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Chapter 1. Introduction

The heat and mass transfer within the clothing system is a composition of a number of physical processes, such as: dry heat exchange (conduction, convection, and radiation), evaporation and condensation, sorption, and vapour and liquid water transfer. In addition, factors associated with the construction and use of the garment, such as air penetration and compression by wind, body posture and movement, and clothing fit influence these processes significantly. This is achieved mainly by changing the size and the shape of the layers of air trapped between the skin and clothing, and between the clothing layers, and the air layer adjacent to the outer surface of clothing. Thus, the thermal, wicking and evaporative properties of clothing depend not only on the properties of the fabric used for the garment but also on the magnitude of the contact area and air layers thickness and its change.

Clothing is generally flabby and it drapes and sags with its own weight. Effectively, the thickness of the air layer is inhomogeneous and varies over body parts and changes with body shape, established posture and movement. The inhomogeneous thickness of the air layers within the clothing system has influence on the local intensity of heat and vapour exchange.

Moreover, the air trapped underneath garments and adjacent to the outer layer provides bulk of both thermal and evaporative resistances. When the surfaces of the fabrics and/or the surface of the skin stay in contact, the direct exchange of the liquid water can take place. Due to the wicking effect, this liquid is distributed over the larger area and, therefore, enhances additionally the inhomogeneous heat and mass transfer.

Most existing mathematical clothing models assume uniform air gap between the body and fabric layers or ignore it. Such simplification facilitates the computation process. However, this approach disregards the non-uniform and non-linear heat, vapour and liquid water transfer, which depend on presence of contact between surfaces and on the shape of the air layers trapped within clothing and the body regions which are not equivalent in terms of sweating process.

The aim of this project was to determine the contact area between clothing and the manikin body in a static standing position experimentally and to provide a more precise estimation of the thickness of the air gap at various body parts. The static situation is not in conformity to the life reality but the aim of his study is to give basis for future research. Furthermore, the anticipation of the contact area and the air gap thickness based on construction of the garment, fabric properties and moisture content in fabric have been sought.

Aims and objectives

The aims of this PhD work were as follows:

-To provide a method for an accurate and reliable determination of the air gap thickness and the contact area between manikin body and the garment for individual body regions and in the resolution relevant for the heat and mass transfer processes occurring in clothing;

-To demonstrate the applicability and limitations of the developed method by investigation of the distribution of the air gap thickness and the contact area in relation to the garment properties that shall indicate emerging merits of the method for enhancement of the clothing modeling.

The individual objectives of this PhD work were as follows:

(1) To provide a literature review on methods available to determine the air layers in clothing ensembles and the approach to define the air layers in clothing models for purpose of simulation of the heat and mass transfer occurring in clothing, namely:

various methods to evaluate the air layers in clothing ensembles, their accuracy and reliability and feasibility of an outcome for simulation of the heat and mass transfer in clothing;

existing mathematical models and standards for evaluation of thermal and evaporative transfer processes taking place in clothing ensembles in relation to methods used for modeling of air layers in clothing.

The literature study is provided in Chapter 2.

(2) To elaborate the method to determine the distribution of the air gap thickness and the contact area individually for various body regions and to investigate its feasibility for measuring the sought parameters in different garment types, namely:

adaptation of the 3D body scanning technique and 3D inspection software for determination of the air gap thickness and the contact area from 3D scans of the nude and dressed manikin;

evaluation of the developed 3D scanning and post-processing routine for their reliability in determination of sought parameters;

evaluation of the feasibility of the developed method for its applicability to wide range of garment types;

evaluation of the repeatability of the developed method in relation to the random draping behavior of garments.

The details of this work are presented in Chapter 3.

(3) To optimize and validate the developed method in relation to the accuracy and reliability of the 3D scanning procedure and 3D post-processing routine, namely:

-Optimization of quality of the captured 3D scans of the nude and dressed manikin in purpose of enhancing the accuracy of the method;

-Optimization of the post-processing routine of 3D scans of the nude and dressed manikin to enhance the reliability of the developed method;

-Validation of the accuracy and the reliability of the developed method and estimation of its limitations.

The details of this work are presented in Chapter 4.

(4) To investigate the distribution of the air gap thickness and the contact area to emphasize their relevance for the thermal and evaporative transfer processes occurring in clothing in relation to various garment types and properties, namely:

investigation of the regional distribution of the sought parameters in relation to the garment fit and style and fabric properties such as fabric type and fiber type;

investigation of the distribution of the sought parameters in relation to various levels of moisture content in garments made of fabrics with different levels of hygroscopicity.

The details of this work are presented in Chapter 5 and Chapter 6.

Chapter 7 presents summarizing conclusions and outlook for the future studies considering accuracy and reliability of methods used to determine the air gap thickness and the contact area in clothing ensembles and their potential effect on the simulation of the heat and mass transfer in clothing under wearing conditions.

Chapter 2.

State of the art 2.1 Relevance of air gap thickness and contact area for heat and moisture transfer in clothing

Heat and moisture transport in clothing occurring under wearing conditions depends on environmental conditions, human thermoregulatory reactions, thermal and evaporative resistances of clothing layers as well as distribution of the air layers adjacent to the clothing surface and entrapped in clothing ensembles. The bulk of thermal and evaporative resistances in clothing results not only from thermal properties of textiles but also from the thickness of the enclosed air layers between clothing layers. In addition, factors associated with construction and use of a garment, such as air penetration and compression by wind, body posture and movement and clothing fit, influence distribution and thickness of air layers, and hence, affect the heat and mass transfer processes significantly [START_REF] Holmer | Clothing convective heat exchange -Proposal for improved prediction in standards and models[END_REF][START_REF] Parsons | The effects of wind and human movement on the heat and vapour transfer properties of clothing[END_REF][START_REF] Bouskill | The effect of external air speed on the clothing ventilation index[END_REF] . That is mainly due to the changing size and shape of the layers of air trapped between the skin and clothing, between clothing layers alone, and in the layer adjacent to the outer surface of clothing. Thus, the thermal, evaporative and wicking properties of clothing depend not only on the properties of the fabric used for the garment but also on the magnitude and the temporal change of the contact area and air layer thickness.

The garment is a 3D form created from the 2D pattern on the flat fabric to cover complex geometry of the human body. This fact together with the fabric properties entails draping and sagging of the garment. Effectively, the thickness of the air layer is inhomogeneous and varies over body parts and changes with body shape, posture and movement. The inhomogeneous thickness of the air layers within the clothing system influences the local heat and vapour exchange. The example in Figure 2.1 illustrates the significance of the air gap thickness for thermal and evaporative resistances of an ensemble calculated according to the model published by Wissler [START_REF] Wissler | A simple theoretical model of heat and moisture transport in multi-layer garments in cool ambient air[END_REF] . The air trapped beneath garments and adjacent to the outer layer provides the bulk of both the thermal and evaporative resistances. Moreover, it increases noticeably with only a small change of 5 mm in the air gap thickness (Figure 2.1). If the air layer is larger than about 8 -13 mm, internal convection will take place [START_REF] Jl | The physical basis of clothing comfort, Part 2: Heat transfer through dry clothing assemblies[END_REF][START_REF] Cain | Two new techniques for determining the thermal radiative properties of thin fabrics[END_REF] . Therefore, a determination of the extent and location of air layers larger than 8-13 mm allows the analysis of possible air circulation. Moreover, analysis of the distribution of the air gaps enables assessment of thermal protection of protective garments from heat and flame since thickness of the air layer influences energy transfer to the skin during flash fire conditions [START_REF] Lu | Effect of an air gap on the heat transfer of protective materials upon hot liquid splashes[END_REF][START_REF] Song | Clothing Air Gap Layers and Thermal Protective Performance in Single Layer Garment[END_REF] . Umeno et al. [START_REF] Umeno | Prediction of skin and clothing temperatures under thermal transient considering moisture accumulation in clothing[END_REF] showed that heat and mass transfer in clothing can be noticeably affected under the condition of direct contact between the body and the clothing. The contact area is responsible for wicking of the liquid sweat into clothing layers and distribution of absorbed moisture over a larger area [START_REF] Keiser | Moisture transport and absorption in multilayer protective clothing fabrics[END_REF][START_REF] Weder | Evaporative cooling and heat transfer in functional underwear[END_REF] . Consequently, tactile sensations such as clamminess or clinginess can be induced and intensified by dynamic contact between wet fabric and skin [START_REF] Tiest | Haptic perception of wetness[END_REF] .

Moreover, such perception of wet fabrics depends on the size of the contact area between body and fabric, amount of moisture accumulated in the fabric [START_REF] Plante | Fiber Hygroscopicity and Perceptions of Dampness .1. Subjective Trials[END_REF][START_REF] Ackerley | Wetness perception across body sites[END_REF] , structure of the fabric [START_REF] Hock | Thermal properties of moist fabrics[END_REF] and fiber hygroscopicity [START_REF] Li | Fiber Hygroscopicity and Perceptions of Dampness .2. Physical-Mechanisms[END_REF][START_REF] Niedermann | Objective and subjective evaluation of the human thermal sensation of wet fabrics[END_REF][START_REF] Jeon | Psychophysical determination of moisture perception in highperformance shirt fabrics in relation to sweating level[END_REF] . Additionally, distributed moisture leads to the change in the thermal contact properties of fabrics due to higher thermal conductivity of fabric [START_REF] Hock | Thermal properties of moist fabrics[END_REF][START_REF] Hes | Moisture and Air Transfer Properties of Selected Woven Fabrics in Wet State[END_REF][START_REF] Hes | Simulation of the Effect of Air Gaps between the Skin and a Wet Fabric on Resulting Cooling Flow[END_REF] and the evaporation of moisture from the clothing surface [START_REF] Li | Fiber Hygroscopicity and Perceptions of Dampness .2. Physical-Mechanisms[END_REF] . This increased heat loss from the skin and wet clothing is desirable in hot environments under high physical strain but at the same time it can cause sensation of discomfort (so-called chill effect) in cold environments.

Therefore, it is important to consider the contact area in clothing modeling and designing the garment for a given purpose.

Methods used to determine thermal and evaporative properties of clothing

Clothing serves as a protective barrier which helps humans to function in various environmental conditions. Typically, clothing covers most of the human body, and thus, becomes a barrier for heat and moisture that passes in both directions. The intensity of heat and mass transfer is especially important for performance of the protective and functional clothing that is expected to prevent the human body from heat strain. The heat and mass transfer in clothing systems is a composition of a number of physical processes, such as: dry heat exchange (conduction, convection and radiation), evaporation and condensation, sorption, as well as vapour and liquid water transfer. They depend on parameters associated with fabric layers comprising clothing ensemble and air layers enclosed between them and adjacent to the outer surface of this ensemble. The heat and moisture transfer in clothing ensembles and associated effect of air layers can be determined using various methods.

Thermal sweating devices vs human subjects

Commonly, in the laboratory conditions physical processes associated with heat and mass transfer occurring in clothing can be measured on thermal sweating devices such as guarded hot plates [START_REF] Cheng | Simulation of heat and moisture transfer with phase change and mobile condensates in fibrous insulation[END_REF][START_REF] Kar | Comparison of different test methods for the measurement of fabric or garment moisture transfer properties[END_REF][START_REF] Kothari | Development of an instrument to study thermal resistance of fabrics[END_REF][START_REF] Huang | Sweating guarded hot plate test method[END_REF][START_REF] Mccullough | A comparison of standard methods for measuring water vapour permeability of fabrics[END_REF] , heated cylinders [START_REF] Psikuta | Single-sector thermophysiological human simulator[END_REF] and thermal manikins [START_REF] Jt | Measurement of clothing thermal insulation and moisture vapour resistance using a novel perspiring fabric thermal manikin[END_REF][START_REF] Kuklane | Comparison of thermal manikins of different body shapes and size[END_REF][START_REF] Holmer | Thermal manikin history and applications[END_REF] . The thermal and evaporative properties of clothing assessed using these devices show better reproducibility than data obtained during tests carried out on the human subjects. Humans differ among each other, the physiological response of one person varies among subsequent days and changes noticeably during the same day, therefore, the measurement data obtained from human subjects is very scattered and complicated for interpretation. Moreover, the surface temperature can be monitored only locally and measurement of the evaporation rate in clothing worn on human subjects is complicated. To avoid gathering the inconsistent or incomplete data, the thermal and evaporative properties of clothing ensembles can be more reliably assessed using mentioned earlier thermal sweating devices. Nevertheless, they also come with certain limitations. The guarded hot plates provide the measurements of single-or multilayer fabrics placed in horizontal direction directly on or at the certain distance from the heated and/or sweating plate. Although, measurements are repeatable and robust, the thermal and evaporative properties of clothing are assessed only at the homogeneous air gap thickness and in fabric position that does not resemble position of the clothing worn on the body. More realistic results can be then obtained using heated cylinders because heat and mass transfer within fabric is measured for the sample fixed in vertical position and additionally wrapped around the device into 3D shape. Nevertheless, physical processes occurring in the sample can be again obtained only for the homogeneous air gap thickness between the sample and the surface of the measuring device. Thorough investigation of the heat and mass transfer in clothing can be assessed using thermal sweating manikins owing to their resemblance to the human body silhouette. They give the possibility to measure both the total and the regional heat and mass transfer, although, the local data is limited to the segmentation of the manikin body. Moreover, the heat and moisture exchange is additionally measured for heterogeneous air gap thickness enclosed between manikin body and clothing ensemble. Consequently, measurements using thermal manikins may allow investigation of magnitude of the thermal and evaporative properties of clothing in relation to the distribution of the air gap thickness and the contact depicted in garment ensemble.

Standardized methods

In standardized methods, the thermal and evaporative properties of clothing are typically calculated in relation to the clothing area factor [START_REF] Iso | Ergonomics of the thermal environment --Estimation of thermal insulation and water vapour resistance of a clothing ensemble[END_REF] . According to ISO 9920 [START_REF] Iso | Ergonomics of the thermal environment --Estimation of thermal insulation and water vapour resistance of a clothing ensemble[END_REF] , the clothing area factor is defined as the ratio of the outer surface area of the clothed body to the surface area of the nude body. Its reliability is limited since it is still commonly determined by extracting the contours of the garment from the taken photographs although more precise methods, i. e. 3D body scanning technique, are available. Therefore, such measurement does not account for increased surface area of clothing resulting from draping of the clothing into pleats and folds.

The ISO 9920 recommends estimating the thermal and evaporative characteristics of clothing in relation to the provided tables of the thermal insulation and the water vapour resistance of exemplary garment ensembles [START_REF] Iso | Ergonomics of the thermal environment --Estimation of thermal insulation and water vapour resistance of a clothing ensemble[END_REF] . Although provided values were measured using thermal sweating manikin, only rough estimation of thermal and evaporative properties of clothing can be obtained (it is not possible to find garments ideally matching each other). Moreover, investigation of the local thermal and evaporative resistances on different body parts is not possible using this method.

Mathematical clothing models

Mathematical clothing models offer fast method for estimation of the heat and mass transfer taking place in clothing systems even if it is often cumbersome to define the input parameters.

Although clothing models require noticeable computational power, they allow generation of many results for various types of garment ensembles and different environmental conditions.

However, all the measurement parameters have to be represented in a mathematical way and it is common to simplify some of them. Consequently, many clothing models are only fabric ("sandwich") models which assume that clothing is either fixed at a certain distance from the body or stays in full contact with the skin [START_REF] Li | Mathematical simulation of heat and moisture transfer in a humanclothing-environment system[END_REF][START_REF] Fan | Heat and moisture transfer with sorption and condensation in porous clothing assemblies and numerical simulation[END_REF][START_REF] Berger | A new dynamic clothing model. Part 1: Heat and mass transfers[END_REF] . Such approach disregards spatial changes in the air gap thickness and the contact area imposed by the shape of the human body, posture and movement, and draping behavior of the clothing. This approach simplifies the computational process but lacks in precision and poorly relates to realistic conditions. In the model of Lotens and Havenith [START_REF] Wa | Calculation of Clothing Insulation and Vapor Resistance[END_REF] , this problem was partially addressed by mathematical derivation of the thickness of air layers based on girth of the nude and the dressed body part at the same body landmark (fast and affordable method). In reality, however, the clothing drapes and sags instead of forming regular cylinder around the body part. As a consequence, the contact area between the body and the garment can be created which can promote wicking into clothing layers. Moisture spread within garment layer may lead to intensification of the heat and mass transfer in clothing system. Therefore, available mathematical models [START_REF] Li | Mathematical simulation of heat and moisture transfer in a humanclothing-environment system[END_REF][START_REF] Fan | Heat and moisture transfer with sorption and condensation in porous clothing assemblies and numerical simulation[END_REF][START_REF] Berger | A new dynamic clothing model. Part 1: Heat and mass transfers[END_REF][START_REF] Wa | Calculation of Clothing Insulation and Vapor Resistance[END_REF] are not adequate to simulate non-uniform heat, water vapor and liquid transport occurring in clothing ensembles.

In such case, detailed mapping of the air gap distribution should be investigated and included in mathematical clothing models to enhance simulation of the heat and mass transfer in clothing.

Methods to determine air gap and contact area in clothing

The contribution of the air gap thickness and the contact area to the heat and mass transfer has been widely investigated using sweating skin models. Consequently, the importance of these parameters for simulation of heat and moisture exchange in clothing was emphasized. Several studies have attempted to characterize the air layers in garments, however, in most cases they did not allow the systematic, accurate and detailed evaluation of the local and average air gap thickness nor did they address the issue of contact area in ensembles [START_REF] Song | Clothing Air Gap Layers and Thermal Protective Performance in Single Layer Garment[END_REF][START_REF] Sullivan | Determination of Clothing Microenvironment Volume[END_REF][START_REF] Kakitsuba | Investigation into Clothing Area Factors for Tight and Loose Fitting Clothing in Three Different Body Positions[END_REF][START_REF] Mccullough | A Comprehensive Data Base for Estimating Clothing Insulation[END_REF][START_REF] Lee | 3D quantification of microclimate volume in layered clothing for the prediction of clothing insulation[END_REF][START_REF] Li | The relationship between air gap sizes and clothing heat transfer performance[END_REF][START_REF] Yu | Correlation between clothing air gap space and fabric mechanical properties[END_REF][START_REF] Mah | Investigation of the Contribution of Garment Design to Thermal Protection. Part 1: Characterizing Air Gaps using Three-dimensional Body Scanning for Women's Protective Clothing[END_REF][START_REF] Li | Effects of body postures on clothing air gap in protective clothing[END_REF] .

The first attempts to estimate size of the air layers were based on either evacuation [START_REF] Crockford | The measurement of clothing microclimate volumes[END_REF] or exchange of microclimate volume in clothing ensembles [START_REF] Sullivan | Determination of Clothing Microenvironment Volume[END_REF] . In both cases an impermeable plastic over-suit was dressed over the clothing assembly and the air was sucked out of the microclimate. In the first method the procedure was repeated for nude person and the microclimate air volume was calculated as a difference between air volume for dressed and nude case [START_REF] Crockford | The measurement of clothing microclimate volumes[END_REF] . In the second method the quantity of air required to re-inflate the microclimate to ambient pressure was considered as the air volume enclosed in an ensemble [START_REF] Sullivan | Determination of Clothing Microenvironment Volume[END_REF] . Both methods were advantageous if the air volume had to be evaluated for various body positions.

Nevertheless, the measurement was cumbersome, prone to error due to gas leakage from the system [START_REF] Havenith | Comparison of two tracer gas dilution methods for the determination of clothing ventilation and of vapour resistance[END_REF] and did not allow local measurement of the air volume.

The regional air volume could be determined by analysis of the body shape captured on photographs that were taken from six sides at fixed distance from the body [START_REF] Kakitsuba | Investigation into Clothing Area Factors for Tight and Loose Fitting Clothing in Three Different Body Positions[END_REF] . The ratio of the area of the human body shape to the overall area of the photograph represented the local shape of the entire human body. The local air volume was extracted from super-imposed photographs of nude and dressed body. Such method allowed determination of air volume for different positions but probably diminished influence of folds draped on the garment, and hence, resulted in the local inaccuracies of the measurement.

A first approach to determine the thickness of the air gap was presented in study of

McCullough [START_REF] Mccullough | A Comprehensive Data Base for Estimating Clothing Insulation[END_REF] . The air gap thickness was measured by subtracting the thickness of the fabric and circumference of the body from corresponding circumference of the garment. If two clothing layers were worn, the circumference of the outmost layer was subtracted from the circumference of the preceding layer. The method was fast because measurements of the circumference were extracted manually by tracing the garment circumference using the string.

Nevertheless, evaluation of the air gap thickness lacked reliability as the garment drape could be easily disturbed during manual manipulations and obtained results could be related only to the few selected points on the body.

The distribution of the air layers was also investigated using 3D body scanning technique, which combined with 3D post-processing software offered high-precision, non-invasive and fast method to digitalize and analyse the spatial form of the dressed body. To obtain the size of the air gap the 3D scans of the nude and dressed body were superimposed and the air gaps were quantified as the total air volume [START_REF] Lee | 3D quantification of microclimate volume in layered clothing for the prediction of clothing insulation[END_REF][START_REF] Li | The relationship between air gap sizes and clothing heat transfer performance[END_REF][START_REF] Yu | Correlation between clothing air gap space and fabric mechanical properties[END_REF][START_REF] Havenith | Comparison of two tracer gas dilution methods for the determination of clothing ventilation and of vapour resistance[END_REF] or calculated from either a selected number of points [START_REF] Song | Clothing Air Gap Layers and Thermal Protective Performance in Single Layer Garment[END_REF][START_REF] Mah | Investigation of the Contribution of Garment Design to Thermal Protection. Part 1: Characterizing Air Gaps using Three-dimensional Body Scanning for Women's Protective Clothing[END_REF][START_REF] Li | Effects of body postures on clothing air gap in protective clothing[END_REF] or from a discrete number of cross sections through the dressed body [START_REF] Wang | Ease distribution in relation to the X-line style jacket. Part 1: Development of a mathematical model[END_REF][START_REF] Xu | The Vacant Distance Ease Relation between Body and Garment[END_REF] .

However, the detailed regional distribution of the air gap thickness was not possible until the method developed in the course of this thesis and presented by Psikuta et al. [START_REF] Psikuta | Quantitative evaluation of air gap thickness and contact area between body and garment[END_REF] . The air gap thickness was computed as an average distance between body and garment individually for several body regions and additionally the size and distribution of the contact area were calculated. Currently, this method allowed the most detailed, robust and repeatable evaluation of air gaps and area of contact between body and garment layer. The development and further optimization of this method is presented within the next Chapters of this thesis.

Dependency of the air gap on garment properties

Several studies have attempted to define factors contributing to the size and distribution of the air layers in clothing. In principle, bigger air gaps were found in garments of bigger size [START_REF] Lee | 3D quantification of microclimate volume in layered clothing for the prediction of clothing insulation[END_REF][START_REF] Wang | Ease distribution in relation to the X-line style jacket. Part 1: Development of a mathematical model[END_REF][START_REF] Xu | The Vacant Distance Ease Relation between Body and Garment[END_REF][START_REF] Zhang | The volume of Air Gaps under Clothing and Its Related Thermal Effects[END_REF] or looser fit [START_REF] Kakitsuba | Investigation into Clothing Area Factors for Tight and Loose Fitting Clothing in Three Different Body Positions[END_REF][START_REF] Psikuta | Quantitative evaluation of air gap thickness and contact area between body and garment[END_REF] , however, with few exceptions induced by complex geometry of the human body [START_REF] Mah | Investigation of the Contribution of Garment Design to Thermal Protection. Part 1: Characterizing Air Gaps using Three-dimensional Body Scanning for Women's Protective Clothing[END_REF][START_REF] Psikuta | Quantitative evaluation of air gap thickness and contact area between body and garment[END_REF][START_REF] Bohnet | Distribution of the air gap thickness and contact area in male and female clothing[END_REF][START_REF] Mark | The impact of the individual layers in multi-layer clothing systems on the distribution of the air gap thickness and the contact area[END_REF] . Moreover, correlations between air gap volume and properties of flat fabric such as bending length, warp density and drape crest uniformity [START_REF] Yu | Correlation between clothing air gap space and fabric mechanical properties[END_REF] or bending rigidity and linear degree of compression [START_REF] Zhang | The volume of Air Gaps under Clothing and Its Related Thermal Effects[END_REF] were found. However, dependency of the air gap on the properties of the two dimensional flat fabric might not be sufficient to estimate the size of the air gaps which are formed as the result of the interaction between the three dimensional garment and the geometrically complex human body. Therefore, the investigation of the complex interaction between body geometry and clothing properties is necessary to understand the rules governing the distribution of the air gap thickness and the contact area in garments.

Chapter 3.

Feasibility study

Before the development of the 3D scanning technology the determination of the size or the volume of the air layers required cumbersome and time-consuming methods, in eg. vacuum suit method [START_REF] Sullivan | Determination of Clothing Microenvironment Volume[END_REF][START_REF] Crockford | Trace Gas Technique for Measuring Clothing Microclimate Air Exchange Rates[END_REF][START_REF] Birnbaum | Quantitative-Evaluation of Clothing Micro-Environment Air Exchange[END_REF] . The 3D body scanning technique combined with 3D post-processing software offered high-precision, non-invasive and fast method to digitalize and analyze the spatial form of the dressed body, and hence, allowed investigating the distribution of the air layer thickness. To obtain the size of the air gap the 3D scans of the nude and dressed body were superimposed and the air gap thickness was calculated from either a selected number of points or from a discrete number of cross sections through the dressed body [START_REF] Song | Clothing Air Gap Layers and Thermal Protective Performance in Single Layer Garment[END_REF][START_REF] Xu | The Vacant Distance Ease Relation between Body and Garment[END_REF][START_REF] Wang | Ease distribution in relation to the X-line style jacket. Part 2: Application to pattern alteration[END_REF][START_REF] Kim | Investigation of air gaps entrapped in protective clothing systems[END_REF] .

However, none of the devised methods allowed the detailed evaluation of the local and average air gap thickness nor did they address the issue of contact area in ensembles.

Therefore, this study investigated the feasibility of the 3D body scanning for determination of the average air gap thickness and the contact area in relation to individual body parts and various garment styles. Additionally, the reliability of the 3D scanner and 3D post-processing software with regard to the quality of the 3D scans and accuracy of the determined parameters was discussed.

Selection of the 3D body scanner

The human body digitization has found successful application in various scientific and industrial fields, in eg. apparel industry for improvement of sizing charts, in medicine for enhancement of plastic surgery effects, orthesis and prosthesis design or in animation industry for development of digital movies. Wide range of applications of the 3D body scanning has allowed for the dynamic changes in the 3D scanning technology over recent years and resulted in variety of 3D body scanners available on the market. However, each technology comes with its own advantages, limitations and costs as shown in Table 3.1.

Since the main objective of this study was related to the determination of the air gap thickness in clothing, we were looking for the 3D body scanner that would fulfil two major requirements:

 the quality of scans would allow investigation of air gap thickness in clothing in order of at least 1 mm that is the magnitude relevant for heat and mass processes occurring in clothing or recognition of garment thickness,  scanning would not require additional markers that are placed on the scanned surface as they could plausibly influence the draping behavior of the garment.

Additionally, we expected that the measurement process would be noticeably enhanced if the 3D scanner would provide the following features:

 entire human body would be captured in one scan to avoid unnecessary manipulation of the data in the post-processing phase,  entire human body would be scanned in few seconds to enhance measurement time and limit the risk of changing the position by the human subject during measurement in case the human subject study would be necessary.

Nevertheless, we intended to use static manikin in the study, and thus, the accuracy of the 3D body scanning and resolution of the 3D scanner were prioritized over the speed of 3D scanning.

The 3D body scanners are optical devices, thus, their accuracy depends on the camera's field of view and can change over the distance, in e.g. height of the scanned object. Additionally, 3D body scanners are susceptible to the colour and reflectivity of captured surfaces [START_REF] Artecgroup | Artec 3D Studio -users guide[END_REF][START_REF] Lemes | Influences of surface parameters on laser 3D scanning[END_REF] and their performance can be affected by ambient light conditions [START_REF] Voisin | Study of ambient light influence for three-dimensional scanners based on structured light[END_REF] . However, at the time we were looking for the 3D body scanner, the reliability of 3D scanning systems for capturing geometrically complex human body was not investigated. According to the overview of 3D body scanners available on the market in 1998 and presented by Daanen et al. most of available systems was low in resolution, slow, bulky and costly. [START_REF] Daanen | Whole body scanners[END_REF] Also the effect of the 3D scanner's accuracy on the reliability and repeatability of procedure evaluating the air layers in clothing was not recognized, and hence, not discussed in the literature. Since the 3D body scanners were still barely affordable systems (see prices in Table 3.1) at the time of our study and suitability of the 3D body scanner for determination of air layers in clothing was not scientifically proven, we decided to rent rather than buy the 3D body scanner for the preliminary research. The feasibility study was done in collaboration with armasuisse who kindly provided us with the Vitus XXL 3D (Figure 3.1) body scanner. The VITUS XXL (Human Solutions GmbH, Germany) is the whole-body scanner that can capture human body within 12s and generate 3D images according to ISO20685:2005 [START_REF]ISO. 3-D scanning methodologies for internationally compatible anthropometric databases[END_REF] . The operating principle of the scanner is based on the optical triangulation, which allows touchless 3D imaging of the entire human body.

According to the manufacturer data, the measurement uncertainty of the 3D scanner was tested using a cylindrical tube (diameter of 110 mm, height of 2100 mm, measured at a constant temperature within the range of 15 -30° C) and was less than 1mm of average maximal girth error (Table 3.1). The single scanning measurement was taken with the point density of 27 points/cm 2 . 

Sample garments

Garments used in this study represented a selection of typical casual and protective clothing covering upper and lower body. One item of each type of garment was purchased at the beginning of the project and represented middle-price products from various brands. Military garments were provided by armasuisse. The garments were made in different styles and either of woven or knitted fabrics to verify the validity of the method for a variety of clothing (i.e.

tight-and loose-fitting clothing). The garments circumferences were measured and compared to the respective manikin's circumference measurements in selected areas to determine the ease allowances. The determined ease allowances validated the use of selected garments as providing varying degrees of tightness (in e.g. T-shirt and shorts) or looseness (in e.g. shirt and trousers). Before the measurements the garments were washed and dried according to ISO6330:2000 and ironed according to ISO6330:2000. Table 3.2 contains characteristics of all casual garments used in the study. Properties of military garments are not disclosed due to the confidentiality of the data and consequently they are not discussed further in the thesis. 

Scanning procedure

The 3D scanner was used according to the guidelines of the producer, i.e. it was used at a temperature range between 20 -30˚ C and calibrated at the beginning of every measurement day and after each 3-4 hours of scanning. Calibration process consisted of scanning reference tube (diameter of 110 mm and height of 2100 mm) in the upright position at five pre-defined places on the pedestal (front, back, left, right and centre). In such way the workspace of the scanner was defined.

A motionless male manikin with 189 cm of height, 97.5 cm circumference at the chest and 74 cm circumference at the waist (measured according to ISO 8559:1989 [START_REF] Iso | Garment construction and anthropometric surveys -Body dimensions[END_REF] ) was used in this study. Manikin position was fixed using special locks developed for this study and supporting construction as shown in Figure 3.2. The manikin was scanned nude and dressed with sample garments using the 3D scanner. To assess the reliability of the proposed technique, the manikin was re-dressed and scanned 6 times for each garment to allow for random changes in garment drape to analyze the repeatability of the measurements. After putting on a garment all unusual positions of the garment, such as twisting or clinging, were removed and the garment was allowed to rest on the manikin for several minutes before scanning (at least 5 minutes). 

3D scans post-processing routine

3D scanners collect data on geometry of the scanned surface in form of a point cloud that has to be brought in a common reference system, reconstructed and merged in appropriate graphic software to obtain visualization of the digitized object. The Vitus XXL scanner was provided with the ScanWorx software that allowed visualization of the 3D data and AnthroScan that gave possibility to extract the anthropometric measurements from the scanned body. However we aimed at visualization and quantification of the distances between scanned objects that could not be determined by the above-mentioned software. Therefore, the comprehensive, robust and accurate 3D metrology software was required to analyze the data. The most popular 3D metrology software is used mostly for dimensional inspection of manufactured parts. However, the 3D inspection software or integrated 3D inspection modules in the 3D design software found also an application in research activities that are beneficial for the apparel industry and medicine. The typical 3D metrology software used in the scientific research are as follows:

 RapidForm (Inus Technology Inc., South Korea),  PolyWorks (InnovMetric Software Inc., Canada),

 Geomagic Studio (Geomagic, USA).
It is also common to analyze the 3D data using 3D inspection modules integrated in the following software:

 SolidWorks (Dassault Systèmes SolidWorks Corp., USA/France),  Catia (Dassault Systèmes, France),  Creo ex-ProEng (PTC, USA).
As recommended by irpd (Institute for Rapid Product Prototyping, Switzerland) we chose the 3D metrology software Geomagic Qualify (Geomagic, USA) for manipulation and extensive analysis of the obtained 3D scans. The basic post-processing routine was worked out during the professional training with specialist from Westcam (Westcam GmbH, Austria) and proved to be appropriate for determination of the air gap thickness and the contact area from 3D scans of the nude and the dressed manikin.

The post-processing procedure consisted of the steps presented in Figure 3.3. The postprocessing procedure was challenging due to complexity of 3D forms counterbalanced by available computing power. Furthermore, a high precision aligning of the 3D scans despite surface deficiencies and repeatable slicing of the irregular shape of the dressed body into the body parts were also demanding. Consequently, majority of manipulations of the 3D scans had to be done manually. 

Derivation of the air gap thickness and the contact area

The air gap thickness was determined in the post-processing phase and was defined as the average distance between points on the surface of nude and dressed manikin. Such averages were determined for each body part (Figure 3.4) separately. This method also provided an opportunity to determine the surface areas of the manikin that stayed in contact with the garment. To describe this parameter we defined the contact area CA between the garment and the skin as a ratio coefficient:

, % Equation 3.1
where:

CA (%) is the contact area between the skin and the garment;

A contact is the skin area in direct contact with a garment;

A covered is the skin area covered by this garment.

The surface area of the body in contact with garment was evaluated based on the distance between the surfaces of the nude and dressed manikin. Theoretically, if the distance between the surface of the dressed manikin and the surface of the nude manikin is equal to the thickness of the fabric (T) used to make the garment, the air gap thickness beneath the garment is zero and it can be classified as contact between skin and garment. However, uncertainties of the individual phases of the evaluation were in the order of magnitude of the fabric thickness and had to be accounted for. These included the inaccuracy of the 3D scans (S) given by the manufacturer of the 3D scanner and the average alignment error (A) resulting from imperfect imposing of scans using uncovered body parts as the reference shapes (Table 3.3). The average alignment error was provided by the software for the uncovered body parts used as reference. The sum of measurement uncertainties was derived using rules of uncertainty propagation [START_REF] Field | Discovering statistics using SPSS[END_REF] (square root of the sum of squares of single uncertainties, such as for the scan of nude manikin S, for the dressed manikin S and for the alignment of these two A). These lumped measurement uncertainties were added to the fabric thickness of the garment (Table 1.

3) and we defined the sum as the distance between the skin and the garment recognized as contact area (T CA in Table 3.3). 

Exemplary results

The photographs and post-processed exemplary single 3D scans of garments covering either the upper (casual shirt) or the lower body (casual trousers) is shown in Figure 3. enclosed contact area in range between 3% and 63%, whereas contact area reached only up to 27% in woven garments. Similarly to the air gap thickness, the differences in the contact area between all samples were smallest (4-10%) at sections of the abdomen and lumbus.

Discussion

Evaluation of the method for determination of the air gap thickness and the contact area in clothing

An advanced analysis of 3D body scans allowed determination of the air gap thickness and the contact area between clothing and the manikin body. Additionally, both parameters were measured for individual body parts covered by garments made of various types of fabrics (knitted and woven). Such selection of garments gave a range of air gap thickness and contact area found in modern casual garments, which was necessary for the validation of the method for different clothing patterns.

As expected, differences in the contact area for garments made in various styles were observed (Figure 3.7 and Figure 3.8). These differences resulted from distinct interactions between the complex shape of the human body and the properties of fabric and garment design. Interestingly, the variability of the contact area amongst six scanning repetitions of randomly draped garments was low. It approximated typically 4% (in a range of 1-13%) for casual garments covering upper body and 4% (in a range of 1-12%) for casual garments covering lower body. Similarly, the low variability of air gap thickness was observed and approximated typically 2.2 mm (in a range of 0.1-12.7 mm) for garments covering upper body and 1.0 mm (in a range of 0.2-3.1 mm) for garments covering lower body. Effectively, such variability can lead to less than 1% change in the thermal resistance of the air gap beneath the garment [START_REF] Wissler | A simple theoretical model of heat and moisture transport in multi-layer garments in cool ambient air[END_REF] . The observed repeatability of the contact area and the air gap thickness measurement for the setup used in this study could have resulted from the standing stationary position of the manikin.

Many clothing models are coupled with the models of the human thermal physiology [START_REF] Li | Mathematical simulation of heat and moisture transfer in a humanclothing-environment system[END_REF][START_REF] Fan | Heat and moisture transfer with sorption and condensation in porous clothing assemblies and numerical simulation[END_REF][START_REF] Berger | A new dynamic clothing model. Part 1: Heat and mass transfers[END_REF][START_REF] Wa | Calculation of Clothing Insulation and Vapor Resistance[END_REF] .

Such configuration requires individual treatment of each body part in terms of number and properties of the covering layers including thickness of air layers. Some mathematical models assume full contact of the underwear with the skin [START_REF] Wissler | A simple theoretical model of heat and moisture transport in multi-layer garments in cool ambient air[END_REF][START_REF] Berger | A new dynamic clothing model. Part 1: Heat and mass transfers[END_REF] , whereas the examples used in this study showed the contact area between skin and fabric in range between 1% and 63% (Figure 3.8) with particularly low contact in the lumbus region. The same models also assume that there is no contact between surfaces if there is an air gap between skin and clothing layers.

The gravity and the irregular shape of the human body causes that for looser clothing such as casual shirt and casual sweater the observed contact area was, however, in a range of 1-55%.

The contact area in this case originated from the protruding body regions and from random pleats that touch the skin.

In the model of Lotens [START_REF] Wa | Calculation of Clothing Insulation and Vapor Resistance[END_REF] , this problem was partially addressed by mathematical derivation of the thickness of air layers based on girth of the nude and dressed body part at the same body landmark (fast and affordable method). In reality, however, our results show that the air gap observed on the anterior and the posterior body is noticeably different as the clothing drapes and sags instead of forming a regular cylinder around a body part (see picture of shirt in Figure 3.5). As a consequence, the contact area between the body and the sunken garment part can be created which can promote wicking in clothing layers. Thus, the contact area between the skin and the garment should be included as an additional input parameter in models to enhance simulation of the liquid water transfer in clothing.

Evaluation of the reliability of the 3D scanning system and post-processing software

Although the regional analysis of the air gap thickness and the contact area was successfully obtained, the quality of 3D scans captured using Vitus XXL 3D body scanner was not optimal. As indicated in Figure 3.9, the poor quality of 3D scans was reflected by coarse mesh of polygons composing the surface of 3D object and hardly recognizable geometrical surface features. Unsatisfactory quality of scanned surfaces probably resulted from amount of data captured by the 3D scanner (approximately 600 thousand polygons) that was insufficient to reconstruct surface rich in geometrical details. Moreover, low amount of data available for reconstruction process can affect size and volume of the 3D object, and hence, lead to underor over-estimation of the air gap thickness and the contact area determined in our study.

Therefore, the 3D body scanner that accurately captures larger amount of data in high resolution would be recommended for the future research. deficiencies in 3D surface is based on creating the closing polygon mesh matching the curvature of the polygon mesh surrounding the hole [START_REF] Geomagicqualify | Geomagic Qualify 2012 -online help[END_REF] . However, the larger the hole, the larger the possibility to obtain surface that does not correspond to the reality but to our subjective preferences. Consequently, the mean air gap thickness and the contact area calculated for body regions with large surface deficiencies might be inaccurate.

The inaccuracies imposed by algorithms used to calculate the distances between 3D objects in 3D inspection software can also affect the magnitude of the determined air gap thickness and the contact area. According to Figure 3.10, the 3D post-processing software failed to correctly calculate the shortest distance between the body and the some part of the pleats. However, the air gap thickness seemed to be correctly determined for the areas where garment and the body were approximately parallel to each other. Consequently, the additional inaccuracy of the air gap thickness can be expected in loose garments that drape into long but narrow pleats and folds, although, it was not possible to estimate what percentage of compared surfaces was affected by the incorrect calculations. Therefore, the feasibility study showed necessity to optimize the procedure of calculation of the distances between two surfaces using Geomagic

Qualify. The possibilities to improve the computation of the air gap thickness and the contact area were thoroughly investigated in Chapter 4. 

Conclusions

This chapter describes feasibility of an advanced post-processing of 3D scanning to measure the air gap thickness and contact area in ensemble layers. In this study the thickness of the fabric was considered as the input parameter for calculation of distances between the body and the garment. The advantage of using this technique over previous techniques is two-fold:

1) the proposed method measures the contact area and the air gap thickness quantitatively for various garments types, and 2) it allows the distribution of the air gap thickness and the contact area over several body parts to be measured in detail.

Consequently, owing to the developed method, the detailed overview on the distribution of the air gap thickness and the contact area in garments of various fits and made of wide selection of fabrics was obtained. Moreover, the variability among results was low in spite of random draping of sample garments, and thus, indicated the good repeatability of the used method.

Nevertheless, the 3D scanning and post-processing methods showed drawbacks such as poor quality of 3D scans and incorrect algorithm for calculation of the distances between aligned 3D scans that can affect the reliability of the determined air gap thickness and the contact area. Still, the quality of 3D scans could be improved in the future by use of the 3D scanner with better accuracy and resolution and determination of the distances should be revised in relation to the algorithms for geometrical computation offered in Geomagic Qualify.

Chapter 4.

Development of the method

In the previous chapter the development of the accurate method for the regional determination of the air gap thickness and the contact area in garments was discussed. It was pointed out that inaccuracies imposed by the scanner type, scanning method and algorithms used in the postprocessing of 3D scans can considerably affect the accuracy of the sought parameters.

Therefore, the first part of this chapter revises the individual steps of the developed method and proposes solutions for their refinement. The second part presents an extensive evaluation of the measurement uncertainty imposed by the scanner and computational algorithms which can be crucial for the accuracy of the thickness of the air gap that is typically investigated in order of mm. Evaluation of the measurement uncertainty considers accuracy of the 3D scanner, recognition of the fabric thickness by the scanner and accuracy of distances computed in the post-processing software. In view of refined measurement method and results of validation process, the derivation of the air gap thickness and the contact area is revised.

Selection of the new 3D body scanner

The previous chapter showed that 3D scans obtained using Vitus XXL 3D body scanner had insufficient quality that plausibly affected accuracy of our method. Therefore we searched for the new 3D body scanner that would ensure:

 enhanced circumferential accuracy of the 3D scans to reduce volumetric variability of the 3D scans;

 density of the point cloud data larger than 27 points/cm 2 to obtain dense polygon mesh that accurately reconstructs geometrical features of surface of the 3D scan;

 3D scans with low amount of surface deficiencies to optimize post-processing time regarding the refinement of the 3D scans.

We gained wide overview on available 3D scanning systems at the international conference on 3D body Scanning Technologies 2010 (Lugano, Switzerland) and concluded that Artec MHT (Artec Group Inc., USA) offered at that time the most versatile and yet accurate 3D body scanner as shown in Table 4.1. We chose this 3D scanner after an expert assistance and live-demo provided by Hometrica Consulting (Ascona, Switzerland) that offers consulting services on issues referring to human body measurement, 3D surface digitization and 3D scanning.

The Artec MHT is a hand-held 3D body scanner (Figure 4.1a) that, similarly to Vitus XXL, uses optical triangulation to capture shape of the 3D object. Nevertheless, its operating principle is based on structured light so the distance from the scanner to the object is calculated from the distortion of the geometrical pattern projected onto the object's surface (Figure 4.1b). Consequently, 3D scanners using structured light are considered more accurate (Table 4.1) and offer higher resolution than laser scanners (Table 4.2) although they are also more sensitive to surface finish and have limited viewing area [START_REF] Geomagic | 3D scanners. A guide to 3D scanner technology[END_REF] .

The reliability and the accuracy of the 3D scanners will probably also result from the algorithms used to build up the complete 3D scan from the data captured during scanning process. Due to the small linear field of view (Table 4.1 and Figure 4.1), Artec MHT has to be moved not only along the height but also around the object to capture its entire surface.

Consequently, the obtained 3D scan of the object consists of the multiple single scans that have to be brought into one common 3D coordinate system and aligned to each other to build up the complete 3D object. Such spatial alignment is done by the mathematical algorithms which performance strongly depends on the quality of the geometric features of the scanned object. The less features on the scanned surface, the higher probability that the captured scans will be incorrectly aligned to each other and the build-up of the complete 3D object will fail, as in case of plain and smooth spherical or cylindrical objects. This problem is avoided providing that the stationary 3D body scanner such as Vitus XXL is used. It consists of four lasers combined with CCD cameras mounted in columns which are located in a vertical position in corners of the positioning frame (Figure 3.1 in Chapter 3). Consequently, the object placed in the center of the system is simultaneously scanned from four sides by the scanning cells that move in unison along the vertical columns. The position of the captured 3D data in the 3D space is determined in advance by the scanner's 3D coordinate system which is defined during calibration of the system (Table 4.2). Consequently, the quality of the complete 3D scan depends on the accuracy of the positioning and displacement of the system elements rather than on the mathematical algorithms used to build up the complete surface of the 3D scan. The quality of the 3D scans is affected not only by the accuracy of the 3D scanner but also by the amount of the captured 3D data and resolution of the 3D scanner. As indicated in Figure 4.2, surface quality of scans provided by Artec MHT was noticeably better than results obtained using Vitus XXL. Although the 3D resolution of Vitus XXL was not specified by the manufacturer, the Figure 4.2 clearly shows that this scanner provided less densely distributed data (Table 4.2) than Artec MHT. Consequently, markedly lower size of the polygon mesh with ~400`000 triangles/body scan was built up from data captured by Vitus XXL compared to 3`000`000 triangles/body scan obtained using Artec MHT. Nevertheless, higher quality of the 3D scan came at costs of larger file size that was approximately 1GB for whole body scan captured by Artec MHT in contrast to only 0.3GB for similar scan captured using Vitus XXL. 

Scanning protocol

The scanning principle corresponded to the procedure presented in the feasibility study (Chapter 3), and hence, consisted of scanning the nude and the dressed manikin using the 3D scanner. The reliability of this procedure was assessed by re-dressing and scanning the manikin 6 times to allow for random changes in garment drape.

The male manikin used in the feasibility study (see Chapter 3) was accepted for the further research although its protruding shoulder blades and exceptionally slim waist could be less Artec MHT is a hand-held scanner with small linear field of view in range between 214 x 148 mm and 536 x 371 mm and scanning range between 0.4-1.0 m (Table 4.1). Therefore, capturing the large objects, such as manikin of 190 cm in height, at the best accuracy required moving the 3D scanner gradually around the object and along its height at the scanning range closest to the scanned object. Moreover, the capture rate and step of displacement of the scanner relatively to the scanned object also had to be adjusted to ensure that enough overlapping areas of the captured scan pieces would be available for built-up of the complete 3D object in the post-processing phase. It was also recommended to keep the scanner at approximately 90° angle to the scanned surface (especially when the object was dark) and as close to the center of the field of view as possible. Consequently, manual scanning became cumbersome and led to the sudden loss of the correct position of the scanner in relation to the scanned object, and hence, resulted in either the interruption of the scanning process or insufficient quality of a 3D scan.

The automated platform for 3D body scanning developed at workshop at Empa (St. Gallen, Switzerland) allowed capturing the entire surface of the manikin in a single continuous movement of the scanner all way around and along the height of the manikin. As shown in space. To ensure the optimal scanning distance, i. e. in range between 0.4m and 1.0 m, the horizontal position of the 3D scanner in relation to the manikin surface was individually adjusted in respect of size of the garment dressed on the manikin. The use of the scanning platform facilitated scanning of the large objects using medium-sized 3D scanner and decreased scanning time below 1 min. The developed system proved to be suitable for scanning motionless manikin but it could be inefficient to scan the human subjects in one constant position because of long scanning time. Nevertheless, this system could be effectively used in the future to scan only part of the human body, in e.g. legs or torso. 

Post-processing routine of 3D scans

The post-processing method was particularly time-consuming due to resource-intensive computational algorithms used to manipulate the large amount of 3D data (circa 5 mln polygons per scan) obtained after scanning. Generally, the post-processing procedure consisted of the refinement of 3D scans, reorientation of scans in the 3D space and quantitative analysis of the air gap thickness and the contact area which are briefly described in Table 4.3. super-imposing of 3D scans of nude and dressed manikin in the 3D space using uncovered body parts as the reference shapes

Quantitative analysis

Step 5 (Geomagic Qualify) slicing super-imposed manikins into body parts, for which the parameters were sought

Step 6 (Geomagic Qualify) computation of the contact area and the distribution of the air gap thickness for each body part

Step 7 (Geomagic Qualify) scaling and processing of colour maps

Step 8

(Geomagic Qualify, SPSS)

processing and statistical analysis of the numerical data

Refinement of 3D scans

The 3D objects captured by Artec MHT 3D scanner consisted of multiple scans (Figure 4.6) that had to be aligned to each other, rearranged in the 3D coordinate system and merged into single complete surface before determination of the air gap thickness and the contact area.

The build-up of the complete 3D scan was done in the dedicated 3D scanning software Artec Studio (Artec Group Inc., USA) and allowed control over the quality of the 3D surface at each step of the refinement process. but is noticeably improved if quality of both scans is less than 1.0 mm (c).

During 3D scanning some parts of the scanned surface were not captured because of either occluding surfaces or surfaces lying outside of the viewing area of the 3D scanner. However, deficiencies in surface of 3D scans resulting from using Artec MHT 3D scanner were noticeably smaller than those induced by Vitus XXL (Figure 4.8), and hence, required less manual manipulation. To fill the surface deficiencies we chose Geomagic Qualify rather than Artec Studio because it repaired the surface in respect of the curvature of the area surrounding the deficiency. Since only small areas had to be filled, the process of surface repair was assumed to reliably reconstruct missing areas of the 3D scans. 3D scans of the nude and the dressed manikin with repaired surface deficiencies were further used for the computation of the air gap thickness and the contact area. 

Reorientation of 3D scans

Refined scans of the nude and dressed manikins were brought into the same position in the 3D coordinate system before computation of the air gap thickness and the contact area.

Reorientation and super-imposition of scans was done in Geomagic Qualify and followed rules presented in the feasibility study (Chapter 3).

Geometrical computation of the contact area and the air gap thickness

The distribution of the air gap thickness and the contact area was calculated in Geomagic

Qualify from the spatial deviation between surfaces of the super-imposed scans of the nude and the dressed manikins. This deviation was represented as the set of distances between points comprising the surface of the nude manikin and corresponding points on the surface of the dressed manikin. In Geomagic Qualify the pair of corresponding points in 3D space is found by projecting the point from the test scan in the direction of normal vector and within maximum specified distance onto the reference scan as shown in Figure 4.10. The direction and the distance range to search for the corresponding points are defined by settings described briefly in Table 4.4. The feasibility study showed that determination of corresponding points using default settings seriously affected calculation of distances between two surfaces and for e.g. produced incorrect results for narrow but highly convex surfaces, such as narrow pleats of the garment. Therefore, the effect of various combinations of parameters specified in Table 4.4 was investigated and the most reliable set was chosen for determination of distances between 3D scans of the nude and the dressed manikins. The distances between nude and dressed body were determined as the shortest distance between pairs of any closest corresponding points on both surfaces (3D deviation in Table 4.4). The calculations along specified plane or axis (planar and directional deviation in Table 4.4, respectively) would report the distances in one defined direction which would be incorrect method in respect of distinct changes in body geometry. As shown in Figure 4.9, the distances between parallel surfaces of the garment and shoulder were correctly determined when the shortest distance between the corresponding points was found in contrast to overestimated values calculated using planar and directional methods. The effect of settings described in Table 4.4 was quantitatively assessed by visual comparison of distances computed for an exemplary cross-section through the dressed body. The results are shown in Figure 4.11 where colored lines represent calculated distances between the body (inner shape) and the garment (outer shape). The distances were computed either according or opposite to the direction of the normal vectors of points lying on the test object that is shown by yellow to red and blue colors, respectively. In an ideal case, the nude body would be the test object from which the points would be projected onto reference object represented by garment and the distances would be computed in relation to the surface area of the nude body.

According to Figure 4.11 such settings would underestimate the calculated distances since scan of the body comprises of the smaller amount of points than corresponding scan of the garment. Consequently, in presented cases the surface of the garment which lay furthest from the body (for e.g. large pleats) was not included in calculation of the distances and this approach probably did not depend on the other investigated settings. In contrast, all points from the scan of the garment were used for computation of the distances providing that scan of the garment was set as the test object and scan of the body was defined as the reference object. All the points from the larger surface were used for calculations because several points from the test object can be compared to single point on the reference object (Figure 4 Nevertheless, proposed parameters of the 3D comparison did not allow to measure the distance at the most concaved area of lumbus (Figure 4.11). This problem could be solved by setting the nude manikin as the test object and the dressed manikin as the reference object while keeping the other parameters constant for the 3D surface comparison. However, such approach would require separation of additional body parts along the spine and in between the buttocks, and hence, would markedly increase time needed for the post-processing of 3D scans. Results suggest that only approximately 5% of the total area of the body part was incorrectly evaluated and the measured distance between affected areas was lower by maximally 1-2 mm. From the practical point of view, change of 2 mm in the air gap thickness that already typically exceeds 15 mm may cause no evident change in heat and mass transfer in clothing (e.g. free convection). Therefore, the settings chosen to compute distances between surfaces of the nude and dressed manikin were assumed as a reliable tool for the determination of the air gap thickness and the contact area in garments.

Validation of the method

Repeatability of the method

The 3D whole body scanners available on the market provide scanning accuracy of up to 3mm according to the manufacturers, e.g. Vitus XXL of up to 1 mm, Artec MHT and TC 2 of up to 3 mm. On the other hand the accuracy required for investigation of thermal effects in clothing should be in order of tenth of millimetres. That is due to high insulation capacity of air, determination of contact area between garment and skin supporting wicking of sweat, and need for consideration of the fabric thickness. Moreover, subsequent post-processing of 3D scans may lead to further loss of scan accuracy. Recent study done by Kouchi et al. proposed a protocol for evaluation of the accuracy of 3D body scanners in terms of accuracy of surface shape (using calibrated ball) and the repeatability of landmark locations (using whole body and head dummies). It was shown that manual measurement of the ball diameter using sliding calliper was closer to the true value than the value extracted from 3D scans and the repeatability of landmarking was strongly dependent on the hardware accuracy and the software performance. [START_REF] Kouchi | A protocol for evaluating the accuracy of 3D body scanners[END_REF] Although the proposed protocol is useful for assessment of quality of scan-derived anthropometric measurements, the reliability and repeatability of the derivation of the air gap thickness and the contact area should be investigated in relation to the volumetric accuracy of the 3D scans.

In our study, the reliability of the entire method including 3D body scanning and scan postprocessing was verified by determination of the accuracy of alignment for two random scans of the nude manikin. In ideal case, the scans of the same manikin scanned under identical conditions should exactly match in their shapes. In other words, they are expected to show 0mm-distance between both scan surfaces. Following the procedure for evaluation of the air gap (as described in sections 4.2 and 4.3), we scanned the nude manikin ten times and determined deviations between surfaces of five randomly selected pairs. For each pair of manikin scans we calculated cumulative areas (in % of the total area) over surface distances in 0.1 mm increments.

This procedure was repeated for Artec MHT and Vitus XXL. In opposite to the Vitus XXL scanner, the Artec MHT is designed with relatively small linear field of view (536 x 371 mm).

To be able to scan the object of human size, the scanner has to be moved around the object at the defined distance band. Although scanning of large objects is possible with this smallview-area scanner, the scan accuracy is decreasing with the object size by up to 0.15% per 1000 mm of the exceeded dimension of the scanner view area. For the manikin with height of 1.90 m, the expected error approximated 2.85 mm. Also the degree of form regularity contributes significantly to scan quality due to the internal scanning and computing method of Artec MHT (as described in sections 4.1 and 4.3). Because the manikin consisted of rather regular smooth forms of its body parts a wooden reference with geometrical features (Figure 4.5) easily detectable within the scanner view area had to be added to the scanning setup.

Using a wooden reference with carefully selected size, shape and position of geometrical forms, the accuracy of the scanner was greatly improved to reach 0.6 mm (Figure 4.13). 

Accuracy within fabric thickness

The operational principle of Artec MHT 3D scanner is based on the structured light that is used to capture the 3D object. Since the method of capturing 3D surfaces is optical, the 3D scanner that uses white light can be sensitive to surface colour and reflectivity. For example, the objects made of transparent materials (in e.g. glass, certain types of plastic), dark or shiny objects (in e.g. reflective patches) or objects with very fine details such as hair can be hard or even impossible to scan [START_REF] Artecgroup | Artec 3D Studio -users guide[END_REF] . Consequently, we could expect that the fine fibrous structures and some colours found in fabrics may pose difficulty to the accurate scanning. To estimate the influence of these factors on scan accuracy several fabrics with different features were chosen for investigation, namely:

• thickness -thin and thick fabrics in single and double layers,

• surface structure -smooth interlock and hairy fleece,

• colour -dark khaki and light grey Selected fabrics are shown in Figure 4.14a.

The fabric pieces of about 0.1m 2 were attached on the manikin back over concave and convex areas (Figure 4.14b) with care to not stretch the fabric in any direction. The fabric patches were stuck onto the manikin surface using spray textile glue. To determine the patch thickness, the manikin with and without the fabric patch was scanned using Artec MHT 3D scanner. Two repetitions were done and the thickness of the fabric was derived from 3D scans using the method of the surface comparison. Finally, this average thickness of each fabric patch derived from two scans was compared to the thickness measured using Frank 16502 thickness meter according to standard ISO 5084 [START_REF]Textiles --Determination of thickness of textiles and textile products[END_REF] . 

Qualitative analysis of the contact area

The experimentally determined accuracy of the 3D scanner was verified by visual comparison of the form of pleats and wrinkles using pictures and views of post-processed scans. To enable visibility of the air gap form, we used a thin wet semi-transparent garment (Figure 4.16a). In the areas where the wet garment adhered to the manikin surface the thickness of the air gap was 0 mm. Because the fabric thickness was very small (0.15 mm) it was lumped together with the value of the measurement uncertainty (0.6 mm) to obtain the air gap overview in 

Quantitative analysis of the contact area

The contact area includes the regions where the distance between the scan surface of nude and dressed manikins is equal to the fabric thickness of the garment. Therefore, the correct detection of the contact area is highly dependent on the general scanner accuracy. The ability of the 3D scanner to determine the contact area adequately was tested experimentally by comparison of the manual tracing method and the advanced 3D post-processing method. The bright thin (0.15mm) plain woven polyester fabric was selected which once wetted was adhering easily to the manikin surface and become semi-transparent so that the contact area was clearly distinguishable (Figure 4.17 a and b). The contours of the contact area could be then traced with the soft colour pencil on the hard manikin body surface. A water colour pencils (Faber-Castell), which stained the fabric due to contact with wet surface rather than pressure allowed tracing the contact map without distorting fabric shape (Figure 4.17 c).

Three vests per scanner designed as two-pieces pattern (front and back) with only side and shoulder seams were prepared out of the selected fabric. Additionally, the rectangular panels on the front and back were marked by attaching a thick thread. This step was necessary to mark the areas which could be accessed by the experimenter hand-tracing with water colour pencil and visible at the 3D scan. The vest was dressed on the manikin, richly sprayed with water until the fabric was wet and stuck heterogeneously to the manikin surface. In the next step the manikin in the wet vest was scanned with the 3D scanner followed by careful hand-tracing of the contact area in the marked panel. This procedure was repeated separately for the front and back of the manikin to prevent the distortion of the fabric shape due to drying.

The contact area was determined using scanning and post-processing procedure as described in section 4.4. Then the panel marked with the thick thread visible at the scan surface was extracted from the 3D scan and its total area was computed. Theoretically, the contact area should include all regions within the distance between the scan surfaces equal to the fabric thickness. Since the fabric thickness was 4 to 6-fold smaller than the scanner accuracy obtained in this study, the accuracy of the scanner was used as a limit for contact area rather than the fabric thickness.

The vest with manually-traced contours of contact area was spread flat on the raster board and photographed (Figure 4.18b). The pictures were then processed in the graphical software CorelDraw (Corel, USA) to obtain the surface area inside the traced contours. The raster board included raster of squares of 2.5x 2.5 cm to allow control of distortion and scaling of the pictures. In addition, it was used to set proper parameters of the camera, objective and the distance between camera and the board to avoid distortion of the picture due to lens curvature in the vest area in the picture (Figure 4.18a).

In the last step, both the area of the entire rectangular panel (A panel ) and the contact area (A contact ) were determined for both methods and their ratio was calculated as follows:

, % Equation 4.1

The difference between these ratios for both manual tracing and 3D scanning and postprocessing methods were used to evaluate correctness of the 3D scanning and post-processing method.

(a) (b) (c) Figure 4.17  Generally good agreement between hand-tracing and 3D body scanning and postprocessing methods within 8%

 The larger contact ratio, the more potential for inaccuracy as demonstrated by greater differences between methods for greater contact ratios;

 Manual tracing method had also its limitations i.e. it was not possible to avoid small puckering when spreading the vest on the raster board for photographing, which could underrate the surface area of the vest determined from the picture. In such a case, the differences between methods would be even smaller, and hence, demonstrating even better agreement of both methods.

Derivation of the air gap thickness and the contact area -revision

List of variables used in this section: As explained in Chapter 3, the air gap thickness and the contact area were determined in the post-processing phase and defined as the average distance and ratio coefficient of surfaces in contact between body and garment, respectively. The air gap thickness was calculated in the post-processing phase as the distances between points on the surface of nude and dressed manikin that were larger than distance recognized as the contact area (T CA ). Furthermore, the distribution of distances was reported at 1 mm distance intervals and corresponded to the amount of points on garment surface that belonged to each interval. Consequently, the average air gap thickness (AGT G ) was calculated according to Equation 4.3 as the weighted average of distances (T i ) between points on the surface of the garment in each distance interval (w Gi ) and the body.

A
, Equation 4.2 ∑ ∑ , Equation 4.3
The contact area computed using developed method (CA G ) was defined as the ratio coefficient of the area of the skin in direct contact with a garment (A contact ) and area of the garment corresponding to the covered skin area (A garment ).

, % Equation 4.4

Surface of the body in contact with the garment was calculated according to the geometrically computed distance between surfaces of the nude and the dressed manikin. This distance theoretically should be equal to the thickness of the fabric used to make the garment. As shown previously (Chapter 3), the inaccuracies resulting from the post-processing method and quality of data obtained by the 3D scanner also have to be accounted for. According to the validation of the measurement method presented in section 4.5.1, the real distance between body and garment recognized as the contact area (T CA ) was defined as the sum of the fabric thickness (T f ) and the accuracy of the method (0.6 mm).

0.6, Equation 4.5

The above-mentioned equations (Equations 4.2-4.5) were used for computation of the air gap thickness and the contact area in the course of this PhD study. However, due to the limitation of the 3D investigation software, both parameters were calculated in relation to the surface area of the garment whereas clothing models require the input parameters related to the surface area of the nude body. Assuming that the area of garment is always larger than the area of body covered by this garment, the ratios calculated in relation to garment area will probably underestimate the size of contact area and overestimate the average air gap thickness. Consequently we tried to estimate the magnitude of error resulting from quantification of the air gap thickness and the contact area in relation to the surface of the garment rather than the surface of the nude body.

The contact area related to the surface of the nude body (CA B ) should be calculated according to the Equation 4.6 as the ratio coefficient of the area of the skin in direct contact with a garment (A contact ) and area of the body covered by this garment (A covered body ). Since A contact is given during computation of CA G and the skin area covered by the garment (A covered body ) can be additionally automatically calculated in the post-processing software, the contact area in relation to the nude body can be derived from Equation 4.6.

, % Equation 4.6

Exemplary calculations for loose shirt at region of lower chest and lumbus showed that method of computation of the contact area can be meaningful at body regions where garment conforms to the body shape rather than drapes loosely at certain distance from the body. At lumbus contact area changed from 0.3% to 0.4% after recalculation, and hence, no noticeable effect on the heat and mass transfer in clothing may be expected. It is also not known how these processes could be affected by the size of the contact area, thus, its increase from 25% to 29% at lower chest might be still acceptable.

Data obtained in the post-processing phase allowed derivation of the average air gap thickness only in relation to the garment surface (AGT G ) since for each distance interval (T i ) only the fraction of points in ith distance interval of air gap thickness (w Gi ) measured in relation to the garment surface could be computed. Since the sum of points for surfaces of both, garment and the body, is known we can calculate the ratio of both sets of points (x) according to Equation 4.9. Then, we can find out the ratio for sum of points lying on the surface of the nude body (Equation 4.10) and assume that this ratio will be valid in each distance interval (T i ) as shown in Equation 4.11. However, the surface of the garment is larger than corresponding surface of the body, and hence, few points from surface of the garment can be projected to single point on the body surface to determine the distances. Therefore, assumption presented in Equation 4.11 will be reliable for surfaces which are quasi-parallel to each other but can be less accurate if the surfaces become almost perpendicular to each other. It means that measurement of the air gap thickness may be less accurate in regions where garment drapes into folds and pleats, namely at lumbus region.

However, in such regions air gap is usually large (> 15 mm) and small deviations might not induce noticeable change in expected heat and mass transfer in clothing (in e.g. free convection). If we substitute the variables in w Bi defined by Equation 4.8 with variables determined in Equation 4.10 and Equation 4.11, we will find that for each distance interval the amount of points from the body surface will be approximately equal to the amount of points from the garment surface (Equation 4.12). 

Conclusions

The method to determine the air gap thickness and the contact area between clothing and the body was thoroughly revised and optimized. It was shown that reliability and repeatability of the developed method was susceptible to the accuracy and resolution of the 3D scanner and reliability of the mathematical algorithms applied by the 3D investigation software in the post-processing of the 3D scans. Therefore, two scanners Vitus XXL and Artec MHT were compared for their performance required for the thermal modelling of clothing. Vitus XXL showed a good resultant performance with repeatable accuracy of 1.0 mm. This accuracy was also reported by the manufacturer for the simple cylindrical shape which was not evident that it remains as low for a complex form of human body subjected to further post-processing and comparison. Artec MHT showed even better performance with accuracy of 0.6 mm, however, first after refining the scanning procedure and adding additional geometrically complex reference for better data processing. Moreover, the post-processing of 3D scans was subjected for thorough investigation that included assessment of quality of 3D scans and reliability of air gap thickness and the contact area computed as geometrical distance between surfaces of 3D scans. Adjustment of setting for refinement of 3D scans in Artec Studio and computational settings in Geomagic Qualify allowed reliable calculation of the air gap thickness and the contact area in clothing ensembles. Thus, the Artec MHT 3D scanner and optimized methodology were used for further investigation.

For the first time a method to determine air layers in the garments was subjected to an extensive evaluation for accuracy. It was proven that the developed and optimized method, including scanning, post-processing of scans and determining distance between skin and garment surfaces, is highly accurate (0.6 mm). This fact proves that this method allows accounting for the thickness of fine fabrics but not thinner than 0.6 mm. Moreover, it allows investigation of the air gap thickness in resolution (< 1.0 mm) and the size of the contact area with adequacy of ~8% that can be relevant for thermal and evaporative processes occurring in clothing systems. Additionally, Artec MHT was successfully used to determine the thickness of various fabric patches attached to the convex and concaved parts of manikin back. It determined the thickness of the fabric as thin as 1.1 mm. It was also shown that the scanner is not sensitive to the surface colour (bright and dark) and structure (smooth and hairy) within the tested range.

Due to limitations of the post-processing software, the developed method allowed detailed evaluation of the distribution of the air gap thickness and the contact area in relation to the garment surface, whereas, clothing models could require investigation of these parameters in relation to the nude body. The approximate recalculation of the air gap thickness and the contact area were proposed, however, it was not possible to thoroughly investigate its effect during the course of this thesis.

Chapter 5.

The air gap thickness and the contact area as a result of interaction between body shape and garment properties (case study)

The distribution of the air gap thickness and the magnitude of the contact area under wearing conditions are an outcome of the interaction between geometrically complex shapes of the human body and the garment. The garment is a 3D form draped from flat fabric to fit the silhouette of the human body, and hence, requires manipulating the size and the shape of the 2D pattern. Owing to the pattern construction and fabric properties, garment either conforms to the body shape or flares out and sags under its own weight to fall into pleats and folds.

Consequently, the thickness of the air layers and the magnitude of the contact area between body and garment vary over body regions and change with fabric type, clothing style, body shape, posture and movement.

In this chapter the distribution of the air gap thickness and the contact area for selection of garment styles such as shirt and undershirt and fits, such as tight, regular and loose fit is presented and discussed. Moreover it investigates the effect of the knitted (single jersey and interlock) and woven (plain weave) fabrics on the sought parameters.

Materials and methods

Fabrics and garments

Fabrics used in this study corresponded to the typical textiles which can be found in casual clothing. Plain woven, knitted plain jersey and interlock fabrics were used to sew the sample garments. Plain weave and interlock fabrics were made of 100% cotton, whereas plain jersey fabric additionally contained 2% of spandex (Table 5.1). All selected fabrics were domestically washed at 30°C in gentle washing cycle and dried to release tensions imposed in manufacturing process. Moreover, they were ironed to remove creases and left for relaxation in the standard atmospheric conditions (20°C, RH 65%) for at least 24 hours. Men's casual shirt made of plain weave fabric and two undershirts made of jersey and interlock fabrics were prepared for this study and represented typical clothing used in everyday life. Undershirts were designed as the classic long-sleeved t-shirts, made of onepiece front and back with round necklines. Shirt was customary designed with the placket front, yoke at the upper back, classic collar and double-button cuffs (see Figure 5.1). Any additional features such as breast pockets or printed designs were avoided.

Sample garments were confectioned in loose, regular and tight fit with typically smaller ease allowances added in undershirts than in shirts as indicated in Table 5.2. Ease allowances were calculated as the difference in girth between the garment and the body and measured at characteristic body landmarks (ISO 8559:1989 [START_REF] Iso | Garment construction and anthropometric surveys -Body dimensions[END_REF] ). The particular fits of the jersey and interlock undershirts were obtained by gradual decrease of the ease allowances at the garments girth without changing pattern of the clothing (Figure 5.1, samples jersey undershirt and interlock undershirt). Although both jersey and interlock undershirts were designed according to the same pattern, the effective ease allowances slightly differed (Table 5. 

Measurement procedure

A motionless male manikin with 189 cm of height, 97.5 cm of girth at the chest and 74 cm of girth at the waist measured according to ISO 7250-1:2008 [START_REF] Iso | Basic human body measurements for technological design --Part 1: Body measurement definitions and landmarks[END_REF] was chosen for this study. The measurements were done for the manikin in the standing upright position with arms slightly extended forward and fixed with additional locks and metal support. The manikin was scanned nude and dressed with sample garments using 3D scanning system described in Chapter 4. To obtain representative mean values of the air gap thickness and the contact area, the manikin was re-dressed and scanned 6 times for each garment to allow for random changes in garment drape.

The scanning and post-processing methods were based on the procedures developed in the Chapter 4 and resulted in determination of the air gap thickness and the contact area individually for the body regions presented in Figure 5.2. The air gap thickness and the contact area were derived as the average distance and percentage of area in direct contact, respectively, between super-imposed surfaces of the scans of the nude and dressed manikin.

The division of the manikin body into body regions resulted from the boundaries of the body coverage for studied garments (neck, wrists, hips). Additional divisions corresponded to the changes in the body shape where regional fit of the sample garments led to specific draping pattern of the clothing. Hence, the three levels of the regional fit in the garment were distinguished and resulted in division of the manikin body into body regions representing regional tight fit, intermediate fit and loose fit as indicated in Figure 5.2. 

Statistical analysis

The statistical analysis of obtained data was performed using PASW Statistics ver. 17.0 (IBM SPSS Inc., USA). The two-way independent Anova was chosen to statistically analyze the data since we were interested in the effects of three levels of garment fit, i. e. tight, regular and loose, on the distribution of the air gap thickness and the contact area at particular body regions. Moreover, we wanted to investigate whether this effect would be different for selected garment styles, i. e. the plain shirt, the jersey undershirt and the interlock undershirt.

The air gap thickness and the contact area were the dependent variables, whereas garment style and garment fit were defined as the independent (predictor) variables in the statistical analysis. The assumption of normality of the sampling distribution was tested within groups using the Kolmogorov-Smirnov test and the homogeneity of variance was investigated with the Levene's test.

The independent Anova tests the ratio of the experimental effect to the individual differences in performance by measuring the ratio of the systematic variance to unsystematic variance. It is calculated by dividing the model mean squares (MS M ) by the residual mean squares (MS R ): Equation 5.1

If the value of F-ratio is less than 1, the observed effect is non-significant because there is more unsystematic than systematic error. The F-ratio larger than 1 has to be compared against the maximum value that would be expected to occur by chance if the group means were equal in an F-distribution with the same degrees of freedom. Providing that calculated F-ratio exceeds the critical value, the observed effect of the independent variable can be confirmed [START_REF] Field | Discovering statistics using SPSS[END_REF] .

Under condition that assumptions of the normality of the sampling distribution and homogeneity of variance were met, the F-ratio in this study was calculated for two main effects (effect of garment fit and garment style) and interaction of the independent variables (between garment fit and garment style). The main effects were compared using the Bonferroni confidence interval adjustment.

Results

Outcome of the statistical analysis

According to the outcome of the Kolmogorov-Smirnov test, the assumption of the normality of the sampling distribution within groups was met. However, for the group sizes of 6 samples each assessment of the deviation of sampling data from the normal distribution, i. e.

by evaluation of the skewness and kurtosis of the distributed data, can be less reliable [START_REF] Field | Discovering statistics using SPSS[END_REF] .

Moreover, small sampling groups resulted in the violation of the assumption of the homogeneity of variance in most of analyzed cases (see Table 5.3 and Table 5.4). The equalization of the variances using the transformation of data was found ineffective because it affected the normal sampling distribution within transformed groups. In case the assumption of the homogeneity of variance is not met or the sampling distribution is noticeably skewed, the accuracy and power of the test may be markedly affected and the control of the Type I error rate (incorrect rejection of the true null hypothesis) can be inefficient [START_REF] Field | Discovering statistics using SPSS[END_REF] .

As shown in Table 5.3 and Table 5.4, the assumptions of the normally distributed sampling groups and the homogeneity of variance within groups were met for only four cases (marked with asterisk) out of twenty in total while investigating the changes of the air gap thickness and the contact area at particular body regions. Since for the majority of the data the outcome of the statistical analysis would not be reliable, only the trends in the obtained results were discussed in relation to the plotted graphs that are presented in the further paragraph 7.2.

Nevertheless, complementary tables summarizing the statistical analysis for the main effects can be found in Annex 1 at the end of the manuscript. c if the significance < 0.05, the variances of compared groups are significantly different and assumption of the homogeneity of variance is not met; * assumption of homogeneity of variance is met.

Analysis of the observed trends

The exemplary post-processed 3D scans of sample garments in tight, regular and loose fit are presented in Figure 5.3. The distinction between the air gap and the contact area is shown on the colour scale. As the pictures indicate, the contact area occurred mainly on the protruding body regions and noticeably decreased at abdomen and pelvis in regular and loose sample garments. Moreover, size and shape of the contact area observed in shirt seemed smaller and more irregular opposing to the corresponding contact area found in the undershirts. Also the air gap thickness increased in garments of regular and loose fit in comparison to tight garments as indicated at the regions of abdomen, lumbus and pelvis. Furthermore, shirt enclosed larger air gap than the undershirts as indicated especially in the lumbus region. At the same time, only scarce differences were observed in size and shapes of the contact area and in the distribution of the air gap between jersey and interlock undershirt of corresponding fits. The average air gap thickness and the contact area of six scans and related standard deviation for sample garments in overall tight, regular and loose fit are shown in Figure 5.4 and Figure 5.5, respectively. The results are presented for three levels of regional garment fit such as regional tight fit, intermediate fit and regional loose fit according to the division presented in

Figure Figure 5.2.
Effect of the garment fit on the air gap thickness noticeably varied over body regions as shown in Figure 5.4. The changes in the air gap thickness were between less than 0.1 mm and 5.3 mm at the upper chest, the lower chest, the upper back and the lower back in shirt and both undershirts. The larger variability of the air gap thickness (0.6 -22.4 mm) in studied garments was found in all cases for abdomen, lumbus and pelvis. Moreover, the changes in the air gap thickness induced by changing fit of the garments as observed at abdomen, lumbus and pelvis regions were larger in the shirt than in both undershirts.

According to Figure 5.4, the difference in the air gap thickness between sample garments of the tight fit exceeded 3.4 mm only occasionally regardless of the body region and sample type. Similar trend was observed at the anterior torso (from upper chest to anterior pelvis) in garments of regular fit in contrast to posterior torso (from upper back to posterior torso)

where differences in the air gap thickness were in range of 0.8 mm and 10.1 mm. These differences further increased for both anterior and posterior torso in garments of loose fit and were in range between 0.7 mm and 16.0 mm. Moreover, the larger differences in the air gap thickness were observed between shirt and each undershirt than between two undershirts in case of garments of regular and loose fit.

As presented in Figure 5.5, influence of the garment fit on the contact area also varied over body regions and depended on the garment type. In both jersey and interlock undershirts the changes in the contact area observed at the upper chest and the upper back did not exceed 10%. Similar low variation in the contact area was observed at the upper lumbus probably due to the exceptional concavity of this body region shown in Figure 5.2. At lower chest, lower back, upper abdomen and lower lumbus the contact area changed in a range between 3% and 23% with larger changes observed in jersey than in interlock undershirt. The largest changes in the contact area were found at lower abdomen and all regions of pelvis in both jersey and interlock undershirts (up to 26% and 50%, respectively). In shirt, the variability of the contact area due to changes in garment fit was lower in most cases in contrast to changes observed in both undershirts. At regions of upper chest, lower chest, upper back, upper lumbus and lower lumbus the changes in contact area were in range between less than 0.5% and 6%. These changes increased at both regions of abdomen and pelvis (up to 14%) and reached maximally 21% at lower back. Changes in the contact area were usually lower between garments of regular and loose fit than between garments of tight and regular/loose fit in all studied samples.

The difference in the contact area between tight undershirts and tight shirt and observed at all body regions in Figure 5.5noticeably varied in a range of 10% and 39% with exceptions found at the upper abdomen and the upper lumbus (0-8%). Also the large differences in the contact area (13-26%) were found between regular shirt and regular undershirts, however, at fewer body regions, i.e. at the upper chest, the upper back and the lower back. Similarly, the contact area noticeably varied (12-26%) between loose shirt and loose undershirts at the same body regions and additionally at the lower chest. For all other body regions, the contact area varied by less than 10%. The differences in the contact area between undershirts of tight, regular or loose fit were only in small range between 0% and 8% at most of the body regions. The only exceptions were found at the pelvis between tight undershirts (25% and 18%, respectively)

and at anterior pelvis between loose undershirts (12%). 

Discussion

Presented study indicates that the distribution of the air gap thickness and the contact area in garments strongly depended on the garment fit interacting with the complex geometry of the manikin body. Consequently, the distribution of the air gap thickness and the contact area was heterogeneous over body regions. And their absolute values varied between 3 -44 mm and 0.1 -56%, respectively (Figure 5.4 and Figure 5.5). The observed air gap change due to garment fit was as low as 5 mm at the upper trunk, whereas it reached as much as 22 mm at the abdomen and lumbus. At the same time, the contact area changed effectively by nearly 50% with the change of garment fit at the pelvis and remained constant at the upper trunk (Figure 5.5).

According to Figure 5.4 and Figure 5.5, noticeable trends in the air gap thickness and the contact area related to certain regions of the body can be observed. The air gap thickness and the contact area changed regionally and the magnitude of these changes corresponded to the distribution of the ease allowances between the body and the sample garments (Table 5.2).

Moreover, alignment of the garment to the manikin body noticeably influenced the magnitude of changes in the air gap thickness and the contact area between garment fits. At the chest and the back, garments fell on the shoulders, shoulder blades and breasts under the garment weight and conformed to the slopes of these body regions (Figure 5.1 and Figure 5.6) owing to the flexibility of the textile fabrics. On the other hand, garments after falling over the most protruding points, hung downwards at the certain distance from the body at the abdomen, lumbus and pelvis (Figure 5.1and Figure 5.6). Consequently, the effect of the garment fit was reflected by regional changes in the air gap thickness that were generally in range of 0-22 mm and 1-18 mm in shirts and undershirts, respectively. Contact area also noticeably varied regionally and observed changes were in range of 0-21% and 0-50% in shirts and undershirts, respectively.

The specific draping pattern of the clothing in relation to the changes in the body girth resulted in the tight, intermediate and loose levels of the regional fit in the sample garments as indicated in Figure 5.2 and Figure 5.6. The regional tight fit corresponded to the upper chest and the upper back as well as the anterior pelvis and posterior pelvis although observed trends in the air gap thickness and the contact area differed. At the upper chest and the upper back the only scarce changes in the contact area and the air gap thickness were observed and did not exceed 9% and 3 mm, respectively. In these cases the excessive width of the garment in regular and loose fits (see Figure 5.1 and Figure 5.6) was distributed sideways towards the armpits and then either compressed or folded between the extended arms and torso. At the anterior pelvis and posterior pelvis the contact area decreased by up to 50% and the air gap thickness increased by up to 22 mm as between garment fits (see example in Figure 5.5 and Figure 5.4, respectively). For the regional intermediate fit found at the lower chest and the lower back, changes in the contact area and the air gap thickness increased to 23% and 5 mm, respectively. For the same regional fit observed at the lower abdomen and the lower lumbus changes in the contact area decreased to 32% whereas they reached maximally 22 mm in the air gap thickness. The regional loose fit was directly related to the largest ease allowances found at waist (see ease allowances at waist in Table 5.2), and hence, corresponded to the regions of the upper abdomen and the upper lumbus at which the contact area changed only by up to 12% and changes in the air gap thickness between fits did not exceed 18 mm. These findings could be beneficial for more detailed simulation of the heat and mass transfer in clothing models as they present the magnitude of regional changes in the air gaps and the contact area under condition of changing garment fit.

Figure 5.6 Exemplary cross-sections through manikin's body dressed in tight and loose jersey undershirts and presented for particular regional fits of the garment.

The findings of this study imply that magnitude of the air gap thickness and the contact area resulted mainly from the style of the sample clothing. On the other hand, also observed trends depended on the draping behavior of fabrics within the given range of ease allowances and were related to the typically lower extensibility and larger stiffness of the woven fabrics in contrast to highly stretchable and limp knitted fabrics. Therefore, shirts at all levels of fit required larger ease allowances (Table 5.2) to accommodate body shape and movement than undershirts at corresponding fits. Consequently, at each level of the overall fit shirts enclosed the air gap larger by up to 16 mm and the contact area smaller by up to 39% than undershirts at corresponding fit. Such differences were related to the larger stiffness of the woven fabrics indicated by wide and shallow folds shown in Figure 5.7 which were also observed in shirts worn on the manikin as indicated in Figure 5.1. Moreover, shirts rested on but did not conform to the convex shapes of the body, i.e. breasts, shoulders, shoulder blades and buttocks, and flared out when ease allowances increased. Therefore, the maximal air gap thickness found in shirts reached 44 mm which was more than 38 mm in undershirt (Figure 5.4). On the other hand, the largest contact area found in shirts did not exceed 35%, whereas it reached 56% in undershirts (Figure 5.5). Such results clearly show that undershirts will be beneficial for activities where the sweat management is prioritized whereas shirts will be favorable in case the enhanced air exchange in the garment microclimate is required.

Interestingly, the difference in the air gap thickness and the contact area between jersey undershirts and interlock undershirts at corresponding fits maximally reached up to 7 mm and 12%, respectively (Figure 5.4 and Figure 5.5, respectively). However, exceptionally large differences of 25% and 18% in the contact area were found between tight undershirts at the anterior pelvis and the posterior pelvis, respectively (Figure 5.5). Although the jersey and interlock fabrics had almost equal drape coefficients (Table 5.2), the differences in the distribution of the air gap thickness and the contact area between jersey and interlock undershirts could be associated with the size and shape of formed pleats that are shown in Figure 5.7. The jersey fabric formed mostly small folds with occasional wide and shallow pleats in contrast to the interlock fabric which softly draped into small and generally regular pleats. The flat and wide folds found in jersey fabric plausibly resulted from typically tighter structure of the fabric with additional 2% of the Spandex yarn. Consequently, the air gap thickness gradually increased in the jersey undershirt at abdomen, lumbus and pelvis (Figure 5.4), however, the increase rate was lower than in the shirt. Similar increase in the air gap thickness was observed in interlock undershirt, however, only at lumbus and posterior pelvis.

At abdomen and anterior pelvis, the air gap thickness slightly decreased in the interlock undershirt of overall loose fit probably due to the fabric flexibility (Figure 5.4). The tightness of the jersey fabric contributed also to the particularly large contact area between tight jersey undershirt and highly convex regions of chest, lower back and pelvis (Figure 5.5). At the abdomen and the lumbus the garments wrapped around rather than clang to the body, and hence, the difference in the contact area between tight jersey undershirt and tight interlock undershirt almost disappeared (Figure 5.5). Such results indicate that the looser the garment becomes, the more influence of the garment drape on the air gap thickness could be expected.

In case of the contact area this relation would be opposite. However, importance of the drape ability of fabrics seemed to be valid only for the body regions at which garment hanged downwards but did not rest on the body surface. The friction at the skin-fabric interface also affects the draping behavior of the garments.

However, investigation of the friction coefficients between the surfaces of the plastic manikin and sample clothing used in this research was not in the scope of the presented study.

The thickness of the air gap in range between 8 mm and 13 mm is considered as the boundary thickness beyond which the free convection can take place and intensify the heat and mass transfer in clothing [START_REF] Jl | The physical basis of clothing comfort, Part 2: Heat transfer through dry clothing assemblies[END_REF][START_REF] Cain | Two new techniques for determining the thermal radiative properties of thin fabrics[END_REF] . The results of this study suggest that garment fit could contribute to the occurrence and intensity of the natural convection in garments. According to Figure 5.4, this type of heat transfer can be expected at the abdomen and pelvis provided that the garments of the regular or loose fit are worn and at the lumbus regardless of the garment fit. The conspicuously large air gap thickness depicted at lumbus plausibly resulted from the concavity of this body region. To reduce the air gap, and hence, limit the probability of the free air circulation, the garment pattern should be adjusted to closely follow body curvatures.

However, results indicate that the air circulation at abdomen and pelvis could be avoided in garments of tight fit since they suppressed the air gap thickness below 9 mm. Also chest and back would probably stay unsusceptible to the natural convection because the air gap thickness was insensitive to the changes in the garment fit and did not exceed 14 mm at these body regions. Although the analysis focused only on two garment styles, the findings of this study imply that garment fit should be considered as the primary factor affecting distribution of the air gap thickness at the lower trunk in garments. At the upper trunk the air gap thickness was relatively unaffected by the change in the garment fit, and hence, the targeted heat and mass transfer should be modeled according to the fabric rather than garment properties.

Providing that the surfaces of the skin and the clothing adjoin each other, the moisture can be wicked into the clothing layer and distributed over the larger area [START_REF] Keiser | Moisture transport and absorption in multilayer protective clothing fabrics[END_REF][START_REF] Weder | Evaporative cooling and heat transfer in functional underwear[END_REF] . Size of the moistened area in garment can effectively add to the heat loss from the skin by increased thermal conductivity of the fabric [START_REF] Hock | Thermal properties of moist fabrics[END_REF][START_REF] Hes | Moisture and Air Transfer Properties of Selected Woven Fabrics in Wet State[END_REF][START_REF] Hes | Simulation of the Effect of Air Gaps between the Skin and a Wet Fabric on Resulting Cooling Flow[END_REF] and the evaporation of moisture from the clothing surface.

The efficiency of these processes will vary regionally since the magnitude of the contact area between body and garment can differ among body regions, garment fits and clothing styles as indicated in Figure 5.3 and Figure 5.5. According to the obtained results, the large contact area can be expected at chest and upper back regardless of garment fit and at lower back, abdomen and pelvis in the tight garments. Moreover, larger contact area can be expected in the tight undershirt (up to 56%) rather than in the tight shirt (up to 34.6%) because softer and more stretchable knitted fabric could wrap tightly to the protruding body regions in contrast to the stiffer woven fabric (in e.g. see Figure 5.3 upper chest and anterior pelvis). Also fabric with addition of Spandex yarn contributed to the noticeable increase in the magnitude of the contact area but only at the body regions of chest, back and pelvis (Figure 5.5) and plausibly resulted from tighter structure of the fabric containing elastomeric yarn [START_REF] Marmarali | Dimensional and physical properties of cotton/spandex single jersey fabrics[END_REF] . The larger contact area would be especially recommended at lumbus and along the spine if sweating is expected because of the particularly high sweat rates observed among regions of the posterior torso [START_REF] Havenith | Male and female upper body sweat distribution during running measured with technical absorbents[END_REF][START_REF] Bain | Describing individual variation in local sweating during exercise in a temperate environment[END_REF][START_REF] Smith | Body mapping of sweating patterns in male athletes in mild exercise-induced hyperthermia[END_REF] .

Actually, investigated tight garments provided either no contact area along the spine (Figure 5.3) or only scarce contact area at lumbus (9-21%). This would impede wicking of moisture away from the skin which could have various consequences, in e.g. accumulation of moisture at the skin surface could lead to suppression of the sweat rate [START_REF] Nadel | Effect of Skin Wettedness on Sweat Gland Response[END_REF] and impairment of the moisture evaporative efficiency [START_REF] Candas | Human-Skin Wettedness and Evaporative Efficiency of Sweating[END_REF] . The moisture accumulation on the skin surface would be perceived as the thermal and sensory discomfort due to impaired moisture evaporation from skin and the moisture dripping down the body. Therefore, from the thermal point of view, construction patterns of both undershirt and shirt require adjustment of ease allowances to reduce the distance between garment and lumbus, and alteration of shape to follow to the depth and curvature of the body concavity. Selection of the fabric that easily conforms to the body would additionally support the large contact area between body and garment. However, these topics are not in the focus of presented study.

The findings of this study suggest that mathematical clothing models, which are coupled with human thermal physiology [START_REF] Li | Mathematical simulation of heat and moisture transfer in a humanclothing-environment system[END_REF][START_REF] Fan | Heat and moisture transfer with sorption and condensation in porous clothing assemblies and numerical simulation[END_REF][START_REF] Berger | A new dynamic clothing model. Part 1: Heat and mass transfers[END_REF][START_REF] Wa | Calculation of Clothing Insulation and Vapor Resistance[END_REF] , should treat each body region individually due to the heterogeneous distribution of the air gap thickness and the contact area over the body (Figure 5.4 and Figure 5.5). Moreover, simulation of the heat and mass transfer in garments could be enhanced by including the distribution of the contact area as an additional parameter in clothing models instead of assuming either full contact or homogeneous distance between body and garment [START_REF] Wissler | A simple theoretical model of heat and moisture transport in multi-layer garments in cool ambient air[END_REF][START_REF] Berger | A new dynamic clothing model. Part 1: Heat and mass transfers[END_REF] . According to results shown in Figure 5.8, at some individual body parts at which the contact area does not exceed 10% and air gap thickness is larger than 14 mm, the assumption of homogeneous air gap thickness probably could be acceptable to simulate the prevailing thermal effect in garments. Since at the air gaps larger than 8-13 mm the free convection can take place [START_REF] Jl | The physical basis of clothing comfort, Part 2: Heat transfer through dry clothing assemblies[END_REF][START_REF] Cain | Two new techniques for determining the thermal radiative properties of thin fabrics[END_REF] that greatly affects the heat and mass transfer in garment, the effect of contact area that is lower than 10% probably will be negligible. On the other hand, Figure 5.8 indicates that the size of the contact area largely varied in range between 13% and 56% for the air gap thickness up to 14 mm. In steady state conditions, the change of the air gap thickness up to 8 mm and without consideration of the direct contact between body and garment would result in the considerable increase of the thermal and evaporative resistances in clothing [START_REF] Wissler | A simple theoretical model of heat and moisture transport in multi-layer garments in cool ambient air[END_REF][START_REF] Hes | Simulation of the Effect of Air Gaps between the Skin and a Wet Fabric on Resulting Cooling Flow[END_REF] . Umeno et al. [START_REF] Umeno | Prediction of skin and clothing temperatures under thermal transient considering moisture accumulation in clothing[END_REF] showed that heat and mass transfer in clothing will be markedly affected if the contact area between body and garment occurs. Indeed, the larger the contact area between body and garment, the larger surface available for conductive heat transfer and larger area available for wicking of moisture in garment which in certain conditions can result in sensation of discomfort known as the after chill-effect. The contact area has been quantitatively determined only recently, and thus, it is not yet known how the size of the contact area exactly contributes to changes in the heat and mass transfer in clothing.

Nevertheless, the effect of the contact between surfaces of the body and fabric on thermal sensations 13-15, 17, 18 is well recognized, and hence, contact area should be considered in clothing modeling to avoid either over-or underestimation of the heat, vapor and liquid transfer in clothing. 

Conclusions

In this study, the distribution of the air gap thickness and the contact area in the tight, regular and loose shirts and undershirts was investigated. The relevance of the body region, regional garment fit and fabric type in relation to changing overall garment fit was also discussed. The findings of this study imply that the influence of the overall garment fit markedly varied over body regions and resulted from an interaction between the geometry of the particular body regions and the draping ability of the fabrics within given ease allowances. The change in the overall garment fit led to the noticeable increase in the air gap thickness and the considerable decline in the contact area at the regions of the abdomen, the lumbus and the pelvis. The regions of the chest and the back were relatively unaffected by the change in the overall garment fit with exception found at the lower back. Furthermore, results suggest that the magnitude of change in the air gap thickness and the contact area depended on the garment style and fabric type in association with fabric draping ability. Hence, the larger air gap thickness and the smaller contact area was found in shirts made of stiffer plain woven fabric than in undershirts made of limp jersey and interlock knitted fabrics. The larger ease Chapter 6. Factors contributing to the distribution of the air gap thickness and the contact area in undershirts with various moisture contents (case study)

None of the previous studies on the air gap regarded the accumulation of the moisture in clothing layers although increase of the moisture content may alter the draping behaviour of garment, and hence, contribute to the change of the enclosed air gap thickness and the contact area. Therefore, the investigation of the complex interaction between body geometry and clothing properties is necessary to understand the rules governing the distribution of the air gap thickness and the contact area in garments. This chapter presents the study in which the air gap thickness and the contact area were quantitatively determined in undershirts at three levels of moisture content using the technique developed in Chapter 4. Additionally, the effect of garment fit (tight and loose), fabric structure (single jersey and interlock) and raw material (cotton and polyester, and each of them plated with spandex) are shown and discussed.

Materials and methods

Fabrics and garments

Plain jersey and interlock fabrics typically used in undershirts were chosen for this study.

Interlock fabrics were knitted from either 100% cotton or polyester yarns, whereas plain jersey fabrics were knitted by plating either cotton or polyester yarns with 2% of spandex (Table 6.1). Such selection of fabrics allowed investigation of the air gap and the contact area in textiles at distinct levels of moisture contents. Before the selected fabrics were used to sew sample garments, they were first domestically washed at 30°C in gentle washing cycle, dried and ironed to release tensions imposed in fabrics during the knitting process. Garments representing a typical undershirt used as a first layer in clothing ensembles were confectioned in regular and tight fit from each fabric type.

The pattern of the regular undershirt was developed to obtain a comfortable yet closely fitted garment whereas the pattern of the tight undershirt corresponded to a skin-tight garment as shown in Figure 6.1. The final ease allowances of garments at main body landmarks are presented in Table 6.2. The differences in the effective ease allowances of the same fit resulted from the fabric dimensional change during wetting of the sample garments. The different levels of moisture contents in selected fabrics were obtained through rinsing in cold washing cycle and controlled spin-drying in washing machine. As the fabrics can be prone to the dimensional change when treated with water and subjected to the mechanical agitation in washing process [START_REF] Knapton | The Dimensional Properties of Knitted Wool Fabrics: Part IV: 1 X 1 Rib and Half-Cardigan Structures in Machine-Washing and Tumble-Drying[END_REF][START_REF] Quaynor | Effects of laundering on the surface properties and dimensional stability of plain knitted fabrics[END_REF][START_REF] Hattori | Changes in mechanical properties of fabrics after repeated deformation[END_REF] , their susceptibility to the dimensional change was evaluated by subjecting to a laundering process in domestic washing machine (Miele, Softtronic W35-21CH). Washing procedure consisted of seven laundering cycles in cold water including 15 min of rinsing and spin-drying at 1200 rpm, and wet relaxation in sealed plastic bag for 1 h.

Consequently, dimensional change was calculated as an average percentual change of the fabric dimensions before and after laundering (Table 6.1). The dimensional change of the fabrics as well as manipulation of the fabrics in confectioning process probably contributed to the observed deviation of the ease allowances in garments from the designed value (Table 6.2).

Preparation of samples with various moisture contents

Change of the moisture over time

This study aimed at investigation the effect of various levels of the moisture content in garments on the distribution of the enclosed air gap thickness and the contact area. However, the wet garments lose moisture by dripping of excessive water and by evaporation of water from garment's surface that result in the distinct changes in the level of the moisture content over time. Moreover, the amount of the moisture in the fabric, fabric properties i. e. fabric's thickness and fiber's hygroscopicity, relative humidity and circulation of the surrounding air influence the rate of the moisture loss noticeably [START_REF] Crow | The interaction of water with fabrics[END_REF][START_REF] Walker | The Drying of Textiles[END_REF][START_REF] Yanılmaz | Investigation of wicking, wetting and drying properties of acrylic knitted fabrics[END_REF] . The fabrics used to sew garments, levels of moisture contents and measurement time were fixed parameters in our study, therefore, only the atmospheric conditions could be changed to avoid moisture loss from the samples.

The influence of the relative humidity of the air on the rate of the moisture loss from wet fabrics was investigated for three samples (10x10 cm 2 ) representing fabrics of noticeably different hygroscopicity, i.e. cotton and polyester, and selected from the feasibility study (Chapter 3). The effect of the fabric properties was checked by selecting fabric samples that differed by the fiber type, mass per square meter and thickness. Samples were first immersed in water for one hour to let the moisture fully penetrate yarn and fabrics' structure, then they were blotted with paper towels to remove excessive water and finally they were put on the horizontal trellis to let the moisture drip and evaporate freely. Every 10 min the side on which the samples were lying was reversed to avoid the migration and accumulation of the moisture in the bottom of the sample that would be induced by the gravitational force. The change in the mass of the wet sample was recorded every 30 min on the analytical balance to allow calculation of the change in the moisture content in the fabric over time. Preparation of wet samples and measurements of the moisture loss were done in the climatic chamber at atmospheric conditions set to 20ºC and either 20% or 95% of the relative humidity.

Results shown in Figure 6.2 indicate that high relative humidity of air effectively reduced loss of the moisture from wet samples to maximally 10% within two hours in contrast to low relative air humidity which induced the moisture loss by up to 67% within the same time. At both levels of the air humidity the rate of moisture loss depended on the sample type. In particular, at the 20% of air humidity both polyester samples lost almost entire moisture in less than 1.5 h whereas cotton sample lost approximately only half of the moisture content within 2 h. In higher air humidity the moisture loss was markedly reduced but still within 2 h the largest loss of 9% was observed in thin polyester fabric and the lowest loss of 2% was depicted for cotton fabric. According to presented results, high relative humidity of air would be recommended as the most efficient way to impede the rate of moisture loss over time from wet sample garments that are made of various fabrics. However, the climatic chambers available for testing were too small to accommodate the scanning system away from the source of the air flow that would cause the temporal displacement of the sample garments while dressed on the manikin.

To avoid movement of the garment disturbing the measurement process, the scanning system was moved to the larger laboratory with standard atmospheric conditions of 20ºC and 65% of relative humidity. Before tests could be taken, the change in the moisture content in wet garments over time was experimentally determined by simulation of the real testing conditions.

The cotton and polyester jersey undershirts in regular fit were chosen for this study to represent garments with different hygroscopic properties. Selected undershirts were wetted to either 50% or 25% of moisture content according to the method described in detail in the paragraph on Method to obtain particular moisture content in garment of this section. The measurement procedure consisted of dressing the wet garment on the manikin, scanning it, undressing the manikin and weighing the garment on the analytical balance. The change in the moisture content in wet garments was determined for the seven successive measurements and it took 6-8 min to accomplish each of them.

As expected, the moisture content decreased within time but the total loss in the moisture did not exceed 7% within 42 min in all tested conditions (Figure 6.3). Nevertheless, Figure 6.3

indicates that only two measurement repetitions would be recommended in atmospheric conditions of 20ºC and 65% RH to prevent the moisture content from decreasing by more than 5% in wet garments. Consequently, after each two measurements the sample garments should be wetted again to reach appropriate moisture content. 

Method to obtain particular moisture content in garment

No standard method has been developed yet to obtain particular moisture contents in fabrics or garments. Moreover, most studies dealt with wetting flat fabric specimens rather than the entire garment. For this purpose fabrics were usually fully immersed in water and either pressed between rolls at specified pressure or blotted with paper towels and kept between wet sponges to allow for unrestricted distribution of the moisture within fabric volume (Figure 6.4-1 and Figure 6.4-2). However, these methods were not suitable for wetting garments since two layers of fabric sandwiched between sponges would impede distribution of the moisture over larger area and pressing of garment between rolls would cause unacceptable creases on the garment. On the other hand, method of spraying the specified amount of water on the sample and sealing wet sample in plastic bag for several hours seemed feasible not only for flat fabrics but also for entire garments (Figure 6.4-3). Consequently, this method was tested for jersey and interlock cotton fabrics and regular undershirts made of these two fabrics. The spraying bottle was used to distribute the water over the surface of selected samples.

Immediately after wetting, samples were sealed in plastic bags for 12h to allow the water to penetrate into sample structure. Figure 6.5 shows the distribution of the moisture in flat samples that were wetted to the moisture contents of 70%, 50% and 30%. The darker spots on the samples indicate the areas easily penetrated by the moisture, whereas light spots show dry or only scarcely wetted areas in the fabric. Moreover, results suggest that the lower the moisture content in the sample, the more inhomogeneous distribution of the moisture (Figure 6.5). Similar effect was found in garments that were wetted using the spraying bottle (Figure 6.4-3). Consequently, this method was considered inefficient to reach homogeneous distribution of the moisture at various levels of moisture content in garments. The mechanical agitation of fabric immersed in water may facilitate the penetration of the liquid into fabric's structure and distribution of the moisture over large area. Therefore, we rinsed the garments in cold water using domestic washing machine for 15 min and spin-dried them at controlled speed to reach required moisture contents. In case the required moisture content was not obtained, the missing amount of water (usually less than 30g) was sprayed on the garments surface. Such procedure involving mechanical treatment and full immersion allowed water to penetrate into the fabric and yarn structure. Afterwards, the undershirts were sealed in plastic bags for 12 h to allow distribution of the water within the sample volume and to release tension imposed by rinsing and spin-drying. The homogeneity of the water distribution in sample garments was indicated by the uniform shade of the fabric colour without visible spots of the drier or wetter areas (Figure 6.4-4).

Preparation of samples for test

Sample garments were conditioned in 20°C and 65% RH until changes in mass of the samples did not change by more than 1% (~2 g). Samples at such state were defined to represent dry case in normalized condition. Damp and wet samples were prepared by rinsing and controlled spin-drying undershirts for 15 min in a washing machine (Miele, Softtronic W35-21CH) and spraying missing amount of water to reach required moisture contents (Table 6.3) as described in previous section Method to obtain particular moisture content in garment.

During measurement procedure, the above-mentioned steps were repeated every time the moisture content decreased by more than 2% from levels shown in Table 6.3. Selected moisture contents of damp and wet sample undershirts were calculated using the following 

Measurement procedure

The measurement procedure consisted of steps described in section 5.2 of Chapter 5. Every sample garment was measured six times in each condition of the moisture content.

Statistical analysis

The statistical analysis of obtained data was performed using PASW Statistics ver. 17.0 (IBM SPSS Inc., USA). The three-way independent Anova was chosen to statistically analyze the data since we were interested in the effects of three levels of moisture content, i. e. dry, moist and wet, on the distribution of the air gap thickness and the contact area at particular body regions. Moreover, we wanted to investigate whether this effect would be different for garments of tight and regular fit and whether it could be related either to the fabric type (interlock knit and single jersey knit) or to the fiber type (cotton and polyester).

The air gap thickness and the contact area were the dependent variables, whereas moisture content, garment fit and fiber type were defined as the independent (predictor) variables in the statistical analysis. The assumption of normality of the sampling distribution was tested within groups using the Kolmogorov-Smirnov test and the homogeneity of variance was investigated with the Levene's test. Since size of groups related to the moisture content was not equal, the separate statistical analyses were provided for the cotton and polyester samples.

The principle of independent Anova test is described in detail in section 5.3 of Chapter 5.

Under condition that assumptions of the normality of the sampling distribution and homogeneity of variance were met, the F-ratio in this study was calculated for three main effects, i. e. effect of moisture content, garment fit and fabric type. Providing that main effects were significant, additionally the two-way and three-way interactions between the independent variables could be computed (for e.g. between moisture content and garment fit or between moisture content, garment fit and fabric type). Main effects and interactions were analyzed separately for cotton and polyester undershirts. The main effects were compared using the Bonferroni confidence interval adjustment 6.2 Results

Outcome of the statistical analysis

Similarly as in the previous case study, the assumptions of the normally distributed sampling groups and the homogeneity of variance within groups were met for only few cases, i. e.

sixteen out of forty in total, while investigating the changes of the air gap thickness and the contact area (Table 6.4 and Table 6.5). Since for the majority of the data the outcome of the statistical analysis would not be reliable, only the trends in the obtained results were discussed in relation to the plotted graphs that are presented in the section 6.2.2. Nevertheless, complementary tables summarizing the statistical analysis for the main effects can be found in Annex 2 at the end of the manuscript. The average air gap thickness and the contact area of six scans and related standard deviation for undershirts at three levels of moisture content are shown in Figure 6.8 and Figure 6.9, respectively. The results are presented for three levels of regional garment fit such as regional tight fit at the upper chest, the upper back, and posterior and anterior pelvis, regional intermediate fit at the lower abdomen, the lower lumbus, the lower chest and the lower back and regional loose fit at the upper abdomen and the upper lumbus (Figure 5.2).

Analysis of the observed trends

Influence of the moisture content on the air gap thickness varied over body parts (Figure 6.8).

Interestingly, the air gap thickness at the chest and the back was almost constant over selected range of moisture contents and similar in tight and regular undershirts. The largest variability of the air gap thickness due to moisture increase was observed for abdomen, lumbus and pelvis that were in a range of 0-4 mm, 0.2-8 mm and 0.1-7 mm, respectively. In principle, variability in the air gap thickness caused by moisture content was lower in polyester undershirts compared to cotton undershirts. In addition, changes in the air gap thickness at the abdomen and anterior pelvis were exceptionally low in all polyester undershirts and usually did not exceed 0.5 mm.

The influence of the moisture content on the contact area also varied over body regions (Figure 6.9). The change in the contact area resulting from increase of moisture in undershirts was in range between less than 1% and 14 % at the chest and the back, however, no particular difference between regular and tight undershirts could be observed. Moreover, exceptionally large change in the contact area that reached 22-23% was found in the tight cotton undershirt at the lower chest but factors that could have induced such change were not clear. On the contrary, the noticeable effect of the regular and tight undershirts on the changes in the contact area was observed for sections of the abdomen, lumbus and pelvis where tight undershirts were tailored to closely follow body curvatures (see Table 6.2). Hence, the observed changes in the contact area caused by the moisture content reached up to 22% in tight undershirts whereas only 13% in regular undershirts. No particular difference in the contact area between polyester and cotton undershirts was found for all levels of moisture content. 

Discussion

This study shows that the distribution of the air gap thickness and the contact area in garments is a consequence of the complex interaction between geometry of the body shape, construction of the garment and fabric properties under condition of changing moisture content. As expected, the variability in the air gap thickness and the contact area due to moisture content varied between selected body regions. At sections of the chest and the back the change in the air gap thickness imposed by moisture content seldom exceeded 1 mm, whereas it reached maximally 4 mm at abdomen, up to 8 mm at the lumbus and up to 7 mm at sections of pelvis (Figure 6.8). However, observed effect of the moisture content would not be sufficient to induce or exclude the natural convection at investigated body parts since changes in the air gap thickness did not cross the 8 mm threshold for this type of heat transfer [START_REF] Jl | The physical basis of clothing comfort, Part 2: Heat transfer through dry clothing assemblies[END_REF] .

Changes in the contact area varied more randomly in range of 0-23% for described body regions with an exception of lumbus for which the observed changes were only up to 2% in regular undershirts (Figure 6.9). These findings imply that moisture content induced bigger changes in the air gap thickness and smaller in the contact area at concaved body regions where garment collapsed under increased weight due to the moisture content. On the other hand, small changes in the air gap thickness but bigger in the contact area were depicted at protruding and approximately parallel to the garment body regions, i.e. upper chest and upper back, upper abdomen, lower abdomen, posterior pelvis and anterior pelvis, because fabric could adhere to the larger body surface (Figure 6.7). Consequently, these body regions could be prone to the local drop in the skin temperature induced by higher conductivity of the wet fabric and evaporation in proximity of the skin [START_REF] Havenith | Apparent latent heat of evaporation from clothing: attenuation and "heat pipe" effects[END_REF] .

The magnitude of the effect of the moisture content was also related to the fiber content used in the studied undershirts. Generally, the polyester undershirts were less susceptible to changes of the moisture content. At sections of chest, abdomen, anterior pelvis and upper back the change in the air gap thickness with moisture content did not exceed 1 mm in the polyester undershirts, whereas the observed change was up to 7 mm for cotton undershirts (Figure 6.8). Such difference between samples may result from enhanced adhesion of the wet cotton fabric to the manikin surface in contrast to the wet polyester fabric which was observed during dressing up the manikin. The largest changes occurred at the lumbus (up to 4 mm in the polyester undershirts and 8 mm in the cotton undershirts, see Figure 6.8) which plausibly resulted from the concavity of this body region. It seems that undershirts were smoothed out and drawn away from the body owing to reduction of pleats and increased weight of the fabric. In cotton undershirts this effect was probably additionally enhanced by swelling of the fibers that led to the increase of the fabric density and stiffness as demonstrated in pictures of the dry and wet undershirt in Figure 6.7a and Figure 6.7b. In tight undershirts straightening of the fabric could be caused by forced adhesion of the garment at the posterior pelvis.

Interestingly, the influence of the fiber content on the contact area was not evident. Also undershirts with the spandex yarn seemed to be less affected by the moisture content than corresponding undershirts without this yarn probably owing to better shape retention of fabrics containing elastomeric yarns [START_REF] Marmarali | Dimensional and physical properties of cotton/spandex single jersey fabrics[END_REF] .

According to presented results, undershirts made of polyester seem to be beneficial if the air gap thickness has to be kept on an approximately steady level in spite of the increasing moisture content. Similar result can be obtained in undershirts made of cotton but the fabric should contain an elastomer yarn (in eg. Spandex) to retain the fabric's shape and the garment should have a tight fit. However, these rules may not apply to the highly concaved body regions, i.e. the lumbus. Such regions require the adjustment of the undershirt pattern but the present study does not cover this topic. Moreover, these findings will be invalid when the garment is dimensionally unstable as observed in case of interlock cotton undershirts. The dimensional change of these undershirts (Table 6.2) was recognized by the appearance of new folds at the abdomen and pelvis, and relocation of the shoulder seams (Figure 6.7c).

Consequently, the effect of the moisture content was neither similar to the trends observed in other cotton undershirts nor to the polyester undershirts. In particular, the initial increase of the air gap thickness in the damp interlock cotton undershirts was probably due to the combined effect of the width expansion and stiffening of the garment. However, at highest moisture content the air gap thickness decreased because the garment further expanded in width, collapsed under increased weight and eventually formed folds. Therefore, measurements of the dimensional stability of fabrics in wet state should be of high priority prior to sewing the functional garments.

Interestingly, no noticeable influence of the fabric structure on the air gap thickness and the contact area in studied undershirts was found. Comparable drape ability of jersey and interlock fabrics and their similar weight (Table 6.1) resulted in only scarce differences between polyester undershirts. On the other hand, the differences depicted in cotton undershirts were probably caused by the higher weight of the interlock rather than the jersey fabric (Table 6.1). Furthermore, the dimensional change of the interlock undershirt (Table 6.2) imposed by treatment with water added to the observed difference. Consequently, the effect of the fabric structure in the cotton undershirts could not be directly determined in the conditions of these experiments, i. e. in static.

This study shows that the effect of change in the overall garment fit can contribute more to the distribution of the air gap thickness and the contact area rather than change in the moisture content in the garment. In our study, the observed differences in the air gap thickness and the contact area between the tight and regular undershirts sewn from the same type of fabric were up to 15 mm and 50%, respectively (Figure 6.8 and Figure 6.9, respectively). These changes were closely related to the regional fit of the investigated undershirts and corresponded to available ease allowances for given fits. At sections of the loose regional fit, i.e. at the upper abdomen and the upper lumbus, both tight and regular undershirts were in scarce contact with the body, i.e. 0-20% (Figure 6.9), and thus, could unrestrictedly drape while hanging in a certain distance from the body. In this case, the air gap thickness was directly related to the overall fit of the undershirt and was smaller in tight than regular undershirt accordingly to ease allowances depicted at the waist (Table 6.2). Once the ease allowance available for draping of the garment decreased (see ease allowance at hips in Table Table 6.2), the contact area observed at sections of intermediate regional fit (see the lower abdomen and the lower lumbus in Figure 6.9) rose up to 40%. Accordingly, the magnitude of the air gap thickness at these body regions slightly decreased but it still resulted from the garment overall fit similarly to the trend observed at the sections of the intermediate regional fit. At sections of the tight regional fit, i.e. at upper chest and upper back, where the contact area was particularly high and reached up to 60% (Figure 6.9), the difference in the magnitude of the air gap thickness between studied undershirts almost completely disappeared. In fact, both the tight and the regular undershirts were designed to tightly conform to the body shape by setting the sleeve at the shoulder point and keeping the shoulder seam at approximately similar length (Table 6.2).

Consequently, the fabric was slightly stretched between shoulders and did not collapse into concavities at the upper chest and upper back, even though both the positive and the negative ease allowances were depicted at chest in regular and tight undershirts (Table 6.2), respectively.

Interestingly, the obtained results indicate that the trends in the air gap thickness and the contact area at particular body parts depended on the type of the undershirt fit, and hence, heat and mass transfer occurring in clothing may be associated with the garment fit. For example, the use of the tight rather than regular undershirt effectively decreased the air gap thickness below 8 mm threshold for natural convection at anterior torso and upper back (Figure 6.8)

which is beneficial for insulation properties of clothing [START_REF] Schneider | Heat-Transfer through Moist Fabrics[END_REF] . On the other hand, the noticeable increase in the contact area observed in Figure 6.9 may lead to higher heat loss from the body by increased thermal conductivity at dry and especially wet state of the garment [START_REF] Hes | Moisture and Air Transfer Properties of Selected Woven Fabrics in Wet State[END_REF][START_REF] Hollies | Some Thermal Properties of Fabrics .2. Influence of Water Content[END_REF] where the heat loss can be additionally intensified by evaporation of the moisture from the garment surface. Consequently, these effects may lead to large local skin temperature gradients which induce sensation of discomfort at affected body areas [START_REF] Ouzzahra | Regional distribution of thermal sensitivity to cold at rest and during mild exercise in males[END_REF] . As a solution, Hock et al. [START_REF] Hock | Thermal properties of moist fabrics[END_REF] proposed using fabrics with napped or fuzzy surface to reduce the undesirable effect of the thermal conductivity caused by the direct contact between body and wet garment. On the contrary, the substantial heat loss attributed to the free convection could be expected in regular undershirts mainly because the thickness of the enclosed air gap considerably exceeded 8 mm 5 (Figure 6.8) and the contact area only occasionally exceeded 10% at all body parts with exception of sections of chest and back (Figure 6.9). Consistently, such data can be beneficial for calculations of the heat and mass transfer in thermal modeling of clothing of various fit. The friction during dressing the garment on the manikin as well as adhesion between the manikin surface and fabric could also affect the draping manner of the undershirts. From a tribology point of view, the frictional force is proportional to the contact area between body and clothing surface, and is influenced by the presence of the moisture and hydrophobicity/hydrophilicity and morphology of surfaces in direct contact [START_REF] Derler | Tribology of Skin: Review and Analysis of Experimental Results for the Friction Coefficient of Human Skin[END_REF][START_REF] Wolfram | Friction of Skin[END_REF][START_REF] Kenins | Influence of Fiber-Type and Moisture on Measured Fabric-to-Skin Friction[END_REF] . Indeed, dressing the damp and wet undershirts on the manikin was obstructed in comparison with dressing the dry undershirts and the magnitude of this obstruction was higher for hygroscopic cotton than hydrophilic polyester samples. However, it is not clear how the observed difference in frictional behavior of cotton and polyester undershirts during dressing the manikin could contribute to the measured distribution of the air gap thickness and the contact area. Probably the standard dressing procedure and static standing position of manikin prevailed in the draping of tested garments, and hence, for both cotton and polyester undershirts the similar trends in distribution of the air gap thickness and the contact area were observed. Nevertheless, further investigation is needed to determine magnitude and role of the friction and adhesion when the wet garment is in contact with the dry and moist body surface, especially in dynamic conditions.

Conclusions

In this study, the distribution of the air gap thickness and the contact area in the dry, damp and wet undershirts was determined. The relevance of the body region, garment fit, fabric's structure and fiber type in relation to the changes in moisture content in the garment was also investigated. The obtained results indicate that the influence of the moisture content on the distribution of the air gap thickness and the contact area noticeably varied over body regions and was related to regional fit of the garment. In most cases the air gap thickness decreased at the anterior torso and the upper back but increased at lumbus with increasing moisture content. The opposite trends were depicted for the change in the contact area. Furthermore, results imply that the magnitude of change in the air gap thickness and the contact area depended on the fiber content but not on the fabric structure. Hence, susceptibility of the cotton undershirts to the moisture content was found to be higher than the polyester undershirts under condition that the fabric did not contain elastomeric yarn. Although the moisture content contributed to the change in the sought parameters, the main factor responsible for the distribution of the air gap thickness and the contact area was the fit of the garment.

was not sensitive to the properties of the garments, i. e. surface colour (bright and dark) and structure (smooth and hairy).

Limitations of the method

The accuracy of the developed method strongly depends on the components of the measuring system, i. e. 3D body scanner and 3D post-processing software. The 3D body scanners with low resolution and low accuracy over objects circumference (for e.g. 3 mm) probably will fail to detect the distribution of the air gap in clothing at 1 mm step that is considered relevant for recognition of changes in the heat and moisture transfer in garment ensemble. Moreover, it was shown that the precision of determination of the air gap thickness and the contact area from 3D scans of the nude and the dressed manikin depended on the performance of the 3D post-processing software. Although it would probably have scarce effect on the thermal effect in clothing, the air gap thickness computed at the largest concavity of the manikin body, i. e.

along the spine, was overestimated by approximately 2 mm. The 3D post-processing software used in this project was developed to provide the dimensional inspection of quality of manufactured parts, and hence, calculation algorithms were developed to find dimensional deviations between objects that are geometrically almost the same (for e. g. between CAD model and manufactured object). It means that typically the distances are determined for the approximately parallel surfaces. However, surfaces of the garment and the body are geometrically complex and show no resemblance to each other. Moreover, pleats and folds that are formed due to the draping behavior of clothing may cause that the surfaces of the body and the garment are almost perpendicular to each other. Therefore, the reliability of the obtained data should be investigated not only in relation to the performance of the 3D body scanner (for eg. 3D point accuracy, camera resolution) but also in respect of the computational algorithms of the post-processing software.

The measurement method developed in the course of this PhD project reliably determined the air gap thickness and the contact area in garments dressed on the motionless manikin, and hence, in the static conditions. However, the scanning time of either nude or the dressed manikin took approximately 1 min that is not optimal for measurements of human subjects in a steady position due to unconscious body sway [START_REF] Daanen | Reducing movement artifacts in whole body scanning[END_REF] . Also changes of the body volume due to respiration or tissue compression may impose unacceptable inaccuracies for detailed evaluation of the air gap and the contact area in clothing [START_REF] Li | Extracting surface area coverage by superimposing 3D scan data[END_REF] . The long scanning time results from the relatively small linear field of view of the 3D scanner selected for this project.

Replacement of the small 3D scanner for the full-body 3D scanner with enhanced scanning time could be possible, however, it should not come at the cost of reduced measurement accuracy.

The developed system allows capturing only the outermost layer in clothing ensembles. This restriction results from the typical limitations of the 3D scanners which are optical devices that capture surface of the scanned object using either laser light or pattern projected on the object's surface. Consequently, investigation of the air gap thickness and the contact area between different layers in multi-layered garments can be complicated or even impossible, however, an approximate method has been already proposed [START_REF] Mark | The impact of the individual layers in multi-layer clothing systems on the distribution of the air gap thickness and the contact area[END_REF] .

Application of the method

Three-dimensional scanning technique allowed a thorough investigation of the distances between garment and the body and, hence, the differences between clothing varied by fit, style, fabric type, fiber type and moisture content could be ascertained. The results of two case studies presented in this PhD showed that the magnitude of the air gap thickness and the contact area resulted mainly from overall garment fit (tight, regular, loose) rather than from garment style, i. e. shirt and undershirt. Moreover, regional garment fit contributed to the differences in the air gap thickness and the contact area observed for individual body regions.

The findings of these studies implied that at regions of chest and back the air gap thickness and contact area were less susceptible to changes imposed by garment fit, style or moisture content rather than at sections of abdomen, lumbus and pelvis. The fabric type and fiber type had secondary effect on the distribution of the air gap and contact area in investigated clothing unless the moisture content in garment increased.

The developed method provides information of the average thickness of the air gap for individual body parts that can be directly used in the mathematical clothing models for simulation of the thermal and evaporative properties of clothing. Moreover, it gives detailed overview on the distribution of the contact area over selected body parts which can be used as an additional parameter in the clothing models. Consequently, obtained data would enhance the simulation of heat and mass transfer in clothing by accounting for inhomogeneous distribution of air gap thickness and contact area in clothing. Additionally, it could allow modeling of the thermal effects related to the wicking and distribution of moisture over the larger area of clothing.

Outlook

The developed method allows accurate and detailed overview of distribution of the air gap thickness and the contact area in various garments owing to the 3D scanning technique which is currently the most precise non-contact measuring method. The obtained data can be used as the input parameters in the mathematical clothing models to enhance evaluation of the thermal and evaporative properties of clothing. However, the high accuracy of the input parameters comes at the high cost of the 3D scanning system and requires substantial time and computer resources for manipulation and storage of the 3D data, respectively, and 3D

full-body scanning systems may be judged too expensive to buy. Nevertheless, the 3D scanning technology has been developing fast for the last 10 years and strives to decrease the price for 3D scanners so that they can be affordable for anyone, one example is adaptation of the Kinect motion sensing device for low-priced 3D scanning system that can be used at home [START_REF]ArtecGroup[END_REF][START_REF]3D3Solutions[END_REF] .

The distribution of the air gap thickness and the contact area in clothing ensembles could be related in the future studies to the experimentally measured thermal comfort and protective properties of functional and protective garments obtained using the thermal or flush fire manikins. Such research would allow assessment of health risks resulting from design of the clothing ensembles and related to the local thermal and evaporative effects in clothing.

Moreover, it can allow investigation of the fitting issues, and hence, the development and optimization of functional and protective clothing.
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  representative for the average male. Nevertheless, customized manikins are only since recent available but still costly. Window shop manikins often used in clothing research may represent less typical body morphology since they were developed for another purpose, namely to present fashion clothing in the most appealing way. Nevertheless, body shape of the manikin used for the 3D scanning corresponds to the silhouettes of the Sweating Agile Manikin (SAM) and the Manikin for Flash Fire Simulations (Henry) which are used at Empa (Swiss Federal Laboratories for Materials Science and Technology, Switzerland) to study the thermal comfort and thermal protection of functional clothing. Since all three manikins have similar body shapes (Figure4.3), the distribution of the air gap thickness and the contact area in clothing ensembles could be related in the future studies to the experimentally measured thermal properties of functional and protective garments.
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 4 Figure 4.5 a and c, the scanning platform consisted of plate for positioning manikin with supporting stand, plates for guidance of vertical slide around the manikin (2-358°) and vertical slide for moving the 3D scanner along the manikin's body (0-1.65 m). To allow capturing of the object at various angles, the 3D scanner was mounted on horizontally
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  distances are reported as the shortest distance from the Test to the Reference object along the defined plane Directional distances are reported as the distance from the Test to the Reference object in the defined direction, i. e. along the specified axis
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 49 Figure 4.9 Exemplary pictures from Geomagic Qualify that show projection of distances between garment and shoulder. The distances were determined at the shortest distance, critical angle of 180 ° and according to the following methods: 3D deviation (a), planar deviation (b) and directional deviation (c).

  .12). It was not clear whether projection of the points from the garment surface orthogonally or as the shortest distance to the surface of the body affected the distribution or the magnitude of the calculated distances. Nevertheless, the projection of points was noticeably influenced by magnitude of the critical angle and smaller values such as 45° tended to overestimate the distances when points on the test object lay approximately orthogonally to the surface of the reference object. The critical angle defines the largest angle between normal vectors of pair of points on test and reference object to still classify them as corresponding points and calculate the distance between them (Figure4.10). If the angle between the normal vectors of the closest points exceeds the critical angle, the software will look for the new point on the reference object until the condition is met. In studied cases, the critical angle of 180° contributed to the most accurate determination of the shortest distance between points lying on the highly curved surfaces of the body and garment (Figure4.11). Consequently, the most reliable calculation of the distances between the body and the garment resulted from the following settings:  nude manikin was set to reference object whereas dressed manikin served as the test object;  3D deviation method and the shortest distance comparison were set to measure the distance between surfaces;  the critical angle was set to 180º.
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 4 Figure 4.13 The comparison of scan accuracy of scans obtained using both 3Dscanners Vitus XXL and Artec MHT with and without reference (grey lines indicate standard deviation).
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 4 Figure 4.14 Fabric patches (a) and their position on the manikin's body (b) chosen to test accuracy of the scanner.
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 4 Figure 4.15 shows the comparison of the average fabric thickness measured according to the standard ISO 5084 65 and using Artec MHT 3D body scanner and dedicated post-processing method. Results indicate that Artec MHT successfully determined the thickness of various fabric patches attached to the convex and concaved parts of manikin back. It determined correctly the thickness of the fabric as thin as 1.1 mm as shown in Figure 4.15. The scanner
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 4 Figure 4.15 Comparison of fabric thickness measured using Artec MHT 3D body scanner and dedicated post-processing method and thickness tester according to ISO 5084 65 .

Figure 4 .

 4 photograph.

Figure 4 .

 4 Figure 4.16 Qualitative validation of the size and shape of the air gaps in sleeveless shirt determined by 3D comparison: a) photo of wet shirt, b) coloured map indicating distribution of the air gap.
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 4419 Figure 4.18 Raster board with squares of 2.5 x 2.5cm for picture scaling (a) and the flat spread vest with rectangular panel marked with blue thread photographed on the raster board (b).
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 4 Figure 4.19 Tukey mean-difference plot for the contact ratios of vests evaluated by two different methods: manual tracing and 3D scanning using Artec MHT.

  air gap thickness in relation to the body surface (AGT B ) it is necessary to estimate the fraction of points in ith distance interval (T i ) of air gap thickness (w Bi ) corresponding to the nude body. The fraction (w Gi , w Bi ) of points that belong to the ith distance interval (N Gi , N Bi ) and the sum of points in all intervals can be derived from the Equation 4.8.

  average air gap thickness calculated in relation of the surface of the garment will be approximately equal to the average air gap thickness related to the body surface (Equation 4.13).

2 )

 2 probably due to the manipulation of fabrics during confectioning and dimensional distortion imposed by laundering and ironing of the ready-made garments (washing cycle and ironing was the same as for flat fabrics). To change the fit of the shirt from loose to regular or tight the panel seams including darts were added to the garment pattern. Such panels effectively forced the fabric to follow the curves of the body when the ease allowances were reduced (Figure5.1, sample plain woven shirt). Patterns for sample garments were developed at the HEAD fashion school (Geneva University of Art and Design, Geneva).
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 57 Figure 5.7 Exemplary pictures of the draping behavior and corresponding drape coefficient (DC) of sample fabrics used in this study and calculated according to ISO 9073-9 67 .
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 58 Figure 5.8 Change in the size of the contact area with increase of the air gap thickness for the different sample garments, clothing fits and body regions.
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 62 Figure 6.2 Change of the mass of the fully wet samples (10x10 cm) over time in 20ºC and at 20% and 95% of relative humidity of air.
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 63 Figure 6.3 Moisture loss over time in cotton and polyester undershirts at RH 65% and 20°C.
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 64 Figure 6.4 Methods of wetting out fabric samples.
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 65 Figure 6.5 Plain jersey (a) and interlock (b) fabrics made of cotton and wetted up to 70%, 50% and 30% of moisture content (samples from left to right, respectively) using spraying method.

  in Table6.3 were chosen individually for each sample undershirt due to particular fiber content resulting in corresponding moisture uptake range. The wet state obtained for both polyester and cotton undershirts represented maximal amount of moisture which was held in the vertically hung samples without water dripping off. Maximal moisture content was determined experimentally by wetting garments, dressing them on the manikin and observing whether moisture accumulated on and dripped off the garments' hem as shown in Figure6.6. The polyester undershirts in damp state contained half of the moisture found in wet state whereas damp state of the cotton undershirts corresponded to the wet state of the polyester undershirts. Consequently, such study design allowed comparison of the effect of the moisture content between undershirts of the same as well as different fiber type.
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 66 Figure 6.6 Moisture dripping of the sample at 70% of moisture content.
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 67 Figure 6.7 Photographs of dry and wet cotton/spandex jersey undershirt (a, b) and cotton interlock undershirt (c, d) and corresponding post-processed exemplary single 3D scans indicating distribution of the air gap thickness and the contact area.
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 6 7c and d show the horizontal expansion of the cotton interlock undershirt as an effect of the moisture increase.
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 68 Figure 6.8 Mean air gap thickness (and standard deviation) of regular and tight undershirts determined at different moisture contents and presented for particular body regions.
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 69 Figure 6.9 Mean contact area (and standard deviation) of regular and tight undershirts determined at different moisture contents and presented for particular body regions.
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Table 3 .

 3 1 Technical specifications and prices of a few 3D body scanners that were available on the market in year 2009.

Scanner Scanning method Scanner type Resolution 3D point accuracy, mm Markers Scanning time Price, in thou. of Euro Creaform Zcorp

  

	~30-38	n/a		n/a		n/a		~15-21		~3-5		~91			~46-183		~38			~25-45		~13-25
	n/a	12 s		7 s		0.5 s		n/a		1.3 s		0.01 s			1.5 ms		n/a			n/a		n/a
	0.04-0.05 yes	1.0 no		3.0 no		n/a no		0.75 no		0.02-0.2 no		0.15 no			0.2 no		0.04-0.08 no			0.05-1.0 no		0.1-0.2 no
	0.05-0.1 mm	n/a		1.4 mm	25 points/ cm 2		0.5-2.0 mm		1.3-2.8 MP		n/a			n/a		1.3 MP			> 0.5 mm		0.5-1.0 mm
	hand-held	full-body		full-body		full-body		hand-held		full-body		full-body			full-body		full-body			hand-held		hand-held
	laser	laser		structured-light	projection	structured-light	projection	laser		structured-light	projection	stereo	photogrammetry		photogrammetry		laser			structured-light	projection	structured-light	projection
		Vitus XXL	Vitronic	KX-16 TC 2	Symcad II	Telmat	FastScan	Polhemus	FlexScan 3D	3D3 Solutions	XYZ RGB	Scanner	XYZ RGB	3DMD	3DMD	Minolta scanners	Konica Minolta	Co.	Noomeo	Noomeo	Artec scanners	Artec Group Ltd.

Table 3

 3 

		.2 Characteristics of garments used for determination of the contact area and the air
	gap thickness.					
			Garment size	Weave / knit	Fiber content a %	Mass b g/m 2	Thickness c mm
		Athletic shirt	L	Plain rib	100CO	145.1	0.5
		T-shirt	L	Single jersey	100CO	175.7	0.7
	Casual garments	Shirt Sweater Boxer shorts Briefs Jeans	M39/40 L M M 32/34	Plain weave Single jersey Plain rib Plain rib 3/1 Twill	100CO 100CO 100CO 100CO 100CO	124.7 361.6 145.1 145.1 366.0	0.3 1.7 0.5 0.5 0.9
		Trousers	47	2/1 Twill	60WO/38PES/3 EL	202.6	0.4
		Military t-shirt					
		Military zipped					
	Protective garments	blouse Military jacket Military fleece jacket Military undershirt Military boxer shorts Military long pants			confidential		
		Military trousers					
		Military long johns					
	a CO stands for cotton, WO stands for wool, PES stands for polyester, EL stands for elastan; b ISO 9073-1:1989;
	c ISO 5084:1996.					

Table 3 .

 3 

	Garment type	Inaccuracy of the 3D scans, S *	Average alignment error, A **	Distance recognized as contact area, T CA ***
		mm	mm	mm
	Casual shirt	1.0	0.7	1.9
	Casual trousers	1.0	0.3	1.9

3 

Inaccuracy of the 3D scans, average alignment error, and the distance between skin and garment recognized as the contact area and presented for exemplary garments (shirt and trousers).

Table 4 .

 4 1 Technical specifications of Artec MHT.

	3D resolution	up to	0.5 mm
	3D point accuracy	up to	0.1 mm
	3D accuracy over distance	up to	0.15% over 100 cm
	Working distance		0.4 -1.0 m
	Linear field of view	closest range, h x w	214 x 148 mm
		furthest range, h x w	536 x 371 mm
	Angular field of view		30 x 21º
	Data acquisition speed	up to	15 fps ~ 288'000 points/s
	Light source		flash bulb
	Calibration		done once in 1-2 years, no special
			equipment required
	Table 4.2 Technical specifications of Vitus XXL.	
	3D point accuracy at girth	up to	1 mm
	Measurement range	height	2100 mm
		depth	1000 mm
		width	1200 mm
	Point density		27 points/cm

[START_REF] Parsons | The effects of wind and human movement on the heat and vapour transfer properties of clothing[END_REF] 

Light source Eye-safe laser, class 1 Calibration Done before and then after every 2-3h of measurements for cylindrical tube (110 mm in diameter and 2100 mm in height)

Table 4 .

 4 3 The post-processing routine for 3D scans to quantify the air gap thickness and the

	contact area in garments	
	Refinement	Step 1	iterative alignment of the multiple 3D scans by
	of 3D scans	(Artec Studio)	automatic selection of corresponding features on
			the overlapping surfaces and reorientation of the
			aligned 3D scans into common 3D coordinate
			system
		Step 2	merging multiple aligned 3D scans into single
		(Artec Studio)	surface 3D scan and setting resolution of the
			polygonal mesh that builds up surface of the
			complete 3D scan
		Step 3	cleaning of the 3D scan surface by removing
		(Geomagic Qualify)	scanning artefacts and closing surfaces with
			deficiencies
	Reorientation	Step 4	
	of 3D scans		

(Geomagic Qualify) 

Table 4 .

 4 4 Settings of the geometrical comparison of 3D objects offered in Geomagic Qualify 62 .

	Type	of	geometrical	Critical angle	Type of deviation
	comparison			
	Shortest distance		0º-180º	3D deviation
	the shortest distance between	the maximum difference	distances are reported as the
	the Test object and the	between the normal vectors	shortest distance from the
	Reference object to which the	of two points that suggest	Test to any point on the
	point is projected			they lie on different faces	Reference
	Orthogonal			
	the	orthogonal	distance	
	between the Test object and	
	the Reference object to which	
	the point is projected		

Table 5 .

 5 1 Properties of fabrics used in this study.

	Structure	Fiber content Mass a (g/m 2 )	Thickness b (mm)	Drape coefficient c
					(%)
	Plain weave 100CO	137	0.71	61
	Single jersey 98CO/2SP	181	0.83	33
	Interlock	100CO	252	1.34	31
	a ISO 9073-1:1989 66 ; b ISO 5084:1996 65 ; c ISO 9073-9:2008 67 .	

Table 5 .

 5 2 Effective ease allowances in sample shirt and sample undershirts used in the study.

				Tight					Regular					Loose	
				shirt	jersey	undershirt	Interlock	undershirt	shirt	jersey	undershirt	Interlock	undershirt	shirt	jersey	undershirt	Interlock	undershirt
			chest	1	-8		-2		10	0		5		18	8	8
	Ease allowance at	girth (cm)	waist hips biceps	12 1 9	10 -9 1		11 -5 0		24 11 11	20 1 3		19 3 3		39 21 14	28 9 9	25 6 9
			shoulder 17.2	13.9	14.9	17.5	15		15.5	19.6	16	16
	Length ISO 8559:1989 60 ; back (cm)	77	70		69		77	71		70		78	68.9	69

Table 5 .

 5 3 Outcome of the Levene's test for the assumption of the homogeneity of variance among sampling groups derived from the measurement of the air gap thickness.

	Dependent variable: air gap thickness	Levene's test of equality of error variances F a df1 b df2 b	Sig. c
	upper chest	3.018	8	45	0.008
	lower chest	1.797			0.103*
	upper abdomen	2.250			0.041
	lower abdomen	3.608			0.003
	anterior pelvis	6.127			0.000
	upper back	0.713			0.679*
	lower back	3.329			0.004
	upper lumbus	4.277			0.001
	lower lumbus	3.259			0.005
	posterior pelvis	6.023			0.000

a F is a ratio of systematic variance to the unsystematic variance; b df1and df2 are degrees of freedom for number of compared groups and total number of cases in all groups; c if the significance < 0.05, the variances of compared groups are significantly different and assumption of the homogeneity of variance is not met; * assumption of homogeneity of variance is met.

Table 5 .

 5 4 Outcome of the Levene's test for the assumption of the homogeneity of variance among sampling groups derived from the measurement of the contact area.

	Dependent variable: contact area	Levene's test of equality of error variances F a df1 b df2 b	Sig. c
	upper chest	3.611	8	45	0.003
	lower chest	3.885			0.001
	upper abdomen	2.468			0.026
	lower abdomen	1.250			0.293*
	anterior pelvis	1.049			0.415*
	upper back	2.375			0.032
	lower back	2.572			0.021
	upper lumbus	3.853			0.002
	lower lumbus	3.181			0.006
	posterior pelvis	3.727			0.002

a F is a ratio of systematic variance to the unsystematic variance; b df1and df2 are degrees of freedom for number of compared groups and total number of cases in all groups;

Table 6 .

 6 1 Properties of fabrics used in this study. CO stands for cotton, PES stands for polyester and SP stands for spandex; b ISO 9073-1:1989 66 ; c ISO 5084:1996[START_REF]Textiles --Determination of thickness of textiles and textile products[END_REF] ; d ISO 3759:2011[START_REF] Iso | Textiles --Preparation, marking and measuring of fabric specimens and garments in tests for determination of dimensional change[END_REF] for sample size 300 x 300 mm, negative number corresponds to fabric shrinkage and positive number to fabric expansion.

	Sample code	Knit structure	Raw material a %	Mass b g/m 2	Thickness c mm	Change coursewise dimension d	in	Change walewise dimension d	in
						%		%	
	CO_J	Single	98CO/2SP	181	0.83	-1		-1	
		jersey							
	CO_In	Interlock	100CO	252	1.34	4		-5	
	PES_J	Single	98PES/2SP 224	0.77	0		-2	
		jersey							
	PES_In	Interlock	100PES	232	1.02	0		0	

a

Table 6 .

 6 2 Designed and effective ease allowances in sample undershirts used in this study.

	CO_J	CO_In	PES_J	PES_In	CO_J	CO_In	PES_J	PES_In
	regular	regular	regular	regular	tight	tight	tight	tight

Table 6 .

 6 3 Levels of the moisture content in sample undershirts used in this study.

	Sample code	dry	damp	wet
		(at 20°C, 65% RH)	moisture content a (%)	
	CO_J_regular	0	40	60
	CO_In_regular			
	CO_J_tight			
	CO_In_tight			
	PES_J_regular	0	20	40
	PES_In_regular			
	PES_J_tight			
	PES_In_tight			

a accuracy of +/-2%

Table 6 .

 6 4 Outcome of the Levene's test for the assumption of the homogeneity of variance among sampling groups derived from the measurement of the air gap thickness.

	Dependent variable: air gap thickness at	Levene's test of equality of error variances a F a df1 b df2 b	Sig. c
	upper chest	cotton	1.421	11	60	0.187*
		polyester	1.467			0.168*
	lower chest	cotton	3.504			0.001
		polyester	2.096			0.034
	upper abdomen cotton	1.682			0.100*
		polyester	1.217			0.296*
	lower abdomen cotton	2.834			0.005
		polyester	2.218			0.025
	anterior pelvis	cotton	3.184			0.002
		polyester	4.955			0.000
	upper back	cotton	2.662			0.008
		polyester	1.062			0.406*
	lower back	cotton	4.470			0.000
		polyester	1.244			0.279*
	upper lumbus	cotton	2.013			0.043
		polyester	3.086			0.002
	lower lumbus	cotton	0.933			0.516*
		polyester	2.814			0.005
	posterior pelvis cotton	4.542			0.000
	polyester a F is a ratio of systematic variance to the unsystematic variance; 3.989 b df1and df2 are degrees of freedom for number of compared groups and total number of cases in all 0.000
	groups;					

c if the significance < 0.05, the variances of compared groups are significantly different and assumption of the homogeneity of variance is not met; * assumption of homogeneity of variance is met.

Acknowledgements

It would not be possible to accomplish this doctoral thesis without the kind help and support of people around me, to only some of it is possible to give particular mention here.

Foremost, I wish to express my gratitude to my supervisor Dr. Agnieszka Psikuta, who

allowances in the shirts as opposite to the undershirts also added to the observed differences in the magnitude of the air gap thickness and the contact area. a F is a ratio of systematic variance to the unsystematic variance; b df1and df2 are degrees of freedom for number of compared groups and total number of cases in all groups; c if the significance < 0.05, the variances of compared groups are significantly different and assumption of the homogeneity of variance is not met; * assumption of homogeneity of variance is met.

Chapter 7.

Conclusions and outlook

The attempt to develop the accurate method for determination of the air gap thickness and the contact area in garments at the magnitude relevant for thermal and evaporative processes occurring in clothing has been successfully accomplished. The work has been carried out in the following steps:

adaptation of the 3D body scanning and 3D post-processing technique for determination of the air gap thickness and the contact area in garments; -evaluation of the performance and feasibility of the developed system for investigation of the air gap thickness and the contact area in various garment types and recognition of factors contributing to the inaccuracies of the system; -development of the method for computation of the air gap thickness and the contact area by optimization of the 3D scanning and 3D post-processing procedures for enhanced accuracy and reliability of determined parameters; -extensive validation of the developed method; -demonstration of usability of the developed method for derivation of the air gap thickness and the contact area for the purpose of the clothing research.

Opportunities of the developed method

The method for determination of the air gap thickness between body and garment has been successfully developed. The use of this method additionally allowed the quantification of the magnitude of the contact area between body and garment for the first time. Moreover, it provided detailed overview on the distribution of these two parameters individually for several body parts. A precise and accurate coloured map displaying distribution of the air gap and contact area allowed additional visual investigation of the displacement of air layers and contact area in garments. The developed method has been extensively validated with a study of the influence of each measurement parameter during the course of the project which makes it the most reliable among the methods based on 3D scanning technique used for investigation of air layers in clothing ensembles. It was proven that the newly developed method, including scanning, post-processing of scans and determining distance between skin and garment surfaces, is highly accurate (0.6 mm). This fact proves that this method allows accounting for the thickness of fine fabrics but not thinner than 0.6 mm. It was also shown that the method

Appendix 1

The tables presented below summarize the analysis of the main effects for individual body regions using factorial Anova which is described in section 5.3 of Chapter 5.

Providing that the assumptions of normal distribution of sampling data and the homogeneity of variance within testes groups were met, we would analyse the main effects of independent variables (garment fit and garment style) and interaction between them on the outcome variable, i. e. the air gap thickness and the contact area. If the observed main effects were significant (Sig. < 0.05), the complementary analyses would be carried out, namely to investigate which groups differ the post hoc test would be used, whereas, for interaction the simple effects analysis would be conducted.

In the tables shown below, if the Sig. value is less than 0.05 then the observed effect is if the significance is < 0.05 the variances of compared groups are significantly different and assumption of the homogeneity of variance is not met. 

Appendix 2

The tables presented below summarize the analysis of the main effects for individual body regions using factorial Anova which is described in section 6.1.4 of Chapter 6.

Providing that the assumptions of normal distribution of sampling data and the homogeneity of variance within testes groups were met, we would analyse the main effects of independent variables (moisture content, garment fit and knit type) and interaction between them on the outcome variable, i. e. the air gap thickness and the contact area. If the observed main effects were significant (Sig. < 0.05), the complementary analyses would be carried out, namely to investigate which groups differ the post hoc test would be used, whereas, for interaction the simple effects analysis would be conducted.

In