each of the woven fabric variants.  
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Figure 23. Predicted vs. measured seam AP. 

 

Table 14. Estimated improvement or degradation of AP with added seamline. 

Material Variant Estimated % Improvement or 

Degradation by the Seamline 

AO 129.83 

AC 140.12 

CO 32.08 

CC 28.87 

DO 7.78 

DC 5.01 

EO 1.44 

EC -3.48 
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The results of these estimated % improvements or degradations appear to show that the 

closed seamline has a larger improvement than the open seamline on fabric A, 2x2 Plain Weave. 

On the 3 remaining materials, all Weft Satins, the open seamline appears to have a larger 

improvement than the closed seamline. This could possibly be due to the fact that folding of a 

seam on either side of a seamline (Open Seam), creates a full opening along the seamline, 

whereas folding of a seam to one side of a seamline (Closed Seam) actually covers the seamline 

with layers of material. The difference in the way the seamline performs between weft satins and 

the plain weave could theoretically be due to the nature of the weave design and the difference in 

weave factor. The properties of the seamline openings, for both open and closed seams, however, 

were not tested.  

4.4.4. Stitches vs. Longest Warp Float Length 

Both open and closed seams sewn into the 4 woven material samples improved fabrics A 

and C’s air permeability, and degraded fabric D and E’s air permeability. To understand why this 

improvement or degradation occurred, it needs to be understood how stitches are affecting the 

floats within the woven fabric structure. Each seam was sewn parallel to the warp with a stitch 

length of 0.083-0.100 inches. Table 15 indicates the FLwarp and stitch length for each of the 4 

woven materials tested. Figure 24 illustrates the longest warp float lengths, FLwarp, of each of the 

4 materials tested, along with the min/max stitch length used to sew the materials.  
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Table 15. FLwarp and stitch length per woven material. 

Material 𝐅𝐋𝐰𝐚𝐫𝐩 (in.) Stitch Length (in.) 

A 0.00799 0.08300-0.10000 

C 0.08281 0.08300-0.10000 

D 0.21735 0.08300-0.10000 

E 0.47329 0.08300-0.10000 

 

 

Figure 24. FLwarp and min/max stitch length for woven materials. 

 

Table 15 and Figure 24 demonstrate that the stitches per inch used to sew the 4 woven 

materials have stitch lengths longer than FLwarp of fabrics A and C, and shorter than FLwarp of 

fabrics D and E. What this may signify is that for fabric A and C, the stitches that are occurring 

are further apart than the longest warp float lengths within each of the two fabrics. The stitches 
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that are entering the material are creating larger passageways for air than the longest warp float 

lengths that occur within the fabric A or C. Fabric D or E, however, the stitches that are entering 

the woven fabric are interrupting float lengths in the material. Passageways for air to penetrate 

through could be obstructed by the entrance of a stitch thread, thereby reducing the opening size 

for air in fabric D or E. This is more indicative of previous research by E.Beaudette and H.Park, 

where the addition of seams to knit material reduced the air permeability of the material [2]. 

Fabric A and C being improved by the addition of an open or closed seam calls out a new theory. 

It could be theorized by this information, that any fabric, using the same materials and weaving 

and sewing method, with longest float lengths less than the stitch length used to sew the material, 

would experience increased AP when adding a closed or open seam.  

4.4.5. Seam Limits 

As seen in Figures 22a and b, the closed and open seam variants for fabrics A and C, 

were both more air permeable than the previously run 1-layer AP. This appears to contradict the 

theory that seams within woven materials will lower the overall AP of the material. For fabric D 

and fabric E, shown in Figure 22c and d, however, the 1-layer variation is the most air permeable 

of the variants, with the open and closed seam variants having lower AP. This appears to indicate 

that at some arbitrary point along a range of woven fabric air permeabilities, there is a point at 

which a closed seam or open seam will no longer improve the air flow through the material, 

based on the seam construction used, and will in fact degrade the result versus no seam.  

It has been determined that weave factor has a very large correlation to AP regardless of 

weave type. To further analyze at what point open or closed seams will stop improving air 

permeability, AP can be compared to weave factor for all 4 woven fabrics tested. Figure 24 
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shows the relationship between AP and weave factor for fabrics A, C, D, and E for 1-layer, open 

seam, and closed seam variants. 

 

Figure 25. Weave factor vs. variant AP for fabrics A, C, D, and E. 

 

Figure 25 demonstrates that there is a point for each, open and closed seam, where they 

stop improving AP compared to the 1-layer variant for these woven fabrics tested. The weave 

factor and AP at which this occurs can be found for both seam types by focusing on the straight 

lines where the intersections occur between fabric C and D. Figure 26 shows the zoomed in 

comparison between weave factor and AP of the open seam, closed seam, and 1-layer variants, 

between fabric C and D.  
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Figure 26. Weave factor vs. variant AP between fabric C and D. 
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4.4.5.1. AP Seam Limit 

 Figure 26 indicates that at an air permeability of 88.328 inch-pound units of ft3/min/ft2, a 

closed seam no longer improves air flow through the woven material. Also, at an air permeability 

of 76.052 inch-pound units of ft3/min/ft2, an open seam no longer improves air flow through the 

woven material. The notion that there is a limit to the amount a seam can benefit different woven 

structures agrees with intuition.  

Fabric D and E are already very air permeable due to high weave factors, such that the 

open or closed seamlines are not creating large enough passageways for airflow to improve their 

AP’s. The passageway created by the closed or open seamlines, along with the section of layered 

material present within each seam, reduce the AP for fabrics D and E. On the other hand, for 

fabrics A and C which have much lower AP due to smaller weave factors, passageways created 

by closed or open seamlines improve the AP of the fabrics. This is more representative of what 

occurs in typical woven garments.  

Fabrics D and E are not often used in garments, as their high weave factors could have 

negative repercussions through snagging and low abrasion resistance. Fabric A, the 2x2 plain 

weave, or fabric C, the 5-harness weft satin, are more likely to be used, indicating that closed or 

open seamlines within a woven garment using either of these fabrics, may actually improve the 

overall air permeability of the garment, resulting in a larger exchange of air between the skin and 

the environment.  

One major limitation of this thought, however, is that the seams tested using Frazier Air 

Permeability testing apparatus took up a large percentage of the 2.5” testing circle. As these 

seam air permeabilities were tested on the material level only, it is unclear how much of an 

improving effect would be seen by the addition of seams on a whole garment made from fabric 
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A or fabric C. In a whole garment, the percentage of area taken up by open or closed seams 

would be much lower and would show a reduced ratio of seam to single layer material. This 

difference in ratios, and the resulting AP improvement, could be researched further. 

4.4.5.2. Weave Factor Seam Limit 

As shown in Figure 26, the 1-layer and closed seam variants intersected at a weave factor 

of 3.316, while the 1-layer and open seam variants intersected at a weave factor of 2.944. This 

indicates that at a weave factor of 3.316, a closed seam no longer improves air permeability. 

Also, at a weave factor of 2.944, an open seam no longer improves air permeability. As the 

intersection occurs between two weft satin fabrics, C, 5x5 weft5-harness weft satin, and D, 

10x10 weft10-harness weft satin, it can be theorized that there is a specific weft satin size that 

will be the point of change between being improved or degraded by each an open and closed 

seam.  

Using equation 3.2/3.3 for weave factor, the intersecting weave factors found in Figure 

26 can be inputted to find the number of warp and weft yarns per weave repeat, assuming 2 

intersections per weave repeat, which is standard for weft satins and plain weaves. It is found 

that up to a 6x6 weft satin, a closed seam will improve the overall air permeability. A 7x7 weft 

satin or larger, however, will be degraded by adding a closed seam. It is also found that up to a 

5x5 weft5-harness weft satin, an open seam will improve the overall air permeability. A 6x6 weft 

satin or larger will be degraded by adding an open seam. This could be very useful knowledge 

when choosing a weft satin material for use in garments needing to add air permeability for 

thermal comfort purposes. A weft satin with low enough warp and weft yarns per repeat could 

experience improved air permeability and thermal comfort by the addition of seams in key 

locations of the body. 
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CHAPTER 5 

5. Conclusions 

In this study, woven fabric structures, layering, and seam types were investigated for their 

effects on permeability leading to thermal comfort. 9 initial woven samples were created (A: 2x2 

Plain Weave, B: 8x8 Basket Weave, C: 5-harness weft Satin, D: 10-harness weft Satin, E: 20-

harness weft Satin, F: 12x12 Waffle Weave, G: 18x16 Waffle Weave variation 2, H: 20x22 

Waffle Weave variation 3, and I: 24x24 Pucker Weave). These 9 woven samples were analyzed 

for their basic properties, including weave factor, longest warp float length, EPI and PPI, warp 

and weft shrinkage after laundering, warp and pick spacing, cover factors, and construction 

factors. This initial data was used to help explain experimental results. 

Initial air permeability experiments were setup to determine the air permeabilities of the 9 

woven fabric samples and what causes differences in these air permeabilities. Thicknesses and 

weights were also determined to help understand how the woven fabrics varied. It was found that 

shrinkage directly linked to differences in fabric thickness and weight. This is understandable, as 

shrinking will result in an increase of yarns per inch, causing the fabric to be heavier, and the 

yarns to have more z-dimension height. Air permeability of each material was compared to 

thickness and weight and was found to not be directly correlated among the 9 woven fabric 

structures tested, although more related to the AP for weft satins alone. Weave factor was found 

to have a strong direct relationship with the air permeability of the woven materials. As the 

average float lengths increase in a woven material, the air permeability will increase. This makes 

sense, as the longer float lengths create larger passageways for air to flow through, resulting in 

less force needed to push the air through the material. Construction factor or tightness of the 

fabrics was also found to be related to AP results for the 9 woven materials, although not to as 
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large of a degree as weave factor. For both weave factor and construction factor, the relationship 

to AP was even greater when comparing based on weft satins only. 

Utilizing the trend found in AP experiments, the 3 weft satins and the plain weave were 

tested for their MVTR’s to determine how moisture vapor would move through the material’s, 

The results of this experiment determined that there was not a large difference between the 

MVTR for each of the materials to be statistically relevant. This indicated that although they 

have varied weave factors, there was some other component of the materials that was causing 

moisture vapor transmission through the materials to not vary to a great degree. Based on 

previous literature and theory, it appears the consistent yarn diameters among all tested samples, 

as well as the same yarn used, may have caused the MVTR to be similar. Due to this 

insignificance in MVTR, further experiments on the permeability of moisture through varying 

weave factor materials was not tested.  

To determine further how AP changes based on garment features, AP experiments 

focused on the effects on material layering were conducted. The experiments were also used as a 

tool to further analyze how layering with seams effects air permeability through materials used in 

woven garments. The trend of increased weave factors within a woven design was continued by 

using the plain weave and 3 weft satins. The 4 materials were layered in double and triple layers. 

As expected, the double and triple layer variants were less air permeable than their respective 

single layer variants. There was however a discrepancy between the AP predicted and the AP 

measured. This discrepancy showed that the layers were in fact more air permeable than would 

be expected by directly reducing the AP based on the 1-layer results. This indicates that there is a 

variation in how air passages within the material line up through the 2 or 3 layers. The same 

principle was shown while testing thickness of the 2- and 3-layer variants. The yarns do not line 
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up perfectly and distort while layering, resulting in discrepancies between predicted and 

measured thicknesses. However, isolating the weave structure designs to a single material, 

showed that the thickness and weight changes, based on layering, did have a large direct 

correlation to air permeability.  

Layering is present in all common seam types used for woven garments such as dress 

shirts or jeans. Analyzing how these seam types may alter permeability leading to thermal 

comfort or discomfort is important. Seam experiments used the results from the previous 

experiments to test how layering within an open seam and a closed seam will change the air 

permeability through a woven material.  

The same four woven structures, 3 weft satins and a plain weave, were sewn into samples 

using an open seam variant and a closed seam variant. Predicted air permeabilities were 

calculated based on the percentage of 2- or 3-layer areas found within the air permeability testing 

circle. It was shown that an open seam creates a larger area of layering than a closed seam, but 

that the closed seam involves 3-layers while an open seam only involves 2-layers being created 

within the seams. Based on mathematical predictions, it was expected that the closed seam would 

be more air permeable than the open seam. Also, based on prior literature, it was thought that 

both seams would degrade the overall air permeability as compared to no seam at all. 

The results of AP testing showed that closed seam variants were more air permeable than 

open seams, as expected. However, the results were very different from what was predicted for 

each seam variant. This is thought to be due to the nature of the seam line itself, creating an 

additional straight line opening for air to flow through, that was not accounted for in the 

mathematical setup. Results from the experiment also contradicted the theory that the seams 

would degrade the overall AP. For fabrics A and C, which inherently have lower AP for a single 
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layer, the addition of an open or closed seam actually improved the air permeability of the 

material. For fabrics D and E, which inherently have high AP for a single layer however, the 

open and closed seams indeed reduce the overall air permeability. This alteration from theory is 

thought to be explained by the introduction of stitch lengths through varied longest float lengths 

in the 4 woven materials. For fabrics A and C, the stitch lengths penetrated the material in a 

manner that created larger openings than the floats within the weave itself, allowing for more air 

to flow through. For fabrics D and E, the stitch lengths entering the material disrupted longer 

float lengths, thereby reducing the openings along the seam for air to pass through.  

Results from seam experiments also allowed for a theory to be made about air 

permeability through different sized weft satin materials. Based on the points where a closed or 

open seam switched between improving AP and degrading AP, weave factor for weft satins were 

found. These weave factors indicated that up to a 6x6 weft satin would theoretically be improved 

by the introduction of a closed seam, while up to a 5-harness weft satin would be theoretically 

improved by the introduction of an open seam.  

Fabric A (2x2 plain weave) and fabric C (5-harness weft satin) are typically thought to be 

more usable for common woven garments than fabrics D or E (10x10 and 20-harness weft satins, 

respectively). This suggests that for a more common woven material, the use of open or closed 

seams will improve the air flow between the skin and the environment. This increase in air 

permeability due to the addition of seams could lead to increased thermal comfort during hot 

conditions and leads to the theory that woven garments used in hot environments would benefit 

from having additional seams.  
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CHAPTER 6 

6. Recommendations for Future Work 

This research has developed a theory that open and closed seams within woven garments 

using typical woven structure materials, will improve the air permeability through the garment, 

helping to promote thermal comfort. However, the experiments run were only done so on the 

material level. Future research could be done on the garment level to analyze if the seams do 

indeed increase the air flow between the skin and the environment, using thermal manikins and 

finished woven garments.  

Another route for future work could include developing a mathematical model to predict 

the air permeability through seams using other types of woven structures, based on their weave 

factors. As weave factors could help predict the initial single layer air permeability for other 

woven structures, the single layer prediction could then be used to predict the air permeability 

through open or closed seams using that material. Mathematical models could also be developed 

to predict the air permeability of additional layers of weft satins or plain weaves. 

Additionally, research into other garment details could also be investigated for their air 

permeability. Such garment details could include dress shirt pockets, which would involve large 

portions of material layering, or armpit seams, which typically deal with the lineup of both the 

sleeve seam and the side seam of a garment. Understanding how air will move through these 

additional garment features would be helpful in choosing where to place seamlines and which 

seamlines to use to maintain thermal comfort of the wearer.  
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Appendix A: 9 Woven Fabric Diagrams 

Fabric A – 2x2 Plain Weave  

    

    

 

Fabric B – 8x8 Basket Weave 

                

                

                

                

                

                

                

                

 

Fabric C – 5-harness weft Satin 

          

          

          

          

          

 

Fabric D – 10-harness weft Satin 

                    

                    

                    

                    

                    

                    

                    

                    

                    

                    

 

 

 



  

94 
 

Fabric E – 20-harness weft Satin 

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

                                        

 

Fabric F – 12x12 Waffle Weave 
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Fabric G – 18x16 Waffle Weave Variation 2 
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Fabric H – 20x22 Waffle Weave Variation 3 
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Fabric I – 24x24 Gradating Pointed Twill 
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Appendix B: 1-Layer Air Permeability Statistics 

Table AB1. Descriptive summary of AP measurements of 9 woven samples. 

Groups Orifice Count Average (inch-

pound units of 

ft3/min/ft2) 

Variance 

A 2mm 10 5.231 0.0547 

B 6mm 10 57.160 2.3116 

C 6mm 10 61.400 2.6800 

D 8mm 10 143.900 44.5444 

E 16mm 10 344.000 181.1111 

F 6mm 10 71.140 7.0471 

G 11mm 10 161.200 46.1778 

H 6mm 10 63.160 4.8204 

I 4mm 10 34.930 0.6690 

 

Table AB2. ANOVA statistical analysis for AP of 9 woven samples. 

Source of Variation SS df MS F P-value F crit 

Between Groups 837420.98 8 104677.63 3255.17 <0.00 2.06 

Within Groups 2604.75 81 32.16 
          

Total 840025.73 89         
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Table AB1 and AB2 depict the descriptive summary of the air permeability test and the 

ANOVA: Single Factor analysis for the air permeability results of the 9 woven materials. The F 

value is larger than the F crit value, and the P-value is less than the 0.05 alpha, both indicating 

there is a statistically significant difference within these 9 samples.  For the Tukey HSD pairwise 

comparison the ANOVA values are used to determine CLD groupings of the tested materials. 

Table AB3 shows the the air permeabilities and Tukey CLD groupings for the 9 woven materials 

tested.  Fabrics B, C, and H have the same c group, indicating they are similar in AP, while 

fabric F and H also have the same d group, indicating they are similar in AP. 

Table AB3. Tukey CLD  statistical display for AP of 9 woven samples. 

Material Air Permeability 

(inch-pound units of 

ft
3
/min/ft

2
) 

Tukey 

CLD 

A 5.231 A
a 

B 57.160 Bc 

C 61.400 C
c 

D 143.900 De 

E 344.000 Eg 

F 71.140 Fd 

G 161.200 G
f 

H 63.160 Hcd 

I 34.930 Ib 
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Appendix C: 1-Layer Thickness Statistics 

Table AC1. Descriptive summary of thickness measurements of 9 woven samples. 

Groups Count Average (mm) Variance 

A 10 0.522 3.07E-04 

B 10 0.928 7.29E-04 

C 10 0.754 2.71E-04 

D 10 0.952 4.62E-04 

E 10 1.178 6.62E-04 

F 10 1.992 1.35E-03 

G 10 1.138 6.62E-04 

H 10 1.178 3.96E-04 

I 10 0.828 1.07E-04 
 

Table AC2. ANOVA statistical analysis for thickness of 9 woven samples. 

Source of Variation SS df MS F P-value F crit 

Between Groups 13.68 8 1.71 3111.19 <0.00 2.06 

Within Groups 0.04 81 <0.00    
       

Total 13.73 89         
 

Table AC1 and AC2 depict the descriptive summary and ANOVA: Single Factor analysis 

for the thickness results of the 9 woven materials. The F value is larger than the F crit value, and 
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the P-value is less than the 0.05 alpha, both indicating there is a statistically significant 

difference within these 9 samples. Table AC3 shows the thickness and Tukey CLD determined 

for the pairwise comparisons of all 9 woven samples for thickness. Fabrics B and D are shown to 

have the same grouping, and fabrics E and H are shown to have the same grouping. This 

indicates those pairs are statistically the same for thickness. 

Table AC3. Tukey CLD statistical display for thickness of 9 woven samples. 

Material Thickness  (mm) Tukey CLD 

A 0.522 A
a 

B 0.928 Bd 

C 0.754 C
b 

D 0.952 Dd 

E 1.178 Ef 

F 1.992 Fg 

G 1.138 G
e 

H 1.178 Hf 

I 0.828 Ic 
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Appendix D: MVTR Statistics 

Table AD1. Descriptive summary of MVTR measurements of 4 woven samples. 

Groups Count Average 

(g/m
2
*24hrs) 

Variance 

A 3 982.133 176.892 

C 3 997.283 2159.490 

D 3 973.930 1062.600 

E 3 964.463 62.156 
 

Table AD2. ANOVA statistical analysis for MVTR of 4 woven samples. 

Source of Variation SS df MS F P-value F crit 

Between Groups 1740.90 3 580.30 0.67 0.59 4.07 

Within Groups 6922.28 8 865.28    

       

Total 8663.17 11         
 

Table AD1 and AD2 depict the descriptive summary and ANOVA: Single Factor 

analysis for the MVTR results of the 4 woven materials. The F value is lower than the F crit, and 

the P-value is larger than the 0.05 alpha, both indicating a lack of statistical difference between 

the samples. Table AD3 indicates the MVTR results and Tukey CLD for the 4 woven fabrics 

tested, indicating that all are statistically the same. 
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Table AD3. Tukey CLD statistical display for MVTR of 4 woven samples 

Material MVTR 

(g/m
2
*24hrs) 

Tukey CLD 

A 982.13 A
a 

C 997.28 C
a 

D 973.93 Da 

E 964.46 Ea 

. 
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Appendix E: Layered AP Statistics 

Table AE1. Descriptive summary of AP measurements of Fabric A layered samples. 

Groups Orifice Count Average (inch-

pound units of 

ft
3
/min/ft

2
) 

Variance 

A1 2mm 10 5.231 0.0547 

A2 1.4mm 10 3.059 0.0050 

A3 1.4mm 10 2.248 0.0029 
 

Table AE2. ANOVA statistical analysis for AP measurements of Fabric A layered samples. 

Source of Variation SS df MS F P-value F crit 

Between Groups 47.58 2 23.79 1139.38 <0.00 3.35 

Within Groups 0.56 27 0.02       
             

Total 48.14 29         
 

Table AE1 and AE2 depict the descriptive summary and ANOVA: Single Factor analysis 

for the layered AP results for fabric A. The F value is larger than the F crit value, and the P-value 

is less than the 0.05 alpha, both indicating there is a statistically significant difference within 

these 3 different layer samples. Table AE3 shows the AP and Tukey CLD analysis for each of 

the fabric A layer variants. All layer variants are shown to be statistically different from one 

another. 
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Table AE3. Tukey CLD statistical display for AP, Fabric A layered samples. 

Material Air Permeability (inch-

pound units of ft
3
/min/ft

2
) 

Tukey CLD 

A1 5.231 A1
c 

A2 3.059 A2
b 

A3 2.248 A3
a 

 

Table AE4. Descriptive summary of AP measurements of Fabric C layered samples. 

Groups Orifice Count Average (inch-

pound units of 

ft
3
/min/ft

2
) 

Variance 

C1 6mm 10 61.40 2.680 

C2 4mm 10 35.34 0.496 

C3 4mm 10 24.21 0.225 
 

 

 

 

 

 



  

106 
 

Table AE5. ANOVA statistical analysis for AP measurements of Fabric C layered samples. 

Source of Variation SS df MS F P-value F crit 

Between Groups 7286.99 2 3643.49 3213.48 <0.00 3.35 

Within Groups 30.61 27 1.13       
             

Total 7317.60 29         
 

Table AE4 and AE5 depict the descriptive summary and ANOVA: Single Factor analysis 

for the layered AP results for fabric C. The F value is larger than the F crit value, and the P-value 

is less than the 0.05 alpha, both indicating there is a statistically significant difference within 

these 3 different layer samples.  Table AE6 shows the AP and Tukey CLD of layer variants of 

fabric C. All layer variants are shown to be statistically different from one another. 

Table AE6. Tukey CLD statistical display for AP, Fabric C layered samples. 

Material Air Permeability (inch-

pound units of ft
3
/min/ft

2
) 

Tukey CLD 

C1 61.400 C1
c 

C2 35.340 C2
b 

C3 24.210 C3
a 
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Table AE7. Descriptive summary of AP measurements of Fabric D layered samples. 

Groups Orifice Count Average (inch-

pound units of 

ft
3
/min/ft

2
) 

Variance 

D1 8mm 10 143.90 44.544 

D2 6mm 10 81.79 2.299 

D3 6mm 10 53.80 5.309 
 

Table AE8. ANOVA statistical analysis for AP measurements of Fabric D layered samples. 

Source of Variation SS df MS F P-value F crit 

Between Groups 42530.30 2 21265.17 1223.26 <0.00 3.35 

Within Groups 469.369 27 17.38       
             

Total 42999.70 29         
 

Table AE7 and AE8 depict the descriptive summary and ANOVA: Single Factor analysis 

for the layered AP results for fabric D. The F value is larger than the F crit value, and the P-value 

is less than the 0.05 alpha, both indicating there is a statistically significant difference within 

these 3 different layer samples.  Table AE9 shows the AP and Tukey statistical analysis in CLD 

for fabric D layer variants. Each layer of fabric D is shown to be statistically different. 
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Table AE9. Tukey CLD statistical display for AP, Fabric D layered samples. 

Material Air Permeability (inch-

pound units of ft
3
/min/ft

2
) 

Tukey CLD 

D1 143.900 D1
c 

D2 81.790 D2
b 

D3 53.800 D3
a 

  

Table AE10. Descriptive summary of AP measurements of Fabric E layered samples. 

Groups Orifice Count Average (inch-

pound units of 

ft
3
/min/ft

2
) 

Variance 

E1 16mm 10 344.0 181.111 

E2 11mm 10 191.6 118.267 

E3 8mm 10 143.4 27.822 
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Table AE11. ANOVA statistical analysis for AP measurements of Fabric E layered samples. 

Source of Variation SS df MS F P-value F crit 

Between Groups 219298.00 2 109648.93 1005.34 <0.00 3.35 

Within Groups 2944.80 27 109.07       
             

Total 222243.00 29         
 

Table AE10 and AE11 depict the descriptive summary and ANOVA: Single Factor 

analysis for the layered AP results for fabric E. The F value is larger than the F crit value, and the 

P-value is less than the 0.05 alpha, both indicating there is a statistically significant difference 

within these 3 different layer samples.  Table AE12 shows the AP and Tukey CLD analysis for 

the layer variants of fabric E. Each layer is shown to be statistically different.  

Table AE12. Tukey CLD statistical display  for AP, Fabric E layered samples. 

Material Air Permeability (inch-

pound units of ft
3
/min/ft

2
) 

Tukey CLD 

E1 344.000 E1
c 

E2 191.600 E2
b 

E3 143.400 E3
a 
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Appendix F: Layered Thickness Statistics 

Table AF1. Descriptive summary of thickness measurements of Fabric A layered samples. 

Groups Count  Average 

(mm) 
Variance 

E-04 

A1 10  
0.52 3.07 

A2 10 
 

1.04 5.73 

A3 10 
 

1.57 1.96 
 

Table AF2. ANOVA statistical analysis for thickness measurements of Fabric A layered samples. 

Source of Variation SS df MS F P-value F crit 

Between Groups 5.47 2 2.74 7629.51 <0.00 3.35 

Within Groups 0.01 27 <0.00      
         

Total 5.48 29       
 

Table AF1 and AF2 depict the descriptive summary and ANOVA: Single Factor analysis 

for the layered thickness results for fabric A. The F value is larger than the F crit value, and the 

P-value is less than the 0.05 alpha, both indicating there is a statistically significant difference 

within these 3 different layer samples. Table AF3 shows the thickness and Tukey CLD for fabric 

A layer variants. All layer variants are shown to be statistically different from one another.   
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Table AF3. Tukey CLD statistical display for thickness, Fabric A layered samples. 

Material Thickness (mm) Tukey CLD 

A1 0.522 A1
a 

A2 1.042 A2
b 

A3 1.568 A3
c 

 

Table AF4. Descriptive summary of thickness measurements of Fabric C layered samples. 

 

 

 

 

 

 

Table AF5. ANOVA statistical analysis for thickness measurements of Fabric C layered samples. 

Source of Variation SS df MS F P-value F crit 

Between Groups 8.07 2 4.04 12789.80 <0.00 3.35 

Within Groups 0.01 27 <0.00      
         

Total 8.08 29       
 

Groups Count Average 

(mm) 
Variance 

E-04 

C1 10 0.75 2.71 

C2 10 1.36 1.60 

C3 10 2.02 5.16 
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Table AF4 and AF5 depict the descriptive summary and ANOVA: Single Factor analysis 

for the layered thickness results for fabric C. The F value is larger than the F crit value, and the 

P-value is less than the 0.05 alpha, both indicating there is a statistically significant difference 

within these 3 different layer samples. Table AF6 shows the thickness and Tukey CLD for fabric 

C layered samples. Each layer is given a different CLD grouping, indicating they are all 

statistically different. 

Table AF6. Tukey CLD statistical display for thickness, Fabric C layered samples. 

Material Thickness (mm) Tukey CLD 

C1 0.754 C1
a 

C2 1.356 C2
b 

C3 2.024 C3
c 

 

Table AF7. Descriptive summary of thickness measurements of Fabric D layered samples. 

Groups Count Average 

(mm) 
Variance 

E-04 

D1 10 0.95 4.62 

D2 10 1.79 15.29 

D3 10 2.67 23.33 
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Table AF8. ANOVA statistical analysis for thickness measurements of Fabric D layered samples. 

Source of Variation SS df MS F P-value F crit 

Between Groups 14.76 2 7.38 5119.74 <0.00 3.35 

Within Groups 0.04 27 <0.00      
         

Total 14.80 29       
 

Table AF7 and AF8 depict the descriptive summary and ANOVA: Single Factor analysis 

for the layered thickness results for fabric D. The F value is larger than the F crit value, and the 

P-value is less than the 0.05 alpha, both indicating there is a statistically significant difference 

within these 3 different layer samples.  Table AF9 shows the thickness results for fabric D layer 

variants, as well as the Tukey CLD analysis for each variant. The CLD indicates that each layer 

is statistically different from the others. 

Table AF9. Tukey CLD statistical display for thickness, Fabric D layered samples. 

Material Thickness (mm) Tukey CLD 

D1 0.952 D1
a 

D2 1.792 D2
b 

D3 2.670 D3
c 
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Table AF10. Descriptive summary of thickness measurements of Fabric E layered samples. 

Groups Count Average 

(mm) 
Variance 

E-04 

E1 10 1.18 6.62 

E2 10 2.11 18.00 

E3 10 3.19 8.93 
 

Table AF11. ANOVA statistical analysis for thickness measurements of Fabric E layered samples. 

Source of Variation SS df MS F P-value F crit 

Between Groups 20.20 2 10.10 9027.51 <0.00 3.35 

Within Groups 0.03 27 <0.00      
         

Total 20.23 29       
 

Table AF10 and AF11 depict the descriptive summary and ANOVA: Single Factor 

analysis for the layered thickness results for fabric E. The F value is larger than the F crit value, 

and the P-value is less than the 0.05 alpha, both indicating there is a statistically significant 

difference within these 3 different layer samples. Table AF12 shows the thickness and Tukey 

CLD for each of the layered samples of fabric E. CLD shows that each layer has a statistically 

different thickness than the others.  
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Table AF12. Tukey CLD statistical display for thickness, Fabric E layered samples. 

Material Thickness (mm) Tukey CLD 

E1 1.178 E1
a 

E2 2.110 E2
b 

E3 3.186 E3
c 
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Appendix G: Seams vs. 1-Layer AP Statistics 

Table AG1. Descriptive summary of AP measurements of Fabric A seam samples. 

Groups Orifice Count Average (inch-

pound units of 

ft
3
/min/ft

2
) 

Variance 
E-03 

A1 2mm 10 5.23 54.72 

AO 2mm 10 9.76 6.85 

AC 3mm 10 10.94 127.11 
 

Table AG2. ANOVA statistical analysis for AP measurements of Fabric A seam samples. 

Source of Variation SS Df MS F P-value F crit 

Between Groups 181.72 2 90.86 1444.71 <0.00 3.35 

Within Groups 1.70 27 0.06       
            

Total 183.42 29         
 

Table AG1 and AG2 depict the descriptive summary and ANOVA: Single Factor 

analysis for the seam AP results for fabric A. The F value is larger than the F crit value, and the 

P-value is less than the 0.05 alpha, both indicating there is a statistically significant difference 

within these 3 different samples, 1-layer and open and closed seam. Table AG3 shows the AP 

and Tukey CLD results for seam variants of fabric A. CLD indicates that each variant has its 

own group and is statistically different than the others. 
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Table AG3. Tukey CLD statistical display for AP, Fabric A seam samples. 

Material Air Permeability (inch-

pound units of ft
3
/min/ft

2
) 

Tukey CLD 

A1 5.231 A1
a 

AO 9.763 AO
b 

AC 10.940 AC
c 

 

 Table AG4. Descriptive summary of AP measurements of Fabric C seam samples. 

Groups Orifice Count Average (inch-

pound units of 

ft
3
/min/ft

2
) 

Variance 

C1 6mm 10 61.40 2.68 

CO 6mm 10 65.52 1.66 

CC 6mm 10 68.28 0.98 
 

Table AG5. ANOVA statistical analysis for AP measurements of Fabric C seam samples. 

Source of Variation SS Df MS F P-value F crit 

Between Groups 239.76 2 119.88 67.64 <0.00 3.35 

Within Groups 47.85 27 1.77       
            

Total 287.61 29         
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Table AG4 and AG5 depict the descriptive summary and ANOVA: Single Factor 

analysis for the seam AP results for fabric C. The F value is larger than the F crit value, and the 

P-value is less than the 0.05 alpha, both indicating there is a statistically significant difference 

within these 3 different samples, 1-layer and open and closed seam. Table AG6 shows the AP 

and Tukey CLD for fabric C seam variants. Each seam variant is shown to be statistically 

different from the others.  

Table AG6. Tukey CLD statistical display for AP, Fabric C seam samples. 

Material Air Permeability (inch-

pound units of ft
3
/min/ft

2
) 

Tukey CLD 

C1 61.400 C1
a 

CO 65.520 CO
b 

CC 68.280 CC
c 

 

Table AG7. Descriptive summary of AP measurements of Fabric D seam samples. 

Groups Orifice Count Average (inch-

pound units of 

ft
3
/min/ft

2
) 

Variance 

D1 8mm 10 143.90 44.54 

DO 8mm 10 124.80 82.84 

DC 8mm 10 129.70 82.68 
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Table AG8. ANOVA statistical analysis for AP measurements of Fabric D seam samples. 

Source of Variation SS Df MS F P-value F crit 

Between Groups 1968.20 2 984.10 14.05 <0.00 3.35 

Within Groups 1890.60 27 70.02       
            

Total 3858.80 29         
 

Table AG7 and AG8 depict the descriptive summary and ANOVA: Single Factor 

analysis for the seam AP results for fabric D. The F value is larger than the F crit value, and the 

P-value is less than the 0.05 alpha, both indicating there is a statistically significant difference 

within these 3 different samples, 1-layer and open and closed seam. Table AG9 shows the AP 

and Tukey CLD for fabric D seam variants. Fabric D open seam and closed seam variants are 

given the same CLD grouping, indicating they are statistically similar.  

Table AG9. Tukey CLD statistical display for AP, Fabric D seam samples. 

Material Air Permeability (inch-

pound units of ft
3
/min/ft

2
) 

Tukey CLD 

D1 143.900 D1
b 

DO 124.800 DO
a 

DC 129.700 DC
a 
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Table AG10. Descriptive summary of AP measurements of Fabric E seam samples. 

Groups Orifice Count Average (inch-

pound units of 

ft
3
/min/ft

2
) 

Variance 

E1 16mm 10 344.00 181.11 

EO 11mm 10 279.00 174.67 

EC 11mm 10 288.20 55.51 
 

Table AG11. ANOVA statistical analysis for AP measurements of Fabric E seam samples. 

Source of Variation SS Df MS F P-value F crit 

Between Groups 24744.30 2 12372.10 90.24 <0.00 3.35 

Within Groups 3701.60 27 137.10      
            

Total 28445.90 29         
 

Table AG10 and AG11 depict the descriptive summary and ANOVA: Single Factor 

analysis for the seam AP results for fabric E. The F value is larger than the F crit value, and the 

P-value is less than the 0.05 alpha, both indicating there is a statistically significant difference 

within these 3 different samples, 1-layer and open and closed seam. Table AG12 shows the 

Tukey CLD and AP for each of the fabric E seam variants. Fabric E open seam and closed seam 

are shown to be statistically similar based on CLD grouping. 
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Table AG12. Tukey CLD statistical display for AP, Fabric E seam samples. 

Material Air Permeability (inch-

pound units of ft
3
/min/ft

2
) 

Tukey CLD 

E1 344.000 E1
b 

EO 279.000 EO
a 

EC 288.200 EC
a 

 


