
 

 

ABSTRACT 

BABY, RUKSANA. Micro- and Macro-Scale Analysis of Frictional Interaction between Human 

Skin and Woven Fabrics. (Under the direction of Dr. Kavita Mathur). 

 

Repetitive friction in combination with pressure, shear, temperature and moisture can lead to skin 

discomfort and impose the risks of developing skin injuries such as blisters and pressure ulcers 

frequently reported in athletes, military and in people with compromised skin conditions and/or 

immobility. Textiles being the primary skin contact, govern skin-microclimate, and therefore, has 

the potential to influence the contact behavior and friction with skin, and contribute to skin comfort 

and health. The main objective of this research was to understand the effects of woven fabric 

structure on skin friction under varying physical, mechanical and climatic conditions. Plain and 

satin woven fabrics with different fabric densities, and made from 100% cotton ring-spun 40/1 and 

60/1 Ne yarns were used in this research. Syndaver adult skin model (SynTissue®, USA) was used 

to mimic the realistic skin-fabric friction interaction under varying mechanical and climatic 

conditions.  

 

A novel method of experimentally measuring and calculating the real contact area (fiber area %) 

from fabrics without compromising the interface was developed and reported in this study. Results 

showed that plain woven fabrics and the fabrics with high thread density exhibited higher fiber 

area % indicating to their contribution to higher contact area. When compared for the yarn linear 

density, results showed that plain or satin woven fabrics comprising 60 Ne yarns exhibited greater 

fiber area %. The friction tests were conducted under varying physical (friction interface: skin-

fabric and metal-fabric), mechanical (apparent contact pressure: 2 and 4 kPa), and micro-climatic 

(skin-fabric interface: dry and wet) conditions. Results showed that skin as a counter material 



 

 

significantly increased the friction force than metal by a factor of approximately 3 ~ 14, and 

exhibited inconsistent stick-slip. Therefore, human skin may experience greater friction force than 

what is predicted from the conventional methods utilizing metals in contact with fabrics. With an 

increase in apparent contact pressure at the skin-fabric interface from 2 to 4 kPa, friction increased 

in all fabrics by a factor of 1.04 ~ 2.0. The increase in the pressure also reduced the variation of 

the fabric surface asperities and made the fabrics less distinguishable by approximately 9%. In 

both dry and wet conditions, high thread density fabrics and the fabrics made from the 60 Ne yarns 

exhibited higher friction forces (up to 2 times higher) with skin when compared for the same weave 

design (Plain or satin woven. Except the low-density satin fabric comprising 40 Ne yarns which 

exhibited exception). The increase was the highest in wet condition (by a factor of 2 ~ 8) than in 

dry condition. In addition, the plain woven fabrics tended to exhibit higher friction forces than the 

satin woven fabrics investigated in this study. The observations from the in-vitro friction 

measurements were in good agreement with the analysis of the real contact area from the fabrics 

although the contact area analysis did not involve any skin in contact.  

 

This research provided an in-depth understanding of the plain and satin woven fabric structures 

and how these influenced the real contact area and the in-vitro friction measurements in varying 

conditions. The key findings reported in this study should assist scientists and engineers to 

investigate the real-time skin-fabric friction using the in-vitro method reported in this work, and 

design woven fabrics to optimize frictional properties under varying conditions depending on 

applications and end-uses. Based on the analysis it is suggested that fabric friction is influenced 

the most by the counter material in contact, the apparent contact pressure and the climatic condition 

at the skin-fabric interfaces. Based on the structural analysis of the fabrics it is suggested that the 



 

 

plain and satin woven fabrics can be engineered to structure with lower thread density and large 

diameter yarns to facilitate more liquid transport from the wet skin, keep the skin dry, enhance 

comfort, as well as, lower the friction in respective applications. However, only a few plain and 

satin woven fabrics made from cotton yarns were investigated in this research. More woven 

structures comprising varying yarns (staple and filament) should be studied for a more in-depth 

understanding.       
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CHAPTER 1: INTRODUCTION 

Skin-textile friction has gained significant attention over the years in comfort analysis in diverse 

application areas. It is directly associated with skin health, and has an impact on wearer’s comfort 

and performance. The skin-textile interaction can become an important issue specifically in 

healthcare if patients suffer from skin injuries or chronic wounds, or if physiological functions are 

degraded due to unsound state of health, sensitivity, advanced age and immobility. An excessive 

friction from textiles can expedite the development of skin injuries such as tissue deformation and 

skin damage, friction blisters, decubitus ulcers (also known as pressure ulcers), failure of skin graft 

surgery, and even more severe unwanted problems.  

 

Decubitus ulcer is a growing concern and a severe medical problem especially for immobile 

patients in clinical environments and nursing homes. It incurs suffering to patients, additional costs 

to family and hospital, and even causes deaths. According to the Agency for Healthcare Research 

and Quality (AHRQ), more than 2.5 million people develop decubitus ulcers annually, and cost 

the US healthcare system $9.1-11.6 billion per year due to increased health care utilization. 

Medical and nursing science reveal that friction and shear forces lead to skin and tissue 

deformations and cause adverse strains. Skin hydration is another critical risk factor which 

increases skin friction coefficient, and imposes the risk of the injury development. Contribution of 

textiles in decubitus ulcers has drawn attention because the functionality and the performance of 

the textiles, next to the skin, play a key role in regulating the skin-microclimate and hydration, as 

well as, physiological comfort. However, most studies emphasized that skin friction is significantly 

influenced by skin topography, different anatomical locations, skin-hydration and environmental 

conditions such as temperature and relative humidity. Thus the literature lacks an in-depth 
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understanding of the structural impacts of the textiles on skin friction and how to engineer textiles 

with optimized frictional properties in varying conditions.  

 

The hypothesis of this research is that a thorough understanding of the structural impacts of textiles 

on skin friction at both micro- and macro-scale can enable to engineer and design textiles with 

optimum frictional properties for specific application and end-use performance. An up-to-date 

overview of the recent works in the relevant areas have been discussed in Chapter 2. Research 

motivations, objectives and specific questions were identified and discussed in Chapter 3. 

Methodological approach was carefully developed and designed which have been discussed in 

Chapter 4. Detailed experimental work to provide an in-depth understanding of the skin-textile 

friction in different conditions, and how yarn and fabric structures influence the interaction were 

reported in Chapter 5 and Chapter 6 respectively. In Chapter 7 the key findings and contribution 

from this research were summarized while some suggestions for future work were listed in Chapter 

8. 
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CHAPTER 2: SKIN-TEXTILES FRICTION: IMPORTANCE AND PROSPECTS IN 

SKIN COMFORT AND IN HEALTHCARE IN PREVENTION OF SKIN INJURIES 

This chapter was published as: “R Baby, K Mathur, and E DenHartog. Skin-textiles friction: 

Importance and prospects in skin comfort and in healthcare in prevention of skin injuries. The 

Journal of The Textile Institute, 2020. DOI: 10.1080/00405000.2020.1827582.” 

 

2.1 Abstract 

Frictional characteristics of textiles play a big role in skin comfort and health, and in the 

development of friction related skin injuries such as tissue deformation, skin damage, decubitus 

ulcers or pressure ulcers and friction blisters, especially in people with compromised skin 

conditions and/or immobility. All these skin injuries cause severe pain and can be life threatening. 

This review paper is focused on decubitus, and how friction from textiles contribute to both skin 

comfort, and in the formation or prevention of skin injuries such as decubitus. More than 2.5 

million individuals develop decubitus annually that costs the US healthcare system $9.1-11.6 

billion per year due to increased health care utilization. There’s been a significant amount of 

research on decubitus alone, unfortunately the role of textiles in formation and prevention of 

decubitus is yet understudied. This review provided an understanding of the importance of friction 

in textiles and skin, and factors influencing friction on respective surfaces. Along with 

demonstrating the mechanism of decubitus ulcer formation and some recent commendable work 

from textiles point of view, few critical research questions and suggestions for future work have 

also been provided. 

Keywords: Friction, textiles, skin, comfort, decubitus ulcers, pressure ulcers, healthcare 
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2.2 Introduction 

Friction is an important surface phenomenon that is directly associated with skin health, and has 

an impact on wearer’s comfort and performance. The frictional interaction between skin and 

textiles can become an important issue specifically in healthcare if patients suffer from skin 

injuries or chronic wounds, or if physiological functions are degraded due to unsound state of 

health, sensitivity, advanced age and immobility. [1-5, 8-9, 11-15] Frictional properties in textiles 

are influenced by several factors, including but not limited to, fiber composition (such as cotton, 

wool, silk or rayon) [29, 31], yarn construction (ring-/rotor-/open-end spun, soft or hard) [36], 

fabric structure (types of woven or knit) [42, 51], and surface finishes [46]. For example, yarns 

with higher frictional properties yield fabrics with higher frictional properties [41]. More specific, 

fiber cross-sectional shape, molecular orientation annealing and fiber type influence the frictional 

properties of fibers [34-35] while the fiber composition in yarns, spinning systems and yarn 

topography (surface properties) governs the frictional behavior of yarns [36].  

 

Skin health critically depends on its interaction with fabrics next to skin while excessive friction 

can expedite the development of friction related skin injuries such as tissue deformation and skin 

damage, friction blisters [102-98] decubitus ulcers or pressure ulcers [2, 4, 5, 8, 11, 15, 18-19, 82], 

failure of skin graft surgery [9] and even more severe unwanted problems. In regard to decubitus, 

it is also known as pressure ulcers and a severe medical problem especially for immobile patients 

in clinical environments and nursing homes. [8] Decubitus is a growing concern that incurs 

suffering to patients, additional costs to family and hospital, and even causes deaths. [3] The 

Agency for Healthcare Research and Quality (AHRQ) provided an estimation of more than 2.5 
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million individuals developing decubitus ulcers annually that costs the US healthcare system $9.1-

11.6 billion per year due to increased health care utilization [81].  

 

Decubitus is caused by localized skin and/or underlying tissue injury. [1-3, 4, 8] Medical and 

nursing science reveal friction and shear to be critical factors along with pressure loads for 

expedition of formation of decubitus in bedridden patients. [8, 11-12, 16, 107-109] Friction and 

shear forces lead to skin and tissue deformations and cause adverse strains. This can suppress blood 

circulation by twisting and deforming dermal blood vessels. [8, 11-15, 82] For instance, adverse 

friction and shearing can occur during relocations or transfers of immobile person/patient 

especially if sensitive anatomical areas such as the skin over bony prominences are lying on an 

inclined or uneven surface. [8, 82]  

 

Another critical risk factor is increased skin hydration which increases skin friction coefficient [8, 

15-17]. Only very few studies stated the possibility to reduce skin friction by means of appropriate 

hospital textiles allowing improved moisture management to prevent decubitus. [2, 4-5, 8, 88] 

Therefore, arises the importance of hospital textiles in skin contact as it modulates skin 

microclimate, and therefore skin comfort, by absorbing and carrying away perspiration from the 

skin. [4, 8, 111] There is evidence that the risk of decubitus in spastic patients increased with 

permanent uncontrolled rubbing movements [8, 110] Similarly immobile patients in intensive care 

units in the hospitals are at high risk. Usually their treatment requires the skin to be in direct contact 

with the bedding. [4] Hence, understanding of the frictional characteristics of bedding materials in 

skin contact becomes critical in retarding the formation of decubitus which further requires in 

depth knowledge of friction characteristics of textiles and factors influencing them. 
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This review will attempt to provide an up-to-date overview of recent works on healthcare textiles 

in prevention of friction related skin injuries. Skin-friction analysis can be of a critical importance 

in a wide range of application areas such as sportswear apparel, healthcare and medical textiles, 

and a heavy duty protective equipment for firefighters and military professionals as well as in 

space applications. The terms ‘skin comfort’ and ‘friction related skin injuries’ also refer to a broad 

study areas. Hence the authors confined their review within healthcare textiles, and specifically as 

related to decubitus ulcers. The authors also suggest, a careful and thorough understanding of skin 

friction from textiles, associated with decubitus, would help understanding and interpreting other 

skin injuries as well. Therefore, this review of the literature directed at decubitus will attempt to 

understand friction mechanisms, the classical theories, factors influencing skin friction and 

frictional properties of textiles, and significance of healthcare textiles on formation and prevention 

of decubitus. In addition, critical questions and interesting directions for future research will be 

identified.   

 

2.3 Friction and Textiles 

Friction is a surface property defined as the tangential force that opposes relative motion when one 

body slides over another. [10] It is an essential part of all physical phenomenon in daily life that 

works in many different forms, including but not limited to, the force we exert in performing 

mechanical work, electrical power and fuel we use in running equipment, the wear damage we 

find on surfaces, the temperature rise we observe in materials and devices during use, and the 

sound we hear in most industrial and non-industrial operations. Friction in textiles has been studied 

as it affects the efficiency of processing, mechanical integrity and dimensional stability of 

assemblies, wear of textiles and guides, and tactile comfort and drape of apparel. This section will 
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provide an understanding of relevant friction theories for textile materials and how factors 

associated with textiles impact the frictional characteristics of textiles in performance or end-use. 

 

2.3.1 Classical Friction Theories 

Over the years, there has been several useful concepts of friction developed that appeared to be of 

great value in understanding of tribological (science and engineering of interacting surfaces in 

relative motion) behavior of materials, starting with the behavior observed in metals, and then with 

those observed in other materials such as elastomers, polymers and fibers. The widely known two 

basic laws of friction which were deduced by Leonardo de Vinci in the middle of the fifteenth 

century, rediscovered by Amonton in 1699 [26], and investigated and substantiated by Coulomb 

in 1788 [27] can be stated as below. [10] 

 

1. The frictional force (𝐹) is proportional to the normal force (𝑁), therefore, 𝐹 ∝ 𝑁 or, 𝐹 =

𝜇𝑁. In the equation, 𝜇 is called the coefficient of friction that is a constant for a given pair 

of bodies. 

2. The frictional force (𝐹) is independent of the geometric area of contact. 

 

Coulomb also mentioned that the force needed to initiate sliding (static frictional force, 𝐹𝑆) is 

greater than the force required to maintain the sliding (kinetic frictional force, 𝐹𝐾), and 𝐹𝐾 is 

generally independent of the speed of sliding. Coulomb’s statement is also referred to as the third 

law of friction and is expressed as below. [10] 

 

3. 𝐹𝑆 > 𝐹𝐾;  𝜇𝑆 > 𝜇𝐾 
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4. 𝐹𝐾 is independent of the speed of sliding 

 

Amonton suggested, friction arose due to the force needed to lift one surface over the asperities of 

the other while others thought it was due to the attractive forces between the atoms on the two 

surfaces, or to electrostatic forces. All these theories assumed the surfaces remained separate. [10] 

However Bowden and his associates [10, 28-30] in the first half of the twentieth century pointed 

that the predominant effects were due to an actual union or welding of the two surfaces at the 

points of contact. They defined frictional force as the result of the effort needed to shear these 

junctions to initiate sliding which led to the introduction of adhesion-shearing theory, one of the 

most successful concepts of friction. According to this theory, most surfaces are usually rough on 

a molecular scale and the contact occurs at the tips of asperities, as shown in Fig. 2.1. Thus the 

initial pressure resulting from the normal force acting on these points is very high (higher than the 

elastic limit or the yield values). This leads to the deformation of the junctions and causes lateral 

flow in them until the area has increased and the pressure decreased to a point that the force can 

be supported elastically, while the nature and the extent of the deformation depend on the 

mechanical properties of the materials. [10] 

 

For example, metal deforms plastically which is a permanent distortion at pressures exceeding the 

yield value (Fig. 2.2). For an applied force, 𝑁 and yield pressure of a material, 𝑃𝑦, the area of real 

contact, 𝐴 is proportional to the applied normal force as depicted in Equation 1. [10]  

𝐴 = ∑ 𝐴𝑖 = ∑
𝑁𝑖

𝑃𝑦
=

𝑁

𝑃𝑦
                                                     Equation 1 
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Fig. 2.1. Contact between two surfaces at tips of asperities. Plastic deformation occurs at these points 

leading to formation of junctions. The surrounding areas are elastically deformed, which snap back when 

the junctions are broken with the removal of load. [10] 

  

As according to theory, the junctions must be ruptured by shearing to initiate sliding, the frictional 

force (𝐹) needed to rupture can be given as follows: [10] 

                           𝐹 = 𝑆𝐴 = 𝑆
𝑁

𝑃𝑦
= (

𝑆

𝑃𝑦
) 𝑁                                                  Equation 2 

In the equation, 𝑆 is the bulk specific shear strength of the junctions (N/m2). For a given material, 

if both 𝑆 and 𝑃𝑦 are constants, 𝜇 is expected to be the material property. Leonardo de Vinci found 

F doubled when N was doubled, which supported the first law. [10] As indicated in Figure 2.2, 

area increases with an increase in normal load. It also indicates, there is linear increase in area with 

pressure. However, above yield pressure, it does not impact area. Which means, for metal, above 

yield pressure, area is influenced only by normal load, not by pressure. This supports the second 

law i.e. 𝐹 is independent of the geometric area of contact. However, in the adhesion model, a term 

ploughing force (𝑃) is sometimes added (Equation 3) where surface roughness may be considered 

very important such as in textiles. [10] 

𝐹 = 𝑆𝐴 + 𝑃                                                                     Equation 3 
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Fig. 2.2. Pressure-area relationship of metals showing plastic deformation with a relatively sharp yield 

point. Lines 1, 2, 3 represent iso-load curves of asperities supporting normal forces, 𝑁1, 

𝑁2, 𝑁3, respectively. [10] 

 

However, textiles are complex porous structures. Fiber (crystalline) properties fall between those 

of metals (non-crystalline) and rubbers (semi-crystalline). Thus fibers deform visco-elastically 

while metals and rubbers deform plastically and elastically respectively. Studies on natural and 

synthetic fibers during the later half of the twentieth century showed that the coefficient of friction 

was not a material property but a function of the normal force and the geometric area of contact, 

and was influenced by the size of the fiber, the smoothness of the surface and the mode of contact 

(point, line or area). Thus there’s a non-linear relationship between frictional force (𝐹) and normal 

force (𝑁) in case of most of the polymeric materials. Among many alternative relationships 

developed later, the simplest and the most widely accepted one was proposed by Bowden and 

Young [31] for application to certain nonmetals as below. [10]  

𝐹 = 𝑎𝑁𝑛                                                              Equation 4 

In the equation, the values of the empirical constants 𝑎 and 𝑛 were found by fitting the data on the 

model and conducting a least square analysis. The value of 𝑛 was found to be less than but close 
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to unity (0.7-0.9), while 𝑎 be similar to that of the classical parameter, 𝜇. [10, 26-27] The values 

of both the constants varied with the fiber materials examined. Later, a structural model of friction 

behavior (Equation 10) was developed by Gupta and El Mogahzy [92].  It was assumed that the 

mechanism governing the friction was adhesion shearing, and the specific shear strength of the 

junctions, 𝑆, was a material property. Prior to the development of the equation, the pressure-area 

relationship (Equation 5) was described that covered the behavior of a range of materials. [10, 92] 

𝑃 = 𝐾𝐴α                                                                 Equation 5 

In the equation above, 𝐾 and α are constants that together define the nature of the 𝑃 - 𝐴 

relationship. While 𝐾 represents the stiffness or hardness of the material in lateral compression, 

the factor, α characterize the shape of the curve. Fig. 2.3 depicts the possible range of behaviors in 

materials (𝛼 = 0 for metals, 𝛼 = 1 for elastic, 0 < 𝛼 < 1 for visco-elastic, and 𝛼 > 1 for materials 

that undergo strain hardening). [10, 92] 

 

 

Fig. 2.3. Pressure-area behavior supported by Equation 7 (𝐾2 > 𝐾1) [10, 92] 

 

The adhesion-shearing theory, as discussed earlier above, suggested the similar load distribution 

on the points of contact (Fig. 2.4) and pressure-contact area behavior (Fig. 2.5). 
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Fig. 2.4. Distribution of load over contact regions [10] 

 

Fig. 2.5. Area of contact for asperities at equilibrium [10] 

 

In order to obtain the total true area of contact, it is necessary to understand the stress distribution 

over the contact regions at equilibrium which is not constant and can broadly vary. [10] Gupta and 

El-Mogahzy generalized three well-defined stress distributions (uniform, spherical and conical) 

and presented the equation for total true area of contact as given below. [10, 92] 

𝐴 = 𝐶𝑀𝐾−γ𝑚1−γ𝑁γ                                              Equation 6 

In the equation, 𝑚 is the number of asperities making the contact between the bodies, 𝑀 is the 

number of asperities per unit area, 𝐶𝑀 is a model constant or stress distribution constant whose 

value ranges from 0.924 to 1.0 and depends on the value of γ, [γ = (∝ +1)−1] and the nature of 

stress distribution. If γ = 1, i.e. ∝= 0, 𝐶𝑀will be unity and then 𝐴 = 𝑁/𝐾 which is the case for 

materials that deform plastically. 
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Substituting the value of 𝐴 (Equation 6) in Equation 2, the frictional force was obtained as: [10, 

92] 

𝐹 = 𝑆𝐶𝑀𝐾−γ𝑚1−γ𝑁γ                                                     Equation 7 

Later Equation 8 and Equation 9 were derived by comparing Equation 4 and Equation 7. 

n = γ = (1+∝)−1                                                           Equation 8 

𝑎 = 𝑆𝐶𝑀𝐾−𝑛𝑚1−𝑛                                                          Equation 9 

Thus the generalized coefficient of friction was obtained as: [10] 

𝜇 = 𝑆𝐶𝑀𝐾−𝑛𝑚1−𝑛𝑁𝑛−1                                                  Equation 10 

 

It was claimed that the above model could account for the behaviors of a broad range of materials, 

including the plastically deforming metals and the elastically deforming rubbers. However no 

evidence was found if the model could illustrate the factors that influence the frictional force and 

the friction coefficient resulting from skin-textiles interaction critical in comfort studies and the 

studies associated with friction induced skin injuries.  

 

2.3.2 Factors Affecting Friction  

This section discusses general effects of some important factors which have been highlighted by 

Gupta [10] and illustrated in section 2.3.1.  

 

Normal Force: While normal force (𝑁) has no effects on 𝜇 for the materials that deform plastically,  

𝜇 in textile materials were reported to be influenced by 𝑁 [10]. For example, a stainless steel (SS 

304) pin sliding against glass fiber‐reinforced plastic (glass fiber), nylon and 

polytetrafluoroethylene (PTFE) resulted in a decrease in coefficient of friction with increasing 
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normal load (Fig. 2.6) in a study conducted by Nuruzzaman et al. [101] However, reverse trend 

was observed for cloth‐reinforced ebonite (commercially known as gear fiber) in the same study. 

[101]  

 

 

Fig. 2.6. Friction coefficient as a function of normal load for different materials, sliding velocity: 1 m/s, 

relative humidity: 70% [101] 

 

Mechanical Behavior of Junctions: Specific shear strength 𝑆, the hardness factor 𝐾, and the shape 

of the pressure-area curve are the three factors that govern the mechanical behavior of the 

junctions. The value of 𝑆 depends on the chemical nature of the material and the physical factors 

that modify the molecular interaction between surfaces such as molecular weight, molecular 

orientation and crystallinity. The parameters 𝐾 and 𝑛 affect the area 𝐴, and in consequence 𝐹 and 

𝜇 as well. [10]  

 

Number of Asperities in Contact: At constant normal force, area, 𝐴 increases with increasing 

number of points of contact, 𝑚 which also increases the value of the index, 𝑎. Thus increase in 

number of points of contact increases the values of both 𝐹 and 𝜇. [10] 
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Other Factors: Some other factors include the mode of contact (line, point or area) during tests, the 

morphology of the surfaces (degree of smoothness or roughness), the testing environment 

(temperature and relative humidity), and the time of contact (time before sliding and speed of 

sliding). For example, area contact is observed when two surfaces are pressed together and the 

larger the area, the larger would be the value of 𝜇. [10] Any change in the visco-elastic properties 

of the contacting surfaces due to change in temperature and relative humidity, the values of 𝑆, 𝐾, 

𝑛 can also change which can alter the values of coefficient of friction. In addition, a decrease in 

sliding speed can increase the contact area and therefore higher coefficient of friction might be 

observed. [10] For example, this could be due to the viscoelastic properties of fibers as their 

properties might change with time of loading which might affect 𝑚. [10]  

 

From the discussion above, it is evident that textiles being the porous, complex fibrous structures 

do not follow the classical friction theories used for metals which follow the proportional 

correlation between frictional force and normal force. Polymeric materials including textiles, 

instead, exhibit a non-linear relationship (Equation 1) between frictional force and normal force 

which varies depending on fiber materials. [10, 31-33] In addition, no evidence was found if 

quantitative measurements from different friction testing instruments, typically used in textile 

industries follow the friction theories. Therefore, there is still a need for clear understanding of 

skin-textiles tribological behavior and impacts of friction force and normal load on the friction 

coefficient and its relationship with contact pressure at the friction interface.  
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2.3.3 Factors Affecting Frictional Characteristics of Textiles 

2.3.3.1 Fiber and Yarn Friction 

There are numerous fibers, different spinning technologies, fabric structures and designs, and 

many finishing processes that impact not only the structures and morphology of the textiles but 

also their frictional properties along with overall performance. Over the years, there’s been studies 

conducted on textiles starting from fibers, yarns and fabrics to final products to understand their 

frictional properties and their impacts, and the factors influencing them. This section demonstrates 

some of such critical factors identified in earlier work found in literature and their application. 

El-Mogahzy and Gupta [34] reported the effects of fiber cross-sectional shape, molecular 

orientation, annealing and fiber type on the frictional properties of polypropylene and acrylic fibers 

and yarns made thereof. They conducted both line (the twist method of Lindberg and Gralen) [112] 

and point contact tests (method based on capstan geometry) and observed higher values of 𝜇 in the 

circular fibers compared to the noncircular fibers (triangular and trilobal) with the average 

difference being about 31%. The circular fibers also exhibited higher values for 𝑎 (28%) and 𝑛 

(3.6%) than did the triangular or the trilobal fibers. The values of 𝑎 and 𝜇 were reported being 

significantly different. It was also observed that the triangular or the trilobal fibers were 

transversely stiffer and less deformable than the circular ones meaning lower values for 𝐾 and 

higher values of 𝜇 in the circular ones. [10, 34]  
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Fig. 2.7. SEM micrographs of acrylic fibers given different levels of cascade stretch [10, 35] 

 

Two types of stretch (jet stretch and cascade stretch) applied to the yarns changed their 

morphology. 𝜇 was also higher for the stretched structures and increased with increasing molecular 

orientation observed in both polypropylene and acrylic yarns. Gupta and his colleagues [35] 

reported progressive alignment, closer packing of macro-fibrils and increased surface smoothness 

of acrylic yarns due to cascade stretch applied (Fig. 2.7). All these could attribute to more intimate 

contact (i.e. higher 𝑚) and lower 𝐾 (as increase in orientation led to surface smoothness and 

decreased hardness) which supported an increase in 𝜇. [10, 34-35] Under equivalent condition, 

fiber type also was found to govern the frictional properties of the material as reported by El-

Mogahzy and Gupta [34]. Higher values of 𝜇, 𝑎 and 𝑛 were reported for polypropylene than for 

acrylic which were expected to arise from their differences in physical structure and chemical 

nature while higher value of 𝑛 indicated to more plastic like behavior of polypropylene in 

compression. [10, 34]  

 

Ajayi and Elder [41] reported the coefficient of friction according to fiber content as: wool > 

viscose rayon > cotton > acrylic. Higher frictional resistance of wool compared to that of cotton 
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and acrylic yarns was attributed to the imbricated scales on the surface of wool fibers. [29, 41] 

Therefore, the yarn frictional characteristics can directly be influenced by the surface 

characteristics and the morphology of the constituent fibers as well as its fiber content. Friction 

being the surface phenomenon, yarn twists, surfaces and respective spinning systems also govern 

the frictional characteristics. [36-38, 46] For example, Viscose yarns (30 tex) produced by ring, 

rotor, air-jet and open-end friction spinning systems exhibited different surface characteristics and 

therefore different YY and YM friction at different relative speeds and input tensions. As Fig. 2.8 

depicted the surface characteristics of different spun yarns, ring-spun was an assembly of ideal 

cylindrical helix of well oriented fibers with a hairy surface while rotor yarn exhibited a bipartite 

or two-zone structure comprising a core of fibers aligned with the helix of the inserted twist and 

an outer zone of irregular wrapper fibers along the core length.   

 

 

Fig. 2.8. Images of different spun yarns (a) ring, (b) rotor, (c) air-jet, and (d) OE friction [36] 

 

The majority of the fibers in the air-jet yarns were in almost untwisted state in the core and a 

surface layer of fibers wrapped the core as did in rotor yarn. Thus the wrapper yarns attributed to 

higher surface roughness in both the rotor and the air-jet spun yarns than that of ring-spun yarns. 

And the OE friction spun yarns exhibited a poor fiber orientation, inferior packing, and a very 
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rough surface with many looped, buckled, and loose hairy fibers. [36] Similar frictional behavior 

of ring-, rotor-, and friction spun yarns was observed in another study by Chattopadhyay and 

Banerjee [49]. They also emphasized the impact of twist on yarn frictional behavior. It was 

suggested that increase in twist reduced the frictional force in both ring- and rotor-spun yarns. [49] 

However the results [36] of dynamic friction tests on the yarns showed that relatively rougher 

surface yielded higher YY friction while there was a reverse trend in case of YM friction. The 

influence of the relative speed and input tension was also reported. An increase in relative speed 

increased YM friction while YY friction passed through a minimum with speed. And in both cases, 

the frictional force increased and the tension ratio decreased with increasing input tension. [36]   

As already discussed, friction between fibers in the yarn governs the physical behavior of textiles. 

Bechtold et. al. [48] examined the friction in fiber and its impact on yarns. They pointed to the 

tendency of the cellulosic fibers such as cotton to slide in yarn that has an influence on the extent 

of fuzz formation during abrasive treatment. It was reported that the expected resistance of fibers 

against fuzz formation increased as their values for coefficient of friction and fiber adherence 

increased. [48] 

 

The studies discussed in this section focused mostly on the frictional properties of fibers and yarns 

as related to processing. These understanding are imperative to textile processing, and can be 

helpful identifying application-driven fibers, appropriate yarn spinning and processing 

technologies. However the relevance of these fiber and yarn friction properties with comfort 

properties of fabrics were neither highlighted nor discussed.  
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2.3.3.2 Fabric Friction 

Alike yarn surface, fabric surfaces also plays a key role in frictional properties of fabrics and their 

mechanical performances such as abrasion, wear and shrinkage, as well as on the user’s tactile 

comfort. The surface characteristics and the frictional properties of fabric depends on fiber type 

(such as cotton, wool, silk or rayon), yarn construction, type of weave (such as plain, twill or 

fancy), and finish. [40]  

 

Ajayi and Elder [41] conducted a comparative study of yarn friction and fabric friction and 

reported the correlation between them. They pointed that fabric friction greatly depended on the 

yarn frictional properties. Yarns with higher frictional properties yielded fabrics with higher 

frictional properties while yarn friction measured on a cylindrical surface (capstan method) was 

significantly greater than that measured on a flat surface. [41] In another study [45], they 

suggested, the frictional properties of woven fabrics could be interpreted in terms of surface 

smoothness and texture arising from the yarn geometry and their surface topography according to 

the adhesion theory of friction. The overall frictional resistance between two fabrics would be 

composed of two terms: (1) the ploughing term related to the height of surface asperities, and (2) 

the adhesion term related to the true area of contact. [45]  

 

Experiments on plain woven fabrics made from cotton yarns [42, 45] showed, both warp and weft 

yarn crimps increased as the weft yarn sett and linear density increased respectively while the warp 

yarn crimp was always greater than weft yarn crimps. Increase in weft sett and linear density 

influenced the yarn spacing as well by decreasing the weft yarn spacing and increasing the warp 

yarn spacing. In addition, the frictional resistance of the fabrics were reported higher for weft-
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over-weft motion than for warp-over warp. This behavior was attributed to the greater stiffness of 

the weft yarn sett resulting from an increase in the linear density and/or tension during weaving. 

A reverse trend was observed in case of yarn crown height. As the density of the weft sett 

increased, the magnitude of yarn crown height exhibited a consistent decrease despite of increased 

yarn crimp, and the fabric surface also seemed to get smoother and more regular. It was also 

observed that the frictional resistance to motion increased with increasing relative area of contact 

between the two fabric surfaces. Such relative area of contact between two fabrics is termed as 

fabric balance that is also defined as the ratio of the cover factors of warp and weft yarns. [42-43, 

45] Thus the frictional resistance of plain woven fabric was found to be sensitive to small changes 

in yarn geometry by altering yarn crimp, thread spacing, crown height and fabric balance. [42, 45]  

Ajayi [42] also reported that the frictional properties of fabrics varied with different fabric 

structures. In another study [44], frictional behavior was examined for some filament-fiber fabrics. 

Dependence on the morphology of the fabrics and the rubbing direction was observed in this case 

as well. A schematic of the cross-section of a plain woven fabric was given [Fig. 2.9] assuming 

the fabric having the same filament yarn in its warp and weft but differing only in the yarn crimp 

ratio (crimp ratio of warp < crimp ratio of weft). [44]  

 

 

Fig. 2.9. Schematic representation of the cross section of a plain-woven fabric (a) along the weft and (b) 

along the warp. [44] 
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Fig. 2.10. Contact points of fabric in longitudinal fabric-on-fabric motion (a) along the weft and (b) along 

the warp. The dotted traces representing sections along the axis of the neighboring warp or weft thread. 

[44-45] 

 

It was also assumed, such two fabrics, if were moved with respect to each other along the weft 

(Fig. 2.10a), the contact points would occur along the weft yarn axis and the possible ascends and 

descends of the upper fabric would be gentle. The frictional forces would also largely depend on 

the direction of rubbing. If friction was considered along the weft as shown in Fig. 2.10b, the weft 

of the upper fabric would be obstructed by the weft of the lower fabric and the ascending distance 

of the upper fabric would be shorter, thus requiring a higher force to perform the ascend. However 

experimental studies showed, the coefficient of friction was invariably higher in the fabrics than 

that in their comprising yarns which was the case for spun cotton yarn as well. [41, 44] The highest 

frictional force was recorded for the perpendicular orientation of the axes of the projecting yarns 

(peaks) of fabrics to the rubbing direction. And the lowest was recorded for the orientation of the 

axes of the projecting yarns of the fabric perpendicular to each other. [44]  

 

Das et. al. [39] examined both the fabric-to-metal and fabric-to-fabric frictional characteristics of 

a series of fabrics (in warp and weft directions) made of 100% polyester, 100% viscose, and P/C 

and P/V blends of different blend proportion. They observed a logarithmic relationship between 
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the normal load and the frictional force for all the fabrics and at different normal loads, kinetic 

friction was always higher than the static friction. Fabric-to-fabric friction was reported to be 

highly sensitive to fabric morphology and rubbing direction which was not the case for fabric-to-

metal friction. As discussed earlier, friction also varied for fiber types and blend proportion such 

that P/C and P/V blended fabrics exhibited higher fabric-to-fabric friction than 100% polyester or 

100% viscose while increase in cotton and viscose components in both the blended fabrics 

respectively, increased the frictional forces. In addition, for the same geometrical parameters of 

the fabrics, frictional force was higher in P/C blended fabrics than the P/V blended one.   

 

Ajayi and Elder [47] studied the relations between fabric compression and fabric friction. As the 

normal pressure increased, the coefficient of friction decreased in both fabric direction which was 

ascribed due to surface smoothening and flattening of asperities. [29, 42, 47] The kinetic frictional 

resistance was observed to increase less rapidly than the static one. [47] Since increase in sliding 

velocity decreases the time of contact between the sliding members, visco-elastic textiles were 

expected to exhibit a time-dependent frictional behavior as well. [28-29, 42, 47] Results showed 

that the number of peaks, amplitude of resistance and the differences in the static and kinetic 

frictional forces diminished from their initial values with increasing sliding velocity although there 

was no consistent change in the magnitude of the coefficient of friction. [47] Hermann et. al. [50] 

also studied the frictional behavior of plain woven fabrics and its relationship with velocity of 

testing. A steady increase in the static friction was reported up to a certain speed level as the sliding 

speed increased and then the effect flattened. No significant effect on the dynamic friction values 

was observed. [50] Study on a plain woven fabric made from carded-cotton weft yarns [51] showed 

the coefficient of both static and dynamic friction between fabric surfaces decreased as the pressure 
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between the two surfaces increased which was also in agreement with the observation discussed 

above earlier. It was reemphasized, increase in weft density and weft yarn linear density increased 

both the frictional resistance, and the difference in the static and kinetic frictional resistance of the 

fabrics which upheld the findings discussed above. The authors also pointed to the higher hairiness 

in cotton yarn than cotton-polyester yarn since cotton was accountable for increasing yarn hairiness 

that attributed to increased yarn and fabric frictional behavior. [51]  

 

The requirement of frictional properties of textiles vary depending on applications or end-use. For 

instance, fabrics with higher coefficient of friction is highly desired to absorb energy resulting 

from ballistic impacts. [93-100] However since ballistic performance of textiles is not the focus of 

this review, no detailed information is discussed. Apart from this, there’s also several finishing 

treatments applied to textiles. Since finishing treatments mask surface irregularities or enhance the 

natural propensity for surface interlocking, it was also observed to influence the frictional behavior 

of both woven and knitted fabrics. [46] Results depicted that scouring produced a small but 

consistent increase in frictional resistance of knit fabrics while mercerizing resulted in an increase 

in frictional resistance and amplitude resistance that was attributed due to the increase in the 

relative effective area of contact as a result of consolidation. As the concentration of the 

mercerizing solution was increased, so increased the frictional forces. In addition application of 

lubricants to the fabric surfaces largely reduced (about 50%) the frictional resistance while deposits 

of silica in the interstices between yarns increased the resistance (30 to 90%). [46] 

 

From above discussion in this section it appears, there’s been good amount of studies focused in 

textiles and the critical factors that influence the frictional characteristics of fibers, yarns and 
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fabrics such as fiber cross-sectional shape, molecular orientation, annealing and fiber type, fiber 

content, spinning technologies, constituent yarn and fabric structure, yarn crimp and hairiness, 

fabric morphology, surface geometry and rubbing directions, and surface finishes. Thus, this 

review provides a good insight on how one single parameter can significantly change the frictional 

behavior of textiles. But unfortunately no attention has been given in these work how these factors 

contribute to skin response in contact with textiles which is critical in skin-sensitive applications. 

Improper friction interaction can lead to skin discomfort, and if repetitive for a longer period of 

time, can impose the risk of developing skin irritation, redness and even severe skin injuries. Also 

because of age, gender or demographic regions, skin micro-structure varies from person-to-person. 

For instance, when a fabric is rubbed against the skin of an infant and an elderly person, their 

respective skin response to friction interaction would not be the same. Prediction and identification 

of skin-specific appropriate textiles ahead of turning them into usable products can prevent or 

minimize many friction related skin injuries such as eczema, psoriasis, pressure wounds or 

decubitus ulcers. Therefore in treatment of each person, requires specialized tailored textiles 

depending on skin health and condition which further imposes the challenge of identifying the 

appropriate textile structures for individuals. A good understanding of the critical factors discussed 

above can be useful in investigating their respective impact in textiles and skin-friction interaction. 

Therefore by reverse engineering the process and utilizing the understanding of the factors can 

bring revolutionary concept of design of skin-specific textiles into real.  

 

2.3.4 Stick-Slip Profile in Textile Friction 

Stick-slip phenomenon is commonly observed in friction tests and occurs when the coefficient of 

friction is variable (such as 𝜇𝑆 > 𝜇𝐾), and the system is flexible enough to enable a change in the 
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speed of the sliding body. The speed of the bodies in contact can oscillate either between zero and 

some infinite values or without a decrease of speed to zero. Frictional resistance of textiles as is 

influenced by a wide range of variables discussed above, friction coefficient and stick-slip 

phenomenon also vary. Since textiles and skin both are visco-elastic, their friction interaction will 

lead to the stick-slip mechanisms. 

 

A plot of tension against time during sliding reflects the fluctuations observed in stick-slip profiles. 

The first peak encompasses the highest force that corresponds to the static friction force indicating 

that the adhesion junctions have broken at this point for the first time before the sliding starts. For 

visco-elastic materials like textiles, the area of contact and the force required to break the junctions 

depend on the time of contact prior to sliding. Once the relative motion begins, the profile can vary 

from material to material, method to method, and morphology to morphology. A hypothetical 

friction curve has been shown as in Fig. 2.11 below. The parameters termed as frictional resistance 

(𝐹𝑆𝑂, 𝐹𝑆, and 𝐹𝑘), amplitude of frictional resistance (𝐹𝑎) and frequency of peaks (𝐹𝑓) are useful to 

characterize the nature of stick-slip profile. 𝐹𝑆𝑂 is termed as the static friction force, and 

corresponds to the first peak in the profile and is believed to represent the highest value of force. 

[10] 

 

Fig. 2.11. Hypothetical friction trace for a textile material. [10] 
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Thus the force oscillating between peaks (registered at the instant of slips) and troughs (registered 

at the instant of sticks) would be lower than 𝐹𝑆𝑂. The static value, 𝐹𝑆 would be the mean of peaks 

excluding the first one while the average value of the force (i.e. average of the peaks and the 

troughs) would mean the kinetic value, 𝐹𝑘. The relationship was provided as, 𝐹𝑘 = 𝐹𝑠 − 0.5𝐹𝑎, 

where 𝐹𝑎 was the amplitude of vibrations/frictional resistance (excluding first peak) defined as the 

average height of the stick-slip pulses. The value relates to the subjective feeling of ‘scroopiness’ 

of a surface and so referred to as ‘scroop’ sometimes. Another term the frequency of peaks, 𝐹𝑓 

represented the average number of peaks per unit length of traverse that was equal to λ-1, and λ 

being the average wavelength of the fluctuations. [10] 

 

Precise prediction of the stick-slip profile of textiles is almost impossible as it is influenced by 

material’s bulk and surface properties, topology, surface finish or contamination, and the geometry 

and characteristics of the measuring device, at nano- (bonds and forces between particles such as 

atoms, molecules), micro- (surface morphology of fibers), and macro-levels (geometries of 

assemblies such as yarn and fabric). However, better understanding can be obtained by evaluating 

forces under conditions that accurately simulate an intended process or application. [10] Authors 

of this paper, therefore, suggest that an in-depth understanding of the stick-slip profile obtained 

from skin and textiles under a simulated physical, mechanical and environmental conditions as 

relate to decubitus can lead to a more efficient way of controlling the injury which has rarely been 

discussed in literature.  
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2.4 Skin Friction and Textiles 

2.4.1 Skin Friction 

Skin not only envelops and protects our skeleton and organs from microbes and elements but also 

helps regulate body temperature and permit the sensations of touch, heat and cold. Many researches 

have been conducted in past studying the tribological behavior of the skin which is usually 

expressed by skin friction i.e. the coefficient of friction. Skin friction depends on the characteristics 

of both skin and material in interaction, and the environment surrounding them. [52-58] An in-

depth knowledge of skin friction can help prevent and minimize injuries and complaints of skin 

such as blisters, ulcers, lacerations and skin irritation that are usually caused indirectly due to 

falling or slipping of objects or directly due to excessive shear forces acting on the skin. [52] 

Friction being the surface phenomenon, skin friction behavior is mostly responded by stratum 

corneum. Naturally complex geometry of skin microstructure and surface topography can 

significantly govern its frictional behavior by modulating the deformation component of 

macroscopic friction, and increase it. [55] Thus it becomes complicated to describe the 

characteristics of skin as it undergoes structural changes with ageing and other physical and 

environmental variables. For example, skin structure tends to change with ageing (such as 

increased wrinkles, impaired immune response and skin barrier function, poor wound healing and 

greater tendency to xerosis) that influence the skin mechanical properties rendering skin less 

resistant to friction and shear and more vulnerable to wounds. [23-25] Coefficient of friction of 

skin was reported to vary in different anatomical location, increase significantly (p<0.05) with 

increasing ageing and decrease with increasing amount of hair on the skin of 50 subjects used in 

the study. [57] Chen et al. [59] investigated the frictional and mechanical properties of skin under 

different load and friction condition after removing the stratum corneum from designed uninjured 
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forearm tissue by tape stripping method. Results showed that the contact surface of the forearm 

skin used was topographically rougher and dry. Increase in number of tape strips increased skin 

deformation and amount of removal of stratum corneum, generated smoother and soft skin, 

decreased elastic modulus and increased the coefficient of friction. This was ascribed due to the 

generation of soft skin surface upon removal of stratum corneum which upheld the finding of 

Adams et al. [7] that soft smooth skin has a large friction coefficient topographically. [59] Trans-

epidermal water loss (TEWL) was also reported to increase with the amount of removed stratum 

corneum that enhanced the skin moisture which was also revealed to increase the skin friction 

coefficient by smoothing of wet skin contact [60-62]. [59] 

 

In a recent study by Klaassen et al. [54] skin friction coefficient was examined in varying climates 

ranging from 250C and 40% RH to 370C and 80% RH at 30C and 10% RH intervals respectively. 

Authors suggested the friction coefficient increased with increasing temperature as a function of 

the relative humidity. [54, 57, 69] Results showed, friction coefficient increased by a factor of two 

for the change in environment from ‘cold and dry’ to ‘warm and moist’. The product of 

temperature and relative humidity was reported statistically to be the driving factor describing the 

observed frictional behavior. In addition, more pronounced effect was observed when individual 

parameter was considered such as warmer and moisture conditions while a smaller effect was 

observed for the colder and drier conditions. This was ascribed due to the plasticization of the 

stratum corneum at high humidity in combination with an increased compliance of the skin at 

increased temperatures. [54] Authors also suggested smaller impact of temperature and higher 

impact of water uptake on contact area which was in agreement with other studies [64-68]. [54] 

This observation upheld the moisture induced plasticization mechanism of softening of the stratum 
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corneum, illustrated by Johnson [63] that, increased moisture content in the stratum corneum made 

the stratum corneum more compliant, thus resulting in a larger contact area. [54, 63] Igaki et al. 

[64] reported, exposure to moist heat increased the water content in the stratum corneum more 

than double while there was no increase due to dry heat. This indicated to its relatively higher 

elastic modulus in the warm and dry conditions than in the warm and moist conditions. [54, 64] 

However sweat generation increased with increasing ambient temperature which also affected the 

coefficient friction if the skin and increased it. [7, 57]  

 

The impact and significance of textiles on governing the skin health and micro-climate were not 

highlighted in these studies concentrated on skin friction. However from these studies, it became 

apparent that, given a common material against skin, the frictional response can even vary from 

skin-to-skin depending on its surface topography, micro-climate as well as its physical and 

mechanical properties. Therefore, the skin properties and its health should be determined in order 

to be able to design and develop tailored textiles for people (especially with compromised skin 

conditions and/or immobility) to enhance skin comfort and prevent skin injuries.  

 

2.4.2 Textiles on Skin Friction 

Skin response to textiles has recently been of great interest to researchers in comfort studies of 

protective clothing, sportswear and healthcare textiles. Friction is not only associated with 

wearer’s comfort but also has the potential to generate skin-related health problems. Friction at the 

skin-fabric interface is governed by the surface and frictional properties of both skin and fabric, 

the micro-climate surrounding them and some other physical factors. It has been demonstrated 

above how skin friction is influenced at different micro-climate with external materials. This 
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section will highlight some previous work on frictional behavior examined between skin and 

different textile materials found in literature.  

 

Fabrics, in contact with skin, modulate the water content in the stratum corneum and water 

evaporation from the surface, frictional behavior, sensation of softness or roughness, and comfort 

of skin. [70-76, 88, 86] Movement of fabrics touching the skin occurs when the applied force 

surpasses the frictional resistance. Such movement of fabrics alters the contact forces (skin 

displacement) and regulates the judgement of feel and comfort of clothing. [70] Lamotte reported 

that moving fabrics increased the skin displacement and the fabrics felt rougher. [72] Perception 

of fabric roughness and friction between skin and fabric were reported to increase with increase in 

friction force and skin wetness. [70-71, 73-76] Alternately, fabric is judged comfortable when the 

number of contact points between fabric and skin is small at dry skin. [70, 73] This phenomena 

can be understood as illustrated by Tang et al. [74] that wet skin increases the fabric-skin adhesion 

and friction. They found, fabrics got saturated after contacting the wet skin. This increases the 

fabric weight and the adhesion between skin and fabric, resulting in sensorial discomfort and a 

sticky feel which is associated with frictional behavior. Cotton, compared to polyester and silk, 

when reached to the higher saturation level, resulted in stronger stickiness feeling and higher 

accumulated stickiness magnitude (ASM). In addition, stickiness perception was reported to 

decrease with evaporation time. Chemical composition of the fibers and the fabric surface 

geometry was attributed to the distinction observed in the study [74] as fiber chemical composition 

governs the amount and speed of water absorption, and influences the adhesion between two 

surfaces [75]. Kenins [75] suggested skin moisture to be more prominent on determining skin-

fabric frictional behavior than fiber type or the fabric construction parameters tested in the study. 
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In another study, Raccuglia et al. [76] reported higher fabric saturation percentage attributed to 

greater stickiness sensation despite lower fabric contact area and absolute sweat content. It was 

demonstrated that reduction in fabric contact area percentage decreased the area available for sweat 

absorption. When highly saturated, the fabric then resulted in greater stickiness sensations despite 

lower contact area i.e. lower stickiness. [76] Almost similar effects of saturated fabrics were 

reported by Gerhardt et al. [6]. They reported completely wet plain woven fabrics resulted in more 

than twofold higher friction coefficient than that for natural skin rubbed on a dry fabric. They 

suggested, increase in skin hydration modulated the mechanical properties and the surface 

topography of the skin, leading to skin softening and increased real contact area and adhesion. [6]  

Ramalho et al. [77] studied the frictional behavior of both knit and woven fabrics made from 

different fibers on the skin at two different body parts. Friction measured in the palm of hand was 

higher than in the forearm [75] while men exhibited significantly higher friction values in the palm 

of hand than women. [77] They also reported the effects of fiber as wool-based fabric exhibited 

higher friction coefficient than polyester, silk and polyamide based fabric. [77] However, fabrics 

used in this study were not properly characterized. The fabrics made from the fibers specified were 

different (some knit and some woven) and their effects remained unfocused. In addition, the all 

other work discussed above in this section rarely emphasized on proper characterization of textiles 

and impacts of the influential factors. In most of the work fabrics were purchased and tested for 

friction measurements at different climatic conditions. This can provide understanding of impacts 

of micro-climate at skin-textiles interface for different fabrics made from different fibers but lacks 

the influence of other parameters critical to characterization such as yarn structures and 

morphology, yarn count, twists, fabric basis weight and thickness, moisture transfer properties of 

fabrics which can influence the skin surrounding micro-climate as well. Thus comparison of 
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friction measurements of different textiles under various micro-climate can be helpful determining 

the most comfortable structure in specified conditions. But from textiles point of view, this cannot 

benefit much in prevention of textiles associated skin-injuries which requires clear understanding 

of all parameters attributing to frictional characteristics of textiles and how these contribute to 

skin-friction.  

 

2.4.3 Skin-Textiles Friction on Decubitus Ulcers 

Decubitus ulcers impose significant healthcare threat over bony prominences mostly to people 

with immobility or compromised skin conditions. Decubitus ulcers are defined as localized 

damage to skin and/or underlying tissue caused by pressure, shear, friction, or a combination of 

these. [1-3, 4, 8, 87-88] According to the etiology of decubitus ulcer formation, occlusion and 

thrombosis of capillary at pressure points or areas occur due to compressive and/or shear/friction 

forces reaching a certain threshold (combination of intensity and duration). This causes tissue 

anoxia with release of toxic metabolites, and therefore, results in cell death and tissue necrosis. 

Thus combination of pressure and shear/friction is the principal mechanical factor that imposes 

devastating threat to the skin and underlying tissues. [1, 87-88] In hospitals, patients are evaluated 

every day for risk assessment as a part of hospital protocol following a structured methodology 

called ‘Braden Scale’. [1, 91] The National Pressure Ulcer Advisory Panel (NPUAP) [1], based 

on subjective evaluation, demonstrated the specification of four critical stages of pressure 

ulcers/decubitus ulcers which simply can be stated as: (a) Stage 1- localized area of non-blanchable 

erythema of intact skin, (b) Stage 2- partial-thickness skin loss with exposed dermis, (c) Stage 3- 

full thickness skin loss and (d) Stage 4- full thickness skin and tissue loss.  In recent days, frictional 

properties of textiles have drawn significant attention in application of healthcare because of its 
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pronounced importance in identifying patients comfort and ensuring their relief from friction 

related skin injuries. Although there’s been a significant amount of research on decubitus ulcers, 

very little attention has been given on the role of textiles which critically can interfere with all the 

parameters that impose enhanced skin-friction. Few work which attempted to provide insights on 

impacts of textiles on decubitus ulcers are highlighted in this section.  

 

Along with prolonged exposure to pressure with shear, friction and shear resulting from the 

rubbing or stretching mechanisms against the skin and healthcare textiles (such as hospital gowns 

or bed sheets) are important physical factors that can lead to adverse strains, accelerate tissue 

damage and suppress blood circulation by twisting and deforming dermal blood vessels, and 

therefore, expedite the formation of decubitus ulcers. [11-15] Another important factor that 

critically can add more complications in the friction between the skin of the patients and the 

healthcare textiles is moisture in the form of sweat. Moist skin experiences much higher friction 

coefficient than that of dry skin. [15-17] This is why healthcare textiles with reduced friction and 

shear and improved moisture and thermal management properties were proposed in several studies 

to minimize or prevent the risk of decubitus ulcers. [2, 4, 8, 15, 18-19] Derler et al. [8] and Rotaru 

et al. [2] in separate studies investigated the tribological behavior of a newly developed prototype 

in contact with surrogate skin (Lorica softs: polyurethane-coated polyamide microfiber fleece) [8] 

and human skin (volar forearm) [2] and compared with that of conventional hospital bed sheets in 

both dry and wet conditions. The prototype woven structure, composed of synthetic fibers, 

absorbed and distributed interfacial water within the textile structure thus resulting in beneficial 

water transport properties, and exhibited a factor of three lower-friction than normal hospital bed 

sheets (one woven textile consisting of 100% cotton, and the other one of 50% cotton and 50% 
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polyester). The varying amount of interfacial water from dry to wet conditions resulted in an 

increase of friction of up to a factor of five between the skin and textiles at contact pressures 

between 1 and 1.5 kPa [8]. In addition, the in-vivo skin-friction analysis on the force plate [2] 

showed 50% higher friction resulting from the conventional bed sheets compared to the prototype 

one. 

 

In another study, Derler et al. [15] investigated microscopic 3D surface topography of two types 

of hospital bed sheets (normal and low-friction bed sheets corresponding to cotton-made-knit and 

PTFE-made woven structures respectively), their microscopic contact behavior and friction 

against human skin. The contact conditions were relevant for the skin of patients lying in a hospital 

bed. The new bed sheet, compared to the normal one, was characterized by a surface pattern with 

defined contact points to the skin that exhibited lower microscopic contact area, larger free 

interfacial volume and lower shear strength when in contact with counter-surfaces. Fig. 2.12 

depicts the comparison of the contact points and the free volumes between the two bed sheets as 

observed in the SEM and the digital microscope images. [15] 
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Fig. 2.12: SEM images and digital microscope images of the investigated bed sheets. In comparison with 

the relatively dense, hairy surface of the normal bed sheet (top left), the new hospital bed sheet (top right) 

has a surface pattern with defined contact points to the skin and distinct free volumes in the textile 

structure (different scaling of the vertical axes in the topographic images). [15] 

 

Higher friction coefficients were also reported in wet conditions than in dry conditions in case of 

both in-vivo and in-vitro friction measurements of the bed sheets which accords with their findings 

reported previously. However specific material distribution in the new one attributed to its larger 

empty volume that allowed higher water vapor or liquids (sweat) take-up and kept the skin drier 

for a longer time compared to the other one. [15] 

 

Alike discussed in section 2.4.3, in most of these work focused on decubitus ulcers, two or more 

fabrics/commercially available hospital bed sheets were compared in different climatic conditions 

and influence of only fabric construction and fiber types were mostly highlighted as in the work 

by Derler et al. [15] shown in Table 2.1. 
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Table 2.1: Characteristics of investigated hospital bed sheets adopted from the study by Derler et 

al. [15] 

 Normal bed sheet Low friction bed sheet 

Textile construction Knitted, single jersey Woven, huckaback weave 

Fiber composition 50% cotton, 50% polyester PTFE, PA, carbon 

Thickness 0.83 mm 0.92 mm 

Surface weight 140 g/m2 300 g/m2 

Surface characteristics Smooth tactile impression, 

superficial hairiness 

With tactile roughness, no 

superficial hairiness 

Friction against mechanical skin 

model (artificial leather) [8] 

0.39±0.02 (dry)  

0.42±0.02 (wet) 

0.13±0.01 (dry)  

0.15±0.01 (wet) 

Friction against human skin 

(forearm) [2] 

0.35±0.03 (dry)  

0.84±0.19 (wet) 

0.26±0.07 (dry)  

0.57±0.07 (wet) 

 

Thus effects of other critical parameters remained unfocused. Again in some work human subjects 

of different class groups have been used to analyze their critical feedback on perception of friction 

just by asking questions. The important findings from this work can be useful in understanding 

human friction and comfort perception arising from certain fabrics at certain conditions. Yet no 

attempts has been found to provide an understanding of at what stage textiles deteriorate the skin 

condition and expedite the formation of decubitus ulcers. How different parameters contributing 

to this deterioration is also yet to be investigated.  
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2.4.4 Importance of Frictional Characteristics of Textiles in Other Applications 

Alike decubitus ulcers patients, patients with burn injury undergoing skin grafting face similar 

risks due to friction and shear caused by healthcare textiles. Skin grafting involves the 

transplantation of skin and is required to ensure healing deep burns. [9] Attachment of skin grafts 

to the wound often can take more than 21 days to heal. Rubbing or stretching the skin can cause 

friction and shear between dressing and bed sheets and therefore graft loss in consequence. Such 

failure triggers further surgery taking skin from another part of the body, development of decubitus 

ulcers, distress to the patients with increased scars, longer hospital stays, and higher treatment 

costs for the National Health Service (NHS). [9, 20-21] A low-friction bedding was reported in a 

feasibility study as a promising alternative to standard cotton sheets for patients with burns and 

those at risk of pressure sores that offered comfort to patients with reduced pain and itching 

although both the patients and the staff agreed on the slipperiness, difficulties in use and increased 

workload. [9]  

 

Apart from traditional textiles, few studies were found conducted on understanding the frictional 

behavior of nonwoven fabrics when in contact with skin. [78-80] A multiscale friction model was 

also developed for nonwoven materials when in contact with surrogate skin. [78] These studies 

would help understand critically the effects of nonwoven materials such as hygiene products when 

in contact with skin. No detailed information is illustrated since this is out of the scope of the 

review.  
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2.5 Friction Measurements 

Measurement of friction is critical to determine the behavior of textiles in processing, wear and 

use. Different test methods have been published in the literature for friction measurement which 

primarily differ in terms of: [10] 

 Nature of contact between the sliding bodies (point, line or area) 

 Test environment (air, water or lubricant) 

 Type of textiles (fiber , yarn or fabric, the latter including woven, knit, nonwoven or 

braided structures) 

 Method by which the relative motion is actuated, the normal force is imposed, and the 

frictional force is measured. 

 

In textiles, all the three modes of contact prevails. For example, Point contact is observed between 

fibers and metallic wires during carding, between fibers and needles during both needle punching 

in preparation of nonwoven and sewing in apparel manufacturing, and between fibers at the 

crossover points during stretching and bending of woven and knitted fabrics. [10] Since textiles 

are soft and deformable, point contact actually involves a small area of some shape. The line 

contact can exist between fibers during drafting in yarn formation, and during stretching and 

bending of yarns and yarn-based products in processing and use. Alike point contact, line contact 

also involves small area. On the contrary, area contact involves contacts over significant 

geometrical areas and can exist between two items of clothing worn by an individual, clothing and 

skin, clothing and upholstery, clothing and bed linen, stocking and shoe liner, and between 

footwear and flooring including carpet. [10] Thus area contact appears to be of prime concern in 

this review in understanding of skin-fabric interaction. 
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With advancement of science and technology, many friction testing instruments and devices were 

introduced over decades. Some work also reported new methods and instruments designed and 

developed to provide frictional characteristics of textiles in contact with skin [22, 40, 77, 79-80, 

83-85]. Each method and design of the device is unique and promising in respective applications 

as presented in their work. However with growing need, companies are adopting different 

instruments while each instrument is unique in terms of operation and quantitative data generation. 

For instance, use of probe materials against human skin for friction measurements were reported 

as basic principles in many work [62, 89-90]. This leaves questioning the measurements as friction 

interaction between the skin and the rotating probes, discs or rings do not really represent the actual 

practice. [17] Again the instruments such as Kawabata Evaluation System (KES), Instron and 

Tribo-rheometer Friction Tester, and Fabric Touch Tester (FTT) are widely used in textile 

industries for measurement of fabric frictional characteristics. Analysis of frictional characteristics 

of textiles become complicated as the measurements from one instrument does not match with 

others although followed the classical test standards such as ASTM D1894 (followed in Instron) 

and AATCC. The quantitative data also do not specify what happens to skin or fabric for respective 

data obtained. Most of these test standards are designed to obtain fabric-to-fabric or fabric-to-metal 

friction. Thus arises the need for a reasonable method that would contribute to the gap 

minimization of the quantitative measurements obtained from such commercially used instruments 

which has rarely been discussed in the literature.  

After an extensive review, the above discussion depicts that there has been an understanding of 

factors, associated with textiles alone that contribute to its frictional characteristics and end-use 

performances. But in regard of skin-textiles friction, and in the formation and prevention of 

decubitus ulcers, contribution from textiles is still understudied and requires significant attention. 



  

41 

 

People with immobility and/or compromised skin conditions are prone to decubitus ulcers. As 

literature reveals the incidence of structural change of stratum corneum from person to person with 

ageing and other environmental factors [57], this review identifies that skin of each person prone 

to decubitus ulcers or other injuries might respond differently with a particular type of fabric 

although it appeared to be promising in terms of reduced frictional properties. Therefore, from 

textiles point of view, following suggestions can be adopted in order to prevent friction related 

skin injuries: 

1. Identification of all underlying factors associated with textiles and skin that influence their 

frictional characteristics respectively. What is the extent of impact and why? 

2. Providing an understanding of skin-fabric friction interaction and impact of physical and 

mechanical parameters along with the microclimate at the interaction interface. It requires 

accurate determination of the variables, contact areas, pressure and adhesion components, 

along with quantitative and qualitative impacts of friction.  

3. Providing an understanding of the changes of skin and fabric during the friction interaction 

at micro- and macro scales and establishment of a relationship of the interaction with 

respective quantitative friction measurements. 

4. Investigation of actual human physiological response and how to minimize its gap with 

instrumental friction measurements. 

5. Development of an analytical model enabling the prediction of frictional interaction 

utilizing the parameters associated with textiles and skin. 

Answers to these questions and further investigation on these opportunities can provide valuable 

information on skin-textiles realistic interaction, help to engineer, design and develop tailored 
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textiles for each, and therefore, lead to a more efficient way in controlling or preventing decubitus 

ulcers along with other skin injuries.    

 

2.6 Conclusion 

This review provided a detailed information on the currently available literature on skin-textiles 

tribology and the associated factors with a focus on decubitus ulcers. Friction in combination with 

pressure and shear expedites the formation of decubitus ulcers. Textiles, next to skin, are an 

integral part of life and play a big role in governing the friction at the skin interface. Along with 

processing parameters, fiber type and cross-sections, spinning systems, surface morphology of 

fibers, yarns and fabrics, construction and structural parameters, surface finishes, and measurement 

techniques or methods influence the frictional characteristics and end-use performances of textiles. 

On the other hand, skin friction is responded by the stratum corneum, and are influenced mostly 

by the microclimate surrounding the skin interface. Moisture in the form of sweat appeared to have 

a pronounced effect on skin friction as the fabric touching the skin gets wet and increases its weight 

and the adhesion in consequence. However other critical parameters need further investigation in 

order to provide thorough understanding of skin-textiles interaction and therefore its impact on 

formation of decubitus ulcers. Identification of all the underlying factors and their respective 

contribution in skin-textiles interaction, and understanding the relation of quantitative friction 

measurements with the incidence of structural changes of both skin and textile materials can 

provide valuable information and lead to controlled preventive measures for decubitus ulcers by 

designing and developing skin-specific tailored textile structures to people prone to skin injuries. 

Authors of this review are currently working on investigating the limitations and problems 

discussed above and intend to publish the findings.   
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CHAPTER 3: RESEARCH MOTIVATION AND OBJECTIVES 

3.1 Research Opportunities Explored 

Based on the literature review in the Chapter 2, the list below summarizes what have not been 

meticulously discussed in the previous studies as relates to skin-textiles friction interaction. This 

study addresses these as research opportunities for an in-depth understanding of skin-textiles 

friction and the associated factors.   

 There are friction theories and an extensive amount of studies which focused on the 

frictional characteristics of textiles such as fibers, yarns and fabrics, and the influential 

factors as related to processing. Influence of these fiber, yarn and fabric frictional 

characteristics on skin-comfort properties, and in the formation or prevention of skin 

injuries were not discussed in these studies.   

 Most of the instruments used in different studies to evaluate the frictional characteristics 

of textiles utilized metal probes. No evidence was found if selection of instruments and the 

probe surface contributed to the prevailing gap between instrumental friction 

measurements and friction as experienced by user in real-life.     

 In most of the studies focused on skin-friction alone, the properties of the stratum corneum 

and the skin-hydration level were identified to be the most important critical factors. Some 

of these studies attempted to investigate the impact of textiles, only by comparing among 

fabrics based on the constituent fiber, yarn and fabric type. The yarn and fabrics were not 

characterized properly and their impact on regulating the skin hydration, and therefore the 

skin friction, remained unfocused.  

 Literature revealed contact area is an important factor as relates to adhesion-friction. Few 

studies investigated contact area qualitatively based on some assumptions. No reliable 
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method was yet found to quantitatively determine contact area attributed from varying 

textiles. There is still need for an in-depth understanding of structural impact of textiles on 

resulting contact areas and skin-friction.  

 In studies focused on decubitus, contribution of healthcare textiles have been highlighted. 

Few studies attempted to develop new fabrics, compared those with hospital bedsheets 

available in the market and conducted surveys on human subjects of different class groups. 

Healthcare textiles used in these studies were understudied as those were not properly 

characterized, and their impact remain unfocused.       

The specified opportunities have been thoroughly studied to develop specific research goals and 

questions in this study which have been discussed below.  

 

3.2 Research Objectives 

The main objective of this research is to understand frictional interaction at macro- and micro- 

scale between human skin and woven textiles, and comprehend the influential factors as relate to 

skin comfort as well as friction induced skin injuries. Study on skin-textile friction interaction is 

very complicated and it is challenging to provide a complete illustration of frictional properties of 

skin and fabrics. Hence, to accomplish the objectives specified above, this research will seek to 

answer the following questions within its defined research scopes: 

1.  What are the critical parameters of woven textiles that affect fabric physical 

properties?  

2. How structural parameters of the fabrics influence the friction interface and contact 

area? 

3. What method to use to investigate skin-fabric friction? 
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4. What are the effects of structural parameters of woven textiles on skin friction at 

varying physical, mechanical and climatic conditions? 
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CHAPTER 4: RESEARCH APPROACH 

The materials and the methodology of this research are designed to answer the fundamental 

research questions discussed above in chapter 3.  

 

4.1 Materials  

Four plain and four satin woven fabrics with different fabric densities (low and high, LD and HD 

in Fig. 4.13), and made from 100% cotton ring-spun yarns with different linear densities (40/1 and 

60/1 Ne) were chosen in this study. Woven fabrics were chosen due to their wide applications in 

clothing and home furnishings both in regular and hospital uses, and to understand and compare 

the impacts of woven designs. Cotton was decided to be the constituent fibers for all eight fabrics 

to avoid the impact of fiber properties (fiber shape, density, moisture regain, uniformity and more) 

as well as due to its strong prevalence in literature and the textile market. Single-ply yarns with 

cotton counts of 40Ne and 60Ne were selected in this research to understand the impact of yarn 

linear densities on the fabric construction and their respective impacts on contact areas and friction 

interaction, while all yarns were ring-spun to eliminate the influence of yarn spinning type.  

 

 

Fig. 4.13. Fabric samples used in this research 
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Skin surrogates were used to investigate skin-fabric interaction. Syndaver adult skin models 

(SynTissue®, USA) was chosen for this study which are composed of salt, water and fiber, and are 

realistically textured on the surface and smooth on the subcutaneous side. This tissue employs 

multiple discrete layers with a natural wear layer at the surface, and mimic for most on the human 

body (face, forearm, groin, abdomen and lower back etc.) as designed primarily for medical device 

design verification and validation testing.  

 

4.2 Methodology 

The experimental work was divided into three phases as discussed below. All tests of this research 

were conducted under standard testing environment (20±2 0C and 65±2 %RH) utilizing the testing 

facilities at the North Carolina State University maintaining the university protocol. 

 

Phase 1  

Table 4.2 Structural evaluation of yarn and fabrics to answer questions 1, 2 and 4. 

Yarn 

Characteristics 

Fabric Characteristics Instruments / Standards  

 Structure 

Parameters 

Moisture and Liquid Transfer 

Properties 

 

Diameter Fabric density Moisture Management Test Classical testing standards 

  

 ASTM D1422-99 (208) 

Twists (TPI) Thickness   ASTM D3883 

Packing factor  Basis weight   ASTM D3775 

Crimp % Cover factor   ASTM D3776 

    ASTM D1777-96(2002) 
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Phase 2 

Micro-scale evaluation of yarn and fabrics using X-ray micro-computed tomography (XRM-CT) 

to answer questions 1-2.  

 

Phase 3  

Friction analysis of fabrics using Fabric Touch Tester (FTT, SDL Atlas), Instron (ASTM D1894: 

Option C), and a Custom-built friction device to compare between friction devices and investigate 

the reliability of the measurements from the Custom-built friction device to answer question 3-4.  

 

Phase 4  

Table 4.3 Instrumental friction analysis of fabrics at varying physical (friction interface), 

mechanical (apparent contact pressure) and micro-climatic (of interface) conditions to answer 

questions 1-4. 

Instrument Mode of contact Friction 

Interface 

Apparent 

contact pressure 

Micro-climate 

of the interface 

Test 

Direction 

Custom-built 

Sled 

Area (3×3 cm2) Skin-Fabric 2 kPa & 4 kPa Dry & Wet Warp 

Area (3×3 cm2) Metal-fabric 2 kPa Dry Warp 

 

Later in this work, Chapter 5 (Phase 1 and Phase 2), Chapter 6 (Phase 3) and Chapter 7 (Phase 4) 

describe in detailed experimental work to provide an in-depth understanding of the skin-textile 

friction in different conditions, and how yarn and fabric structures influence the interaction.  
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CHAPTER 5: NONDESTRUCTIVE QUANTITATIVE EVALUATION OF YARNS AND 

FABRICS AND DETERMINATION OF CONTACT AREA OF FABRICS USING THE 

X‑RAY MICROSCOMPUTED TOMOGRAPHY SYSTEM FOR SKIN-TEXTILE 

FRICTION ANALYSIS 

This chapter was published as: “R Baby, K Mathur, and E DenHartog. Nondestructive Quantitative 

Evaluation of Yarns and Fabrics and Determination of Contact Area of Fabrics Using the X-ray 

Microcomputed Tomography System for Skin-Textile Friction Analysis. ACS Applied Materials 

& Interfaces 2021 13 (3), 4652-4664. DOI: 10.1021/acsami.0c18300.” 

 

 

Fig. 5.14. Graphical Abstract. 

 

5.1 Abstract 

In different mechanical conditions, repetitive friction in combination with pressure, shear, 

temperature and moisture leads to skin discomfort and imposes the risks of developing skin injuries 

such as blisters and pressure ulcers frequently reported in athletes, military and in people with 
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compromised skin conditions and/or immobility. Textiles next to skin, govern the skin-

microclimate, and have the potential to influence the mechanical contact with skin, and contribute 

to skin comfort and health. The adhesion-friction theory suggests contact area is a critical factor 

to influence adhesion, and therefore, friction force. Friction being a surface phenomenon, most of 

the studies concentrated on the surface profile or topographic analysis of textiles. This study 

investigated both the surface profiles and the inner construction of the fabrics through X-ray micro-

computed tomographic (XRM-CT) three dimensional (3D) image analysis. A novel nondestructive 

method to evaluate yarn and fabric structural details quantitatively and calculate contact area (in 

fiber area %) experimentally has been reported in this paper. Plain and satin woven fabrics with 

different thread densities and made from 100% cotton ring-spun yarns with two different linear 

densities (40 and 60 Ne) were investigated in this study. The measurements from the tomographic 

images (pixel size: 1.13 µm) and the fiber area % analysis were in good agreement to comprehend 

and compare the yarn and fabric properties reported. The fiber area % as reported in this paper can 

be used to evaluate the skin-textiles interfaces and quantitatively determine contact area under 

different physical, mechanical and micro-climatic conditions to understand the actual skin-textiles 

interaction during any physical activity or sports. The proposed method can be helpful in 

engineering textiles to enhance skin comfort and prevent injuries, such as blisters and pressure 

ulcers, in diversified application areas, including but not limited to, sports and healthcare apparel, 

military apparel and firefighter’s protective clothing. In addition, the images were capable of 

precisely evaluating yarn diameters, crimp% and packing factor as well as fabric thickness, 

volumetric densities and cover factors as compared with those obtained from theoretical evaluation 

and existing classical test methods. All these findings suggest that the proposed new method can 
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reliably be used to quantify the yarn and fabric characteristics, compare their functionality and 

understand the structural impacts in an objective and nondestructive way.   

Keywords: Textile characterization, contact area, friction, comfort, skin injury, and X-Ray 

Micro-Computed Tomography (XRM-CT) 

 

5.2 Introduction 

Textiles next to skin have very close interactions and can influence each other in many routine 

applications such as apparel, shoes, accessories, and home furnishings. The mechanical interaction 

between skin and textiles play a big role in skin comfort and health, and can become an important 

issue specifically in healthcare if patients suffer from skin injuries or chronic wounds, or if skin 

physiological functions are degraded due to unsound state of health, sensitivity, advanced age and 

immobility [1]. High loads and shear forces over long period of times cause skin discomfort, and 

impose the risks of developing skin injuries [2] such as tissue deformation and skin damage, 

friction blisters [3-7], decubitus or pressure ulcers [1-2, 8-11], and even more severe unwanted 

problems. Decubitus or pressure ulcers are one of the most severe medical problems frequently-

reported, and are caused by friction in combination with pressure and shear, and mostly prominent 

on immobile patients. Decubitus may be deep (originating in underlying tissue), or superficial 

(resulting from repeated surface friction or abrasion). The superficial ulcers occur due to repeated 

surface friction/abrasion, and shear, and then later turn into deep ulcers if not properly treated at 

an early stage.  Some studies [1-2, 8-11] have stated the contribution of textiles in the formation 

and prevention of decubitus. These studies showed that increased skin hydration is a critical risk 

factor associated with skin discomfort and enhanced skin friction coefficient [1, 10-12]. Moisture 

and wetness make skin too soft and more vulnerable which are other contributing factors for 
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superficial decubitus ulcers [9]. For example, Derler and his colleagues [12] examined the 

variation of skin friction coefficient as a function of skin hydration and interfacial water films, and 

found that the friction between skin and textiles increased due to varying amount of interfacial 

water from dry to wet skin conditions. The behavior was reported [12] to also support the adhesion 

friction model [13-14]. According to the model [13], the friction force is the product of the real 

contact area, and the interfacial shear strength which is the ability of the junction to withstand the 

rupture by shearing. The junctions must be ruptured by shearing to initiate sliding, as the theory 

suggests [1, 12, 14]. Hence, the real contact area is a key parameter to evaluate the adhesion 

component of friction.  

 

Skin and textiles are soft materials with viscoelastic properties. Due to the fact that skin and textiles 

do not have well defined surfaces, skin-textiles friction is complex by nature [1]. Literature reveals 

few commendable work [1, 12, 15-16] which highlighted the impact of larger contact area on skin-

textile friction, and reported increased friction coefficients. Increased moisture content softens the 

stratum corneum, and makes it more compliant, thus resulting in larger contact area and adhesion. 

In addition, fabrics, as it contacts the wet skin, get saturated. This increases the fabric weight and 

the adhesion between skin and fabric, resulting in sensorial discomfort and a sticky feel [1, 15-16]. 

Therefore, the friction of textiles against skin is mainly influenced by the nature of the textile, skin 

moisture content, and ambient humidity, thus skin response varies with textiles [2, 9-10]. However, 

these studies rarely measured contact area experimentally. Literature also lacks in an in-depth 

understanding of how and why contact areas change with varying textiles and other associated 

factors. 
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Hence, this study emphasizes the importance of providing an understanding of structural details of 

textiles and quantifying the real contact area resulting from different textiles in order to be able to 

justify their potential in enhancing comfort properties and minimizing the risk of friction induced 

skin injuries. Literature revealed very few commendable work demonstrating the contact area 

through optical image analysis or by using pressure sensitive films between skin and textiles [1, 

17]. Pressure sensitive films, sensors or other similar materials as placed in between skin and 

textiles, are assumed to influence the skin-textile interface, and therefore, compromise the analysis. 

Derler and his colleagues [1] performed analysis of textile 3D surface topographies (a normal 

single jersey knitted bedsheet, and a new hospital woven bedsheet with huckaback design) 

obtained from digital microscope and scanned using vertical resolutions between 5 and 10 µm. 

The height distribution variation on the fabric surface was determined by analyzing the surface 

patterns only from the topographic images. However this method has limitations providing an 

understanding of an in-depth profiles of textile through its entire thickness which can be a valuable 

tool to determine its air, moisture, and heat absorption, holding and/or evaporation characteristics 

during friction interaction at varying mechanical and climatic conditions.  

 

X-ray micro-computed tomography (XRM-CT) has been well-known for its high resolution 3D 

X-ray imaging system for nondestructive analysis and its diverse applications in biological and 

medical science [18], material science [19], and in the analysis of membranes [20], fibers [21-23], 

yarns [24] and fabrics [25-28]. CT images are formatted in grey levels and different fibers with 

different densities can be presented using gradients of grey levels or intensities. CT images can 

also be imported to processing software to reconstruct 3D structures which requires proper image 

segmentation for precise analysis and result accuracy [28-29]. Quality and number of slices or 
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images are also other critical factors in determination of good thresholds of grey scale images [30]. 

Zhu and colleagues in their study [28] analyzed the porosity and thickness of fabrics using the 

micro-computed tomography and reconstructed 3D images (pixel size of 4 µm). Yet, literature 

reveals no work with an emphasis on X-ray micro-computed tomographic analysis of surface and 

structural features of textiles to provide an understanding of skin-textiles interface and contact area 

in regard to comfort and friction studies in textiles and further use for quantification. With 

submicron imaging capacity along with < 0.7 μm true spatial resolution, high contrast and wide 

sample specifications (millimeter to inches with weight up to 15 kg, and size up to 300 mm), the 

authors believe, XRM-CT can be promising in capturing the fabric details in the most precise way 

than the others reported so far. In addition, this robust instrument could potentially allow the 

investigation of the skin-textile substrate, especially the interface, without compromising and/or 

destroying it. Using a proper image analysis tool, the objective and quantitative evaluation of yarn 

and fabric’s structure and construction may also enable to quantitatively determine the contact 

areas of varying textiles. An in-depth understanding of the impacts of varying structural features 

of textiles on contact areas can be a valuable tool to comprehend friction interaction with skin 

through adhesion at varying mechanical and climatic conditions as experienced in real-time 

situations. Hence, authors explored the scopes of XRM-CT in capturing sample information and 

developed a method through image analysis to measure the fiber areas in the interface (the real 

contact area) as well as within the entire structure (from technical face to technical back) for 

different fabrics which will be demonstrated in this paper. The objective is to develop a 

quantitative, objective and nondestructive method to evaluate yarn and fabric surface and 

construction, as well as precisely determine the total area of fibers on fabric surface which can also 

be termed as the contact area during real-life applications in skin-contact. In regard to yarn and 
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fabric evaluation, structural properties such as yarn diameters, packing factors, crimp%, fabric 

thickness and cover factor will be evaluated using the tomographic images and the image analysis 

tools.  

 

5.3 Materials  

The samples for this investigation were purposely developed to study contribution of woven fabric 

structural parameters on contact areas and resulting fabric frictional properties. The materials used 

in this study were four plain and four satin fabrics with different fabric densities (low and high), 

and made from 100% cotton- ring-spun yarns with two linear densities (40Ne and 60Ne), as 

described in Table 5.4. Plain and satin woven designs were chosen due to their wide applications 

in clothing and home furnishings both in regular and hospital uses, and to understand and compare 

the impacts of woven designs. Cotton fiber was selected for all fabric samples in order to avoid 

the impact of fiber properties such as fiber shape, density, moisture regain, uniformity and more 

[31], as well as due to its strong prevalence in literature and the textile market. Single-ply yarns 

with cotton counts of 40Ne and 60Ne were chosen to understand the impacts of yarn linear 

densities on the fabric construction and their respective impacts on contact areas, while all yarns 

were ring-spun to eliminate the influence of yarn spinning type. 
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Table 5.4. Woven fabric sample description used in this study. 

Sample Code* Yarn Linear Density (Ne) Weave Design Fabric Density 

P40L 40 Plain Low 

P40H 40 Plain High 

S40L 40 5-H Satin Low 

S40H 40 5-H Satin High 

P60L 60 Plain Low 

P60H 60 Plain High 

S60L 60 5-H Satin Low 

S60H 60 5-H Satin High 

*In the four digit sample code, the 1st letter indicates the weave design (P=Plain and S=Satin), the 

middle two digit numbers indicate yarn count or linear density (40 for 40 Ne, and 60 for 60 Ne), 

and the 4th letter indicate the fabric density (L=Low and H=High). For example, P40L refers to 

low density plain fabric made of 40 Ne yarn.  

 

5.4 Methods 

All fabrics were treated using AATCC standard test method [32] to remove natural color, machine 

oil, grease or any other additives/finishes, and to ensure all fabrics were clean, and underwent the 

same treatment before any analysis. Fabric samples were conditioned for at least 24 hours at 

20±20C and 65±2% relative humidity to equilibrate in the standard lab environment.  

 

5.4.1 Fabric Characterization 

Yarn linear density, weave design and thread density can have separate effects on the profile shape 

of a fabric and its appearance from the surface, and were considered in this study. For example, 

the schematic of a woven fabrics in Fig. 5.15 provides an understanding of how yarn geometry 

and weave design directly can influence the surface properties and inner construction of the fabric.   



  

69 

 

 

Fig. 5.15. Schematic of woven fabrics as varies in design, and their appearance and construction (such as 

cover factor) as can be influenced by its constituent yarn (such as yarn diameter).  (Image recreated from 

the work by Havlová [33]). 

 

The fabrics were characterized to obtain the structural data following standard testing as discussed 

in Table 5.5. It is important to note that, all fabric tests were carried out at dry condition. 

 

Table 5.5: Structural parameters of yarns and fabrics used in this study. 

Fabric 

Code 

Yarn twist 

(TPI±Std. 

Dev.) 

Twist 

multiplier, 

𝑇𝑀 =
𝑇𝑃𝐼

√𝑁𝑒
 

Yarn crimp%±Std. Dev. Fabric thread 

density 

Basis 

weight 

(gsm)±Std. 

Dev. 

Fabric 

thickness 

(mm)±Std. 

Dev. 

Calculated 

Volumetric 

density 

(g/cm3) 

Standard 

Test 

Method 

ASTM 

D1422-

99(2008) 

N/A ASTM D3883 (option A) ASTM D3775 ASTM 

D3776 

ASTM 

D1777-

96(2002) 

option 1 (4.14 

± 0.21 KPa) 

N/A 

 

 

 Warp or 

Ends 

Weft or 

picks or 

filling 

Ends 

per 

Inch 

(EPI) 

Picks 

per 

Inch 

(PPI) 

   

P40L 28.15±1.57 4.45±0.25 11.00±0.03 10.50±0.03 151 84 128.63±0.64 0.26±0.00 0.49 

P40H 26.64±2.08 4.21±0.33 13.13±0.03 11.88±0.05 141 116 140.81±1.34 0.24±0.00 0.59 

S40L 28.10±0.84 4.44±0.13 13.00±0.04 6.88±0.03 144 78 129.16±0.46 0.42±0.00 0.31 

S40H 25.58±0.81 4.04±0.13 7.75±0.04 4.00±0.03 187 74 147.88±0.30 0.34±0.00 0.43 

P60L 35.22±2.03 4.55±0.23 15.25±0.05 7.50±0.05 156 100 99.01±1.75 0.2±0.00 0.50 

P60H 35.89±0.98 4.63±0.13 4.00±0.03 15.25±0.05 185 144 117.79±0.95 0.28±0.00 0.42 

S60L 29.16±1.92 3.76±0.25 5.88±0.03 3.00±0.03 220 96 109.64±0.74 0.24±0.00 0.46 

S60H 36.51±2.10 4.71±0.27 13.00±0.03 4.75±0.03 219 132 128.47±0.50 0.28±0.00 0.46 

 

Pore 
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5.4.2 Theoretical Evaluation of Yarn and Fabric 

Yarn diameter, 𝑑 was theoretically calculated using the known yarn count or yarn linear densities 

(40 and 60 Ne) for the given fabrics following Equation 1 [34]. In the theory, the yarns were 

assumed to be uniform round cylinders and the diameters were expressed in terms of yarn count 

in tex system.    

𝑑 =
1

280.2
√

𝑁𝑡

∅𝜌𝑓
                                                                                                 Equation 1 

In the equation, 𝑑 is yarn diameter (cm), 𝑁𝑡 is the yarn count converted in 14.76 tex (unit g/km) 

(40 Ne) and 9.84 tex (60 Ne) respectively in this study, and ∅ is the yarn packing fraction or factor 

which indicates the extent of tightness or closeness of fibers within the yarn structure [34]. Value 

of yarn packing factor, ∅ was considered to be constant (0.6) for ring-spinning and suggested to 

vary for other spinning type, and be influenced by fiber, yarn type and fabric construction. For 

cotton, 1.52 g/cm3 was used as fiber density, 𝜌𝑓 [34] After calculation, the theoretical yarn 

diameter values were obtained as 0.014 cm and 0.012 cm for 40 and 60 Ne yarns respectively. The 

diameter units were converted as needed in further analysis. 

 

Yarn packing factor also known as packing density was then theoretically calculated using 

Equation 2 [35-38]. The known yarn counts were converted to deniers (132.87 and 88.58 denier 

respectively) and yarn area was calculated using the theoretical yarn diameter obtained from the 

calculation (Equation 1) discussed above.  

𝑃𝑎𝑐𝑘𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟 =  
𝐹𝑖𝑏𝑒𝑟 𝐴𝑟𝑒𝑎

𝑌𝑎𝑟𝑛 𝐴𝑟𝑒𝑎
=

𝐿𝑖𝑛𝑒𝑎𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑦𝑎𝑟𝑛

𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑓𝑖𝑏𝑒𝑟,𝜌𝑓

𝑌𝑎𝑟𝑛 𝑎𝑟𝑒𝑎 (𝜋𝑟2)
                                  Equation 2 

Fabric Cover factor indicates the area of fabric which is actually covered by fibers and yarns, and 

is defined as the ratio of surface area covered by yarns to total fabric surface area. In fabric cover 
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factor 𝐶𝑓 (%) calculation, yarn diameter (converted into inch) obtained from theoretical calculation 

(Equation 1) and known fabric thread densities (EPI and PPI) as in Table 5.5 were used.     

𝐶𝑓 = (𝐶1 + 𝐶2 − 𝐶1. 𝐶2) × 100                                                                                  Equation 3 

𝐶1 = 𝑝1 × 𝑑1                                                                                                               Equation 4 

𝐶2 = 𝑝2 × 𝑑2                                                                                                               Equation 5 

In the equations above, 𝐶1 indicated warp cover factor calculated using warp thread density, 𝑝1 

(EPI) and warp yarn diameter, 𝑑1 while 𝐶2 indicated weft cover factor calculated using weft thread 

density, 𝑝2 (PPI) and weft yarn diameter, 𝑑2. The yarn diameter unit (cm) was converted to inch 

for cover factor calculation. Results are discussed in section 5.5. 

 

5.4.3 Contact Area and Structural Evaluation of Fabrics through Image Analysis 

5.4.3.1 Image Generation and Processing 

Fabric samples were imaged using an Xradia 510 Versa 3D X-ray microscope (XRM) (Zeiss, 

Germany) (Fig. 5.16) at 50 kV, using the 4X objective lens. The source-to-fabric and detector-to-

fabric distances were maintained constant for all fabric samples to ensure same magnification. To 

ensure accuracy and consistency of identifying warp and weft yarns for precise and in-depth 

analysis, all fabrics were mounted maintaining warp (Y axis) and weft yarns (Z axis) in vertical 

direction and horizontal direction respectively, while X axis defined the technical face and back 

of the fabric samples along its thickness direction. The high resolution images with pixel size of 

1.31 µm were obtained from a projection set to 1601 (higher projection leading to more detailed 

sample information). The images were taken at the 2×2 binning, for a post-reconstruction 3D 

images with size of 980×1008×990 (width, height, and depth) pixels recorded in 8-bit tagged 

image file format (TIFF) using the software XMReconstructor.  
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Fig. 5.16. An inside view of Zeiss Xradia 510 Versa 3D X-ray Tomography System. 

 

The reconstructed TIFF images were then imported into the Dragonfly Pro software developed by 

a privately held software company, Object Research Systems (ORS; Montreal, Canada) for 

advanced analysis of both 2D and 3D data. By adjusting the window leveling, contrast and 

intensity space (brightness) was adjusted for both 2D and 3D image slices.  

 

5.4.3.2 Image Segmentation 

Before critical quantitative analysis, image segment was created (Fig. 5.17b) for different sets of 

measurements. The main goal of segmentation was to simplify the analysis and create a more 

meaningful visualization. The intensity range was defined on the dataset to use the selected range 

to create a new region of interest (ROI), which allowed to highlight the fibrous structure for 

analysis (Fig. 5.17c). The noise on the segmented image was then removed using the tool, refine 

ROI (Fig. 5.17d), and lastly, a binary image was obtained by changing colors to highlight the fibers 

and areas for analysis (Fig. 5.17e). Segmentation of 2D images did not alter the fabric structure as 

observed in 3D view (Fig. 5.17a) at all. After the segmentation process, images were ready for 

both manual measurements and statistical computation.  

Source 

Detector 

Sample Holder 

Objective Lens 
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Fig. 5.17. The reconstructed 3D and 2D views of P40H fabric, obtained using Xradia 510 Versa 3D X-ray 

microscope (XRM): (a) 3D image, (b) 2D view, original image, (c) 2D view of segment image with noise, 

(d) 2D view of segment image after noise removal, and (e) 2D binary image of the segment highlighting 

the fibers for computation. 

 

5.4.3.3 Image Analysis for Contact Area 

Before image analysis for contact area, 2D planes were adjusted to be as perpendicular to each 

other as possible as shown in Fig. 5.18(a-c) where X, Y, and Z-axis indicated thickness, warp, and 

b c d 

a 

e 

 

X-axis: Thickness direction 

Y-axis: Warp direction 

Z-axis: Weft direction 
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weft directions respectively. The black color represented air while the white represented fibers in 

the fabrics. If an imaginary uniform flat object touches the fabric, the fibers on the face or back of 

the fabric (X- direction, Fig. 5.18(a-b)), depending on application, were assumed to be in contact 

with the object. Therefore, it was important to quantify the total area of fibers on the fabric surfaces 

which was assumed to be the resulting real contact area. One critical challenge appeared during 

the comparison among different fabrics with varying structures as it was not controllable to achieve 

the fabric dimension on exactly the same location of the circle in the slices as shown in Fig. 5.19(a-

b). Any object placed within the area of the circle could be viewed, as the circle represents the 

field of view (visible area through the eyepiece when the microscope is in focus).  

   

Fig. 5.18. The 2D views of fabric P40H ensured each dimension was perpendicular to each other where 

X-axis indicated thickness direction, Y-axis indicated warp direction, and Z-axis indicated weft direction; 

(a) XY view, (b) XZ View, and (c) YZ view. 

 

Hence the location of fabric sample within the circle would impact the length of the fabric 

captured, and the number of threads (warp and weft) as well as the amount of fibers in slices. For 
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X -X 

(a) 

-Z 

-Z  

X -X 

(b) 
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instance, fabric P40H appeared to be inclined more towards the right (Fig. 5.19a) while fabric 

P40L was more towards the left (Fig. 5.19b) of the circle. It was assumed that fabric located exactly 

along the diameter of the circle would have captured the maximum length of the fabric and the 

number of threads. Therefore, to fairly compare among different fabrics, fiber area %was 

calculated using equation 6, instead of the area of fibers with an objective to eliminate the impact 

of fabric-location within the field of view (the circle), as explained. From the equation, it was 

apparent that two critical components such as fiber area in a slice and total area of that slice were 

needed to be computed in order to calculate the fiber area % of that slice.   

𝐹𝑖𝑏𝑒𝑟 𝐴𝑟𝑒𝑎 % = ( 
𝐹𝑖𝑏𝑒𝑟 𝐴𝑟𝑒𝑎

𝑇𝑜𝑡𝑎𝑙 𝐴𝑟𝑒𝑎
 ) × 100                                                Equation 6 

 

  

Fig. 5.19. The 2D views of fabric position within the circular field of view, (a) fabric P40H inclined more 

towards the right, and (b) fabric P40L inclined more towards the left of the circle. 

 

Computation of Fiber Area 

In computation of the fiber area, a new segment was created. The intensity range of the segment 

was defined to obtain a ROI (fibers only), and noise was removed as explained in the segmentation 

-Y 

Y 

X -X 

(a) 
-Y 

Y 

X -X 

(b) 



  

76 

 

section earlier. The YZ view was selected for computation of fiber area % in slices with increasing 

pixels (distance in microns, 1 pixel = 1.31 µm in this study) which exhibited the total amount of 

fibers in warp and weft yarns in the Y and Z directions respectively when observed from the XY- 

plane (front to back). For example, as shown in Fig. 5.20a, the blue line is in contact with the fabric 

surface, the outer most layer (left and middle images). Determination of both ‘surfaces’ (front and 

back) was critical as it creates the initial contact with any external object such as skin. Due to the 

hairiness of fabrics, estimation of fabric surfaces become challenging. Therefore, the fabric surface 

was redefined as a boundary at the closest to the main body of the fabric eliminating the effect of 

hairiness assuming there was no influence of extra loading as shown in Fig. 5.21(a-b). As the blue 

line (Fig. 5.20a) moves from air (dark black background considered as air, neglecting the 

protruding fibers or hairiness) to the fabric surface, this slice is being considered to be the starting 

slice, and the distance the line travels is 1 pixel. The YZ view on the right image from Fig. 5.20a 

shows the surface view from the +X/-X- direction highlighting the fibers in the slice from both 

warp and weft yarns. As the line moves a distance of 2.62 µm inside the fabric from the surface 

(left and right images in Fig. 5.20b), the amount of fiber in the respective slice increases as shown 

in the right image of Fig. 5.20b. Similar trend is observed in Fig. 5.20c as the line moves a further 

distance, a total of 5.24 µm. 
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Fig. 5.20. The 2D XY views with warp yarns in vertical direction (left images), XZ views with weft yarns 

in vertical direction (middle images), and YZ views (right images) of fabric P40H. (a) Assuming the blue 

line touching the fabric surface (XY and XZ views) to be a starting point as 1 pixel (1.31 µm), the right 

image is the YZ view from X plane (top view) showing the total amount of fibers from both warp and 

weft yarns; (b) As the blue line moves 2.62 µm inside the fabric (XY and XZ views), the total amount of 

fibers increases (YZ view); (c) Moving of the blue line a total of 5.24 µm from the starting point further 

increases the total amount of fibers than as observed in (b). 

 

-Y 

Y 

X -X 

-Z 

Z 

X -X 

-Z 

Z 

Y -Y 

(a) 

-Z 

Z 

Y -Y 

(a) 

 

 

  

(a) At 1.31 µm 

(b) At 2.62 µm 

 

(c) At 5.24 µm 

W
ar

p
 d

ir
ec

ti
o

n
 

W
ef

t 
d

ir
ec

ti
o

n
 

-Y 

Y 

X -X 

-Y 

Y 

X -X 

-Z 

Z 

X -X 

-Z 

Z 

Y -Y 

(a) 

-Z 

Z 

X -X 



  

78 

 

One of the advantageous feature of the Dragonfly Pro software was that it allowed to easily 

compute the total fiber areas in each slice for the entire segment. To accomplish this, the YZ plane 

views were selected for slice analysis and ‘ROI areas’ were computed. The ROI areas per slice 

indicated the total fiber areas for the respective slices.    

  

   

Fig. 5.21. (a) Entire fabric sample including protruding fibers or yarn hairiness; Measurements shown for 

yarn diameter and crimp (requires the straight length and the curved length), and (b) Fabric surface or 

boundary (face and back), and measurements shown for fabric thickness. 

 

Computation of Total Area 

In computation of total area, another segment was created. The intensity range of the segment was 

defined to obtain the entire circular field of view as a new ROI. The YZ plane views were again 
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selected for slice analysis and computation of ROI areas following previous steps to obtain the 

total area of the slices.  

 

Contact area (Fiber area %) 

The computed information of the fiber area and the total area of the slices for the entire segments 

of fabric were exported into a Microsoft excel document, and the fiber area % was calculated using 

the equation 6 for each slice. Although the entire fabric information was obtained through the 

analysis of all slices of the segments, the fiber area % of the surface and within the two boundaries 

were considered to be the most relevant for understanding the contact area and the overall 

structural properties of the fabrics respectively. The entire process was repeated for all the fabrics 

investigated in this study. The % fibers were then plotted against distance (µm) from one defined 

boundary to the other for further analysis. 

 

5.4.3.4 Image Analysis for Yarn and Fabric Characterizations 

Yarn diameter (µm), crimp-% and fabric thickness (distance between the two boundaries, µm) 

were measured using the scales in the Dragonfly Pro software as shown in Fig. 5.21. Warp yarn 

diameters were obtained from the 2D XZ images while measurements for weft yarn diameters 

were taken from 2D XY images (as depicted in Fig. 5.20a). A total of fifty measurements were 

taken and averaged. Yarn diameters were then converted into cm, and fabric thickness in mm. Ten 

Measurements for each of the warp and the weft crimps were taken from the 2D XY and XZ 

images respectively. Respective yarn crimp % was then calculated using Equation 7.   

𝑌𝑎𝑟𝑛 𝑐𝑟𝑖𝑚𝑝 % =
𝐶𝑢𝑟𝑣𝑒𝑑 𝑙𝑒𝑛𝑔𝑡ℎ−𝑆𝑡𝑎𝑟𝑖𝑔ℎ𝑡 𝑙𝑒𝑛𝑔𝑡ℎ

𝑆𝑡𝑟𝑎𝑖𝑔ℎ𝑡 𝑙𝑒𝑛𝑔𝑡ℎ
× 100                                                  Equation 7 
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Yarn packing factor and fabric cover factor were calculated using yarn diameters (units converted 

when required) obtained from CT measurements in the Equations 2-5 as discussed in section 5.4.2. 

The theoretical values and the experimental CT data obtained for the respective yarns and fabrics 

were further analyzed for comparison.  

 

5.5 Results and Discussion 

5.5.1 Yarn and Fabric Characterizations  

Figs. 5.22-5.23 depict the yarn and fabric properties investigated in this study, and their 

comparison between theoretical calculation and experimental measurements obtained from CT 

images and test standards. Both warp and weft yarn diameters (Fig. 5.22a) calculated from 

theoretical values (Equation 1) were statistically different than those measured from CT images 

(P-value < 0.05). Theoretical values suggested diameters to be constant for the same count warp 

and weft yarns irrespective of weave types. In contrast, experimental measurements showed that 

warp and weft diameters statistically varied despite of the same yarn count, while those varied 

with yarn count as well. 40 Ne yarns exhibited larger diameter than 60 Ne yarns. Yarn diameters 

were greater in satin fabrics than plain fabrics although the fabrics were made from the same count 

yarns. The CT images (Fig. 5.24) clearly depicted that the differences in warp and weft diameters 

arose due to the distortion of the respective yarns as they interlaced with each other during weaving 

and were influenced by weave designs and thread densities. Unlike plain woven fabrics with high 

number of interlacements, satin fabrics had more floats or weft yarns which extended across 

multiple yarns. This allowed more freedom to yarns in satin fabrics to move around, resulting in 

larger yarn diameters than those in plain woven fabrics. Based on the statistical analysis, authors 

suggest that the XRM-CT images were capable of providing more realistic yarn diameters in the 
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fabrics than the theoretically calculated diameters. The CT diameters were also reliable as 

compared with different weave designs as demonstrated from the images (Fig. 5.24).  

 

As the same yarn distorted in shape and increased/decreased in diameter depending on weave 

design and thread density, their respective calculated packing factors were also influenced and 

varied. This resulted in a statistical difference in between the theoretical constant yarn packing 

factor (0.6 for ring-spun yarns) and the calculated values obtained using measured CT yarn 

diameters (Fig. 5.22b). For the same yarn count, with an increase in yarn diameter, packing factor 

decreased which indicated to lower fiber fraction, or closeness or tightness of fibers within the 

yarns in the fabric as per definition of the packing factor. In theoretical evaluations, yarns were 

assumed to be in uniform cylindrical shapes with constant packing factor which resulted in a 

constant diameter value for both the warp and the weft yarns when considered the same yarn count. 

The effects of fabric design and thread density were also not considered. In contrast, in the 

experimental assessment, neither any assumption was made nor were the yarn and the fabric 

structures compromised. Therefore, determination of yarn packing factors though CT images 

following the method demonstrated in this study appears to be precise and more reliable in terms 

of evaluating and comparing yarn properties in the fabrics without compromising or destroying its 

structure.  

 

Yarn crimp-% obtained following the ASTM D3883 (option A) tests standard (data in Table 5.5) 

were compared with those determined from the CT images, and results exhibited a higher R2 value 

(Fig. 5.22c). In case of both warp and weft yarns, a two-sample t-test at 95% confidence interval 

resulted in a P-value of 0.43 (> 0.05) which indicated that the two measurement methods were not 



  

82 

 

statistically different. A further analysis of CT data showed that, warp crimp-% were statistically 

different (P- value <0.05) and higher than the weft crimp% irrespective of yarn counts and weave 

designs. In addition, crimp-% was higher in plain woven fabrics than satin fabrics investigated in 

this study. Authors suggested, the yarn crimp-% from CT images were more reliable as the yarn 

or the fabric structures were not compromised. On the contrary, the ASTM method requires 

extraction of yarns from the fabrics, which might alter or influence the measurements by releasing 

the tension acting on the yarns.  

 

  

 

Fig. 5.22. Comparison of yarn properties obtained using ASTM test standards, and the new XRM-CT 

method proposed in this paper. (a) Yarn diameter, (b) yarn packing factor, and (c) yarn crimp% in the 

fabrics. 

a 
 

b 

 

c 
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Fig. 5.23. Comparison of fabric properties obtained using ASTM test standards, theoretical values, and 

the new XRM-CT method proposed in this paper. (a) Fabric thickness, (b) fabric volumetric density 

calculated using ASTM thickness and CT thickness, and (c) fabric cover factor calculated using 

theoretical yarn diameters and the measured diameters from CT images. 

 

Fabric thickness measured from CT images was compared with those obtained from the Ames 

Digital Comparator (Model #3-P1500) following the ASTM D1777-96(2002) Standard Test 

Method for Thickness of Textile Materials (table option 1; 4.14 ± 0.21 KPa). The R2 value (0.97) 

and the equation in Fig. 5.23a suggested that the two methods were not statistically different which 

was verified by the P- value of 0.21 (> 0.05) obtained from a two-sample t-test at 95% confidence 

interval. Despite of the two methods being different from each other (CT method unloaded, and 

a 

 

b 

 

c 
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ASTM loaded: 4.14 ± 0.21 KPa), the thicknesses obtained from the two methods were almost 

nearly identical (Fig. 5.23a). During thickness measurement from the CT images, the effect of 

hairiness was eliminated (Fig. 5.21b). The loading condition in the thickness gauge was assumed 

to compress (and reorient) the protruding fibers within the surface which could attribute to the 

elimination of the impact of the hairiness, similar to the CT method. However, comparatively a 

higher thickness was observed in the satin fabrics than plain woven fabrics. Fabric volumetric 

density calculated by multiplying basis weight with fabric thickness (both ASTM and CT) were 

also compared to evaluate the validity of the proposed method (Fig. 5.23b). Statistically no 

difference was observed in the fabric volumetric density determination methods by using ASTM 

thickness and CT thickness (P- value 0.51).   
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Fig. 5.24. X-ray micro-computed tomographic 2D images of: (a) P40L, (b) P40H, (c) S40L, (d) S40H, (e) 

P60L, (f) P60H, (g) S60L, and (h) S60H. 
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Fig. 5.24. (Continued) 
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Fig. 5.24. (Continued) 

  

  

 

Fabric cover factor depends on the warp and weft cover factors as well as the respective yarn 

diameters (Equations 3-5). Fig 5.23c depicts the comparison between the theoretical cover factors 

(theoretical yarn diameter values used) and experimental cover factors (CT yarn diameters used). 

No difference between the two methods were found statistically (P- value 0.62). A further analysis 

suggested higher fabric cover factor values in satin fabrics than plains reported in this paper. No 

significant difference was observed when compared among 40 and 60 Ne yarn-made plain or satin 

fabrics. The maximum value of cover factors as by definition can be 1. From both theoretical and 

experimental (CT) assessment it was observed that satin fabrics specifically S40L, S40H and S60H 

exhibited a higher value than 1. This could be possible only if the fabrics were entirely covered by 
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fibers (no pores/air) which was not true. A further investigation is needed to understand if the 

reported Equations 3-5 are truly capable of providing realistic information or have any limitations 

to interpret satin structures, therefore, requiring any modifications.  

 

5.5.2 Determination of Fabric Contact Areas 

When a fabric is brought in contact with any stationary object such as skin, the contact occurs 

mostly at the surfaces. This means, the fibers within the fabric surface create the contact with the 

skin. However, protruding fibers or hairiness has the potential to influence the contact behavior as 

they tend to migrate towards the main body of the fabric and reorient within the surface when the 

fabric touches the skin. The hypothesis of computing the amount of fibers (fiber area %) in this 

research was, depending on the plane of the interacting object, the higher amount of fibers in 

contact would increase the contact area which would in consequence increase friction force 

according to the adhesion-friction model [13-14]. In this study, no additional object was used to 

create the contact with fabrics. However, for analysis, fabrics were assumed to be in contact with 

an imaginary uniform flat object without any effect of loading or pressure acting on them as 

illustrated in Fig. 5.20. Fig. 5.25 showed the detailed fabric profiles obtained after image 

processing as discussed in section 5.4.3.3. The zero point in the curves (Fig. 5.25) indicated air 

(meaning no fiber). As hairiness or protruding fibers appeared, the curve tended to slightly ascend 

or descend (almost straight like curve) depending on the amount of fibers in the respective slices. 

Due to the longer length of the protruding fibers or hairiness, the length of the straight line like 

curve was higher while the fiber area % increased with increasing number of floating protruding 

fibers. Each graph showed, depending on fabrics, there was steep or shallow rise of the curves with 

the gradual increase in the fiber area % starting from the either boundary or surface towards the 
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main body of the fabric. The peak of the curves represented the highest fiber area % in the fabric 

cross-sections accounting the highest number of fibers at the interlacement points. This in-depth 

fabric information therefore can be used to demonstrate the variation in not only the length of 

protruding fibers from fabric surfaces but also the tactile and comfort properties depending on yarn 

and fabric structures obtained from both the images (Fig. 5.24) and the computed analysis (Figs. 

5.25 and 5.26). 

 

After defining fabric boundaries assuming there was no extra loading and hairiness [28], the graph 

in Fig. 5.26 was plotted. The plain fabrics exhibited a steeper increase in the fiber area % while 

the increase was comparatively shallower in satin fabrics when observed from either boundary or 

surface towards the main body of the fabric. For instance, the fiber area % in plain woven fabrics 

were comparatively higher than satin fabrics up to a distance of 50 µm. This suggests, under the 

specified condition in this paper (no loading and dry condition), if the imaginary uniform flat object 

is brought in contact with the fabrics, plain woven fabrics with higher fiber area % will create 

larger contact area than the satins. The graphs in Figs. 5.25-5.26 are therefore a clear proof that 

contact area (fiber area %) varies with changing weave design and fabric density which potentially 

might influence the real-time contact behavior in skin-contact as well as the adhesion. Further 

investigation will be needed to relate this quantitative measurements of fabric contact areas with 

adhesion and friction while the spectrum of these curves can be useful comprehending the air, 

moisture, and heat absorption, holding and/or evaporation characteristics during friction 

interaction at varying mechanical and climatic conditions. 
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Fig. 5.25. Detailed fabric profiles obtained from processed X-ray micro-computed tomographic analysis. 

The spectrum indicated to the amount of fibers (%) for the entire fabric captured within the field of view 

of the microscope. 
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Fig. 5.25. (Continued) 

  

 

Satin fabrics revealed a broader spectrum between the two surfaces indicating to their higher 

thickness than plain woven fabrics which accorded with the thickness measurements (both CT and 

ASTM thickness). There were more float or weft yarns in satin fabrics which extended across 

multiple yarns (as depicted in Fig. 5.24). This allowed more freedom to yarns in satin fabrics to 

move around, resulting in overriding of yarns and looser fabric construction, and therefore, greater 

fabric volume and thickness than plain woven fabrics. In addition, satin fabrics made from low 

diameter 60 Ne yarns exhibited lower thickness when compared with those made from 40 Ne yarns 

(Figs. 5.25 and 5.26). 
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Fig. 5.26. Detailed profiles of fabrics obtained from X-ray microscopic tomographic images for analysis 

of contact area. The spectrums indicated to the amount of fibers (%) within the two boundary surfaces 

(with some allowance to ensure no surface information was eliminated) of the investigated fabrics 

eliminating yarn hairiness. 

  

This could be ascribed to finer and tighter yarn structures of 60 Ne yarns with smaller diameter. 

Twist compresses the fibers in yarns and increases yarn tightness. Table 5.5 shows, finer 60 Ne 

yarns exhibited higher twists (TPI) than coarser and larger diameter 40 Ne yarns. Although twists 

appeared to be different for different yarns in the fabrics, twist multiplier were nearly the same 

irrespective of their counts (Table 5.5). Literature previously reported that ring-spun yarns with 

same twist multiplier resulted in the same helix angle on their surface and the same internal 
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structure [39]. This means, the internal structure of the yarns used in this study were nearly the 

same irrespective of their counts. While thickness decreased in 40 Ne yarn-made fabrics with 

increasing fabric density, opposite trend was observed in 60 Ne yarn-made fabrics. With increasing 

fabric thread density, less twisted and larger diameter 40 Ne yarns were compressed within the 

structure to fill up the void spaces. This resulted in a closer fiber and yarn packing, and therefore 

reduced thickness in the fabrics which supported the findings discussed in section 5.5.1. Due to 

compact structure with smaller diameter and higher twists, 60 Ne yarns had less air/void spaces 

than 40 Ne yarns to compress fibers within the fabric which can be related with the experimental 

yarn packing factors reported earlier.  Therefore, the 60 Ne yarns, with increasing fabric thread 

density, expanded in the thickness direction and resulted in an increased fabric thickness (both 

plain and satin). Therefore the computational fiber area % graphs also exhibited a strong 

resemblance to the other CT measurements discussed in this paper.  

 

From the discussion above it is evident that the reported yarn and fabric structural characteristics 

can be determined from the XRM-CT images in an objective, quantitative and nondestructive 

ways. Images were obtained with a pixel size 1.31 µm. The statistical analysis validated the 

proposed characterization methods which were capable of providing an in-depth structural 

information of fabrics as compared with the measurements obtained by following the existing 

classical test methods. While the CT measurements were precise and more realistic compared to 

those obtained from the other test methods, both the 2D and 3D images were equally useful to 

demonstrate the results. In comfort analysis and friction study associated with skin interaction, 

contact area plays a critical role governing the adhesion-friction. This paper also reported a novel 

method of calculating contact area (as fiber area %) and establishing its relation with distance from 
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surfaces. The difference in the fiber area % in different fabrics can arise due to varying fiber, yarn 

and fabric properties such as yarn linear density, twists and crimps, fabric thickness, thread density 

and other structural variation. The variation in the % area curves as related to the specified yarn 

and fabric properties were also discussed. Authors suggest, the fiber area %, as it counts the fiber 

information of fabric surface comprising both warp and weft yarns, has the potential to 

demonstrate the actual contact area resulting from the friction interaction between fabrics and 

skin/any other object. Although image analysis reported in this paper was conducted at dry 

condition without any influence of external object and pressure, it is possible to develop a set-up 

to mimic the pressure- and moisture-condition at the skin-fabric interface. The findings, therefore, 

can be related with real-time friction-interaction at varying physical, mechanical and micro-

climatic conditions in the studies of comfort analysis, and formation/prevention of friction-induced 

skin-injuries. These details are part of subsequent papers in progress.    

 

5.6 Conclusion 

Contact area can be theoretically calculated. However, theoretical calculations are based on certain 

assumptions and requires further experimental data for verification. Authors explored the scopes 

of XRM-CT and developed a method through image analysis to measure the fiber areas at the 

interface (the real contact area) as well as within the entire structure (from technical face to 

technical back) for different fabrics. Every detail of the experimental work was reported in this 

paper to ensure the work remains repeatable and reproducible while in-depth analyses in the 

‘Results and Discussion’ section will be helpful to understand the authenticity, accuracy and 

validity of the findings.  
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In this paper, a novel, nondestructive method to calculate contact area (in fiber area %) was 

reported which is capable of generating a precise and an in-depth fabric profile from X-ray 

microcomputed tomographic image analysis of fabrics. The hypothesis was, if two fabrics were in 

contact with a flat uniform object without any influence of loading/pressure, the fabrics with a 

higher fiber area % on the surface touching the object would create a larger contact area at the 

interaction interface than the fabric with lower fiber area % on the surface.  This would result in a 

higher adhesion between the two surfaces and therefore larger friction coefficients. Ring-spun 

100% cotton made woven fabrics with varying construction and design were used in this study. 

The microcomputed images (with a pixel size of 1.13 µm) were analyzed to calculate the amount 

of fibers (%) using the two components, the total fiber area and the total area of the slice, and then 

plotted against distance to compare among fabrics. The tomographic images and the fiber area % 

analysis against distance (µm) were in good agreement to comprehend and compare the yarn and 

fabric properties such as yarn twists and crimps, fabric thread density, basis weight, thickness, 

volumetric density, and hairiness. This method has the potential to quantify in-vitro skin-textiles 

interface and the real contact area under different physical, mechanical and micro-climatic 

conditions to understand the actual skin-textiles interactions during physical activity or sports 

which will be reported in our next publications. These analyses, therefore, can lead us to 

understand which parameters are critical, and how we can engineer fabrics to optimize these 

properties. That way, we can advance towards designing and developing textiles with optimized 

properties and functionalities to enhance skin comfort, and prevent injuries such as pressure ulcers 

and blisters. Hence, the method of quantifying contact area, reported in this paper, is novel in the 

fields of textile research, and will open the possibility for more advanced analysis critical for 

understanding the skin-textiles interface or the interface between textiles and any other materials 
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in contact in diverse application areas, including but not limited to, healthcare and medical textiles, 

sports apparel and active wear, military apparel, firefighter’s protective clothing, as well as in 

composites and space applications. In addition, this method can be used to investigate and analyze 

the interfaces of any other materials in contact with each other.  

 

A few non-destructive yarn and fabric characterization techniques were also developed and 

reported in this paper which appeared to be less time consuming and cheaper. CT images were 

used to evaluate yarn diameter and packing factor as wells as fabric thickness and cover factor and 

provide more realistic information of fabrics without compromising or destroying its structure. In 

regard to frictional properties of fabrics, this newly developed method can be used to understand 

the variation in contact behavior resulting from fabrics with varying structural design and 

construction. Since micro-climate at the skin-fabric interface has a critical role governing the 

adhesion mechanism and therefore the friction interaction, it is important to understand the air, 

moisture and thermal properties of fabrics and how these properties are influenced by structural 

distinctions in varying climatic and mechanical conditions. This novel nondestructive method can 

comprehend all these details which, the authors of this study will demonstrate in their future 

publications. 
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CHAPTER 6: FRICTION MEASUREMENT DEVICES: COMPARISON AND 

RELIABILITY ANALYSIS 

6.1 Abstract 

In this study, fabric frictional properties were investigated using three friction devices, including: 

Fabric Touch Tester (FTT, SDL Atlas), Instron (ASTM D1894: Option C) and a Custom-built 

friction device (CBFD). Two 1×1 plain woven fabrics with varying fabric density (Ends per Inch 

+ Picks per Inch: 235 and 257) made from 100% cotton ring-spun yarns of 40 Ne linear density 

were used. Results showed that the coefficient of friction (COF) of the fabrics significantly varied 

with the friction devices. Regardless of the friction devices, the COF values did not exhibit any 

statistical difference between the two fabrics. The friction forces (Newton, N) were then 

normalized by apparent contact area (m2) to understand the effect of apparent contact pressure as 

well as fabric density.  Results showed that fabric friction per unit area varied with the apparent 

contact pressure, and the normalized friction force was up to 1.15 ~ 1.50 times higher in the high 

fabric density fabric than the low density fabric. The COFs of the fabrics obtained from the 

Custom-built friction device were then compared with those obtained from both FTT and Instron, 

and were found repeatable and reliable based on the coefficient of variation analysis. Unlike FTT 

and Instron, the Custom-built set up allows the flexibility of investigating fabric frictional 

properties not only under varying apparent contact pressures but also in-vivo. Therefore, the 

reported Custom-built friction device can reliably be used for further investigation of the skin-

fabric friction under varying conditions. 
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6.2 Introduction 

Measurement of frictional properties of fabrics is critical to determine the behavior of the fabrics 

in processing, wear, and use. [1] The conventional friction testing methods associated with the 

friction testing devices such as KAWABATA Evaluation System (KES), Fabric Touch Tester 

(FTT; SDL Atlas) and Instron (ASTM D1894 standard) are widely used in textile industries for 

measurement of fabric frictional properties. [1-4] KES and FTT are designed to mimic the behavior 

of index finger to evaluate the hand feel properties of the fabrics and obtain fabric-metal friction 

[4] while Instron (ASTM D1894 standard) is designed to evaluate the frictional properties of 

plastic sheets, films or papers [3]. Therefore, the conventional test devices (KES, FTT, and Instron) 

and the associated methods cannot quantify the skin response to friction which is one of the main 

objectives of this study to investigate. Yin et al. [5] reported the use of a Custom-built friction 

measurement device for in-vivo friction analysis of nonwoven fabrics under varying conditions. 

The reliability of the measurements of this custom-built friction device will be investigated in this 

study and compared with the measurements obtained from FTT and Instron devices. How the 

friction measurements of the fabrics relate with the fabric density will also be investigated and 

compared for the varying friction devices.    

 

6.3 Materials 

Two 1×1 plain woven fabrics, P40L and P40H, reported in the previous work in Chapter 5 Section 

5.3 were used to understand the effects of fabric density on the frictional properties. Fabrics were 

made from 100% cotton ring-spun yarns of 40 Ne linear density. The characterized properties of 

the two fabrics are displayed in Table 6.6.  
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Table 6.6: Fabric characterization data (mean ± std. dev.). [39] 

Fabric 

Code 

Yarn twist 

(TPI) 

Twist 

multiplier,  

Yarn crimp %  Fabric density Basis 

weight 

(gsm)  

Fabric 

thickness 

(mm)  

Calculated 

Volumetric 

density 

(g/cm3) 

Standard 

Test 

Method 

ASTM 

D1422-

99(2008) 

 𝑇𝑀 =
𝑇𝑃𝐼

√𝑁𝑒
 ASTM D3883 (option A) ASTM D3775 ASTM 

D3776 

ASTM 

D1777-

96(2002) 

option 1 (4.14 

± 0.21 KPa) 

N/A 

 

 

 Warp or 

Ends 

Weft or 

picks or 

filling 

Ends per Inch + 

Picks per Inch  

   

P40L 28.15±1.57 4.45±0.25 11.00±0.03 10.50±0.03 235 128.63±0.64 0.26±0.00 0.49 

P40H 26.64±2.08 4.21±0.33 13.13±0.03 11.88±0.05 257 140.81±1.34 0.24±0.00 0.59 

 

6.4 Methods 

6.4.1 Friction Measurements  

Fabric frictional properties were measured using Fabric Touch Tester (FTT, SDL Atlas), Instron 

(ASTM D1894: Option C) and a Custom-built friction device (CBFD).  

The Custom-built friction device [5] consisted of two main components including a motorized test 

stand (eTrack X linear stage with the NSC A2L two-axis stepper motor controller from Newmark 

Systems Inc., USA) to control horizontal movement, and a force sensor with a digital force gauge 

(Omega Engineering Inc., USA) mounted on the linear stage to record the friction force during 

sliding. A polypropylene plastic cube of 3cm × 3cm (apparent contact area) was connected to the 

force sensor. The fabrics were placed on an adjustable platform (20cm × 20cm) to allow the plastic 

cube contact the fabrics. Fig. 6.27 depicts the experimental set up for the friction test of the fabrics. 

The plastic cube slid a 7 cm distance on the fabric surface along the warp direction with an average 

velocity of (7.4 ± 0.0) mm/s while the resolution of the acquired friction force was 0.01 N with a 

sampling rate of 10 Hz. A pressure of 2.27 ± 0.21 kPa (normal force: 2.04 ± 0.19 N) and 4.12 ± 



  

105 

 

0.02 kPa (normal force: 3.71 ± 0.02 N) were applied on the tested fabrics and measured by the 

capacitive force sensor (8mm in diameter, SingleTact, USA). 

 

 

 

 

Fig. 6.27. Friction measurement devices. (a) Custom-built friction measurement device (CBFD), (b) 

Fabric Touch Tester (SDL, Atlas), and (c) Fabricated Instron friction device. 

a 

b 

c 



  

106 

 

The pressure values were chosen to simulate the contact conditions which were suggested to 

impact the dermal blood circulation by closing the dermal blood vessels [2], and lead to the 

development of the skin injuries. The process was repeated at least five times for each fabric in 

respective pressure conditions. The friction measurements were obtained as friction forces (N).  

 

Friction in FTT (Fig. 6.27) was measured with a friction plate (3.5cm × 2.5cm) with grooved 

surface (number of grooved line: 22, and groove-to-groove distance: 0.1 cm) under a normal force 

of 140 ± 5 gf (or 1.37 ± 0.05 N) [6, 17]. For the specified normal load (1.37 N) and the area of the 

friction plate (3.5cm × 2.5cm), the apparent contact pressure was calculated and obtained as 1.57 

± 0.06 kPa. The friction measurement process was repeated five times for each fabric and 

measurements were obtained as COF.  

 

During friction test on the Instron device as per the ASTM D1894: Option C test standard 

(Standard test method for static and kinetic coefficients of friction of plastic film and sheeting) [7], 

a 6.35cm × 6.35cm (apparent contact area) metal sled of 206 g was used. The fabrics were placed 

on a rectangular metal base (38cm × 20cm). The calculated apparent contact pressure inserted by 

the metal sled was 0.5 kPa (normal force 2 N). But from the experimental measurement (measured 

by a capacitive force sensor, SingleTact, USA) it was observed that an apparent contact pressure 

of 10.24 ± 0.34 kPa (normal force 41.29 ± 1.36 N) was inserted on the fabrics by the metal sled. 

Therefore, it is important to experimentally measure the contact pressure (or normal force) instead 

of relying on the calculated values. The metal sled was pulled (up to a distance of 17.8 cm) across 

the fabrics at an average speed of 150 mm/min (2.5 mm/s) as per the standard method. The process 

was repeated five times for each fabric and measurements were obtained as friction forces (N). All 
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tests reported in this study were conducted in standard lab atmosphere (20±2 0C and 65±2 % 

relative humidity). 

 

6.4.2 Data Analysis  

Friction measurements from FTT were obtained as COF. The COFs of the five specimens were 

averaged to calculate the mean COF of the respective fabrics. Friction measurements from the 

Instron device and the custom-built friction device (CBFD) were obtained as friction forces (N) as 

depicted in Fig. 6.28, and Tables 6.7 and 6.8. From the friction forces obtained from the CBFD as 

in Fig. 6.28, it was observed that the friction forces under 2 kPa pressure were relatively flat while 

the forces tended to increase under 4 kPa pressure. The relatively small area of the adjustable 

platform, specifically the length of the sliding distance (20cm × 20cm) utilized in this study 

allowed the friction measurement for a relatively short period of time. Replacing this platform with 

a bigger area, specifically, with a longer sliding distance (length in the horizontal direction), may 

provide more information of the time dependent friction forces on the CBFD. However, as it 

related to the repeatability analysis of the device, it was observed that the specimens of each fabric 

exhibited the same trend in respective pressure conditions.   
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Fig. 6.28. Friction forces of the fabrics (raw data) measured from Instron and Custom-Built Friction 

Device (CBFD). 
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Table 6.7. Friction Forces (N) of the fabrics and the respective specimens obtained from the Instron 

friction device.  

Instron (Friction Forces, N) 

 P40L P40H 

 Mean* (N) SD COV Mean SD COV 

Specimen 1 0.54 0.02 0.03 0.60 0.02 0.04 

Specimen 2 0.53 0.04 0.07 0.69 0.04 0.06 

Specimen 3 0.52 0.02 0.04 0.61 0.02 0.03 

Specimen 4 0.52 0.01 0.03 0.57 0.02 0.04 

Specimen 5 0.55 0.02 0.03 0.59 0.02 0.03 

Mean** (N) 0.53   0.61   

S.D. 0.01   0.05   

COV 0.02   0.08   

Mean* for each specimen and Mean** for each fabric (averaging the mean* of the five specimens of the 

respective fabrics). 

 

Table 6.8. Friction Forces (N) of the fabrics and the respective specimens obtained from the 

Custom-Built Friction Device.  

Custom-Built Friction Device (Friction Forces, N) 

2 kPa 4 kPa 

 P40L P40H P40L P40H 

 Mean* SD COV Mean SD COV Mean SD COV Mean SD COV 

Specimen 1 0.08 0.01 0.11 0.10 0.01 0.08 0.11 0.02 0.14 0.17 0.02 0.11 

Specimen 2 0.07 0.01 0.10 0.09 0.01 0.09 0.10 0.02 0.17 0.16 0.01 0.09 

Specimen 3 0.08 0.01 0.09 0.11 0.01 0.08 0.11 0.02 0.17 0.18 0.02 0.10 

Specimen 4 0.08 0.01 0.10 0.09 0.01 0.10 0.13 0.02 0.15 0.16 0.02 0.13 

Specimen 5 0.07 0.01 0.09 0.10 0.01 0.07 0.11 0.01 0.10 0.17 0.02 0.10 

Mean** 0.08   0.10   0.11   0.17   

S.D. 0.01   0.01   0.01   0.01   

COV 0.07   0.09   0.10   0.05   

Mean* for each specimen and Mean** for each fabric (averaging the mean* of the five specimens 

of the respective fabrics). 
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To fairly compare the friction measurements obtained from the three devices (similar to FTT), the 

COF was calculated using the friction forces obtained from the Instron and the custom-built 

friction devices as well following the steps below. 

The friction forces were averaged to calculate the mean friction force for each specimen of the 

respective fabrics (Tables 6.7 and 6.8). The mean friction forces of each specimen of the respective 

fabrics were then divided by the respective normal forces (Instron: 41.29 N, and Custom-built 

friction device: 2.04 N and 3.71 N normal forces) to calculate the coefficient of friction (COF) of 

each specimen. To maintain consistency in data analysis (similar to FTT measurements), the COFs 

of the five specimens were averaged and the mean COF were obtained for each fabric. The 

standard deviation (SD) and the coefficient of variation (COV) were also calculated. Statistical 

analysis was conducted in JMP (One way ANOVA, Fit Model Analysis, t-test at 95% confidence 

interval and for α = 0.05) and in Excel. Results have been discussed in Section 6.5 below.  

 

6.5 Results and Discussions 

6.5.1 Comparisons between Friction Devices  

The COF of the P40L and P40H fabrics obtained from the three devices were compared as depicted 

in Fig. 6.29. A two-sample t-test at 95% confidence interval and for α = 0.05 showed that regardless 

of the fabrics, COF of the fabrics significantly varied with the three different friction devices (R2 

= 0.99, P- value < 0.001). FTT exhibited the highest COF while Instron exhibited the lowest COF 

of the fabrics. In addition, the COFs obtained from the Custom-built friction device under 2 kPa 

and 4 kPa apparent contact pressure conditions were not statistically different (R2 = 0.99, P- value 

= 0.35). 
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Fig. 6.29. The coefficient of friction (COF) of the fabrics obtained from FTT, Instron and the Custom-

built friction device (CBFD). 

 

The differences in the COFs from the devices were probably due to the varying friction measuring 

surfaces (FTT: grooved surface, 3.5cm × 2.5cm; Instron: smooth surface, 6.35cm × 6.35cm, and 

Custom-built friction device: smooth surface, 3cm × 3cm) along with the varying pressures applied 

on the fabrics (FTT: 1.57 kPa, Instron: 10.24 kPa, and Custom-built friction device: 2.27 and 4.12 

kPa). FTT is designed to mimic the behavior of index finger [6, 17] and evaluate the hand feel 

properties of the fabrics through its grooved surfaces. Despite of the lower pressure utilized on the 

FTT, the COFs of the fabrics obtained from the FTT were the highest. The higher friction in FTT 

could be attributed to the grooved surface of its friction plate. Das et al. [19] reported a higher 

friction in a textured rough glass surface than a smooth glass surface. Lanjun [2] also reported a 

higher friction force in a textured Vitro-skin® compared to a relatively smooth stainless steel 

surface. Therefore, the textured surface may increase the friction compared to a smooth surface.. 

Both Instron (ASTM D1894 standard) and Custom-built friction device involved a relatively larger 

geometric contact area (6.35cm × 6.35cm, and 3cm × 3cm respectively) of smooth surfaces. Fig. 



  

112 

 

6.29 clearly showed that fabric COFs were higher when measured from the Custom-built friction 

device than those measured from Instron. These findings suggest that fabric frictional properties 

may vary with the friction measurement devices and the associated test methods [1, 8]. Ajayi and 

Elder [8] also reported that yarn friction measured on a cylindrical surface (capstan method) varied 

with what was measured on a flat surface, and the friction was significantly higher in contact with 

the cylindrical surface. [1] To control the effect of smoothness or roughness of the friction 

measuring surfaces, friction measurements from the smooth surfaces (Instron and CBFD) were 

further analyzed. Friction forces obtained from Instron and Custom-built friction device were 

normalized by the respective apparent contact area to understand how friction would vary per unit 

apparent contact area for the given apparent contact pressures (Fig. 6.30). 

 

 

Fig. 6.30. The friction force of the fabrics normalized by apparent contact area obtained from the Instron 

device and the Custom-built friction device (CBFD). 

 

It was observed that with varying apparent contact pressures in Instron and Custom-built friction 

devices, the friction force per unit apparent contact area varied with the fabrics examined (P- value 
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< 0.001). As the ASTM D1894: Option C friction test standard associated with the Instron device 

involved the use of a metal sled of a certain dimension (6.35cm × 6.35cm) and weight (206 g) 

resulting in a fixed apparent contact area and pressure, the effect of pressure could not be analyzed 

for the investigated fabrics. However, for the same apparent contact area and pressure employed 

on the Instron device, the two fabrics exhibited significantly different friction forces (P- value < 

0.001). In addition, results from the Custom-built friction device showed that with an increase in 

the apparent contact pressure from 2 kPa to 4 kPa, the friction forces per unit area increased (29% 

for P40L and 50% for P40H). These findings were consistent with the observations previously 

reported in the literature [1, 9-13].  With increased pressure, fabrics were compressed which 

probably increased the adhesion and therefore resulted in a higher friction forces. [2, 10-11, 18] 

According to adhesion-friction theory [1] (𝐹 = 𝑆𝐴, where 𝐹 is the friction force, 𝐴 is the real 

contact area, and 𝑆 is the bulk specific shear strength of the material) depicted in Equation 2 in 

Chapter 2 Section 2.3.1, the friction force divided by the real contact area would lead to the specific 

shear strength of the contact points of the material during the friction interaction. Therefore the 

friction force normalized by the apparent contact area (as in Fig. 6.30) represented the shear 

strength of the fabrics in regard to respective friction conditions. Hence, these varying frictional 

properties of the fabrics (Fig. 6.30) with varying apparent contact pressures suggest that friction 

may be more related to the material property and may vary with the materials being tested as well 

as with the test conditions as also reported by Gupta [1] and El Mogahzy [20].  

 

6.5.2 Reliability of the Measurements from Custom-Built Friction Device   

In this study, the coefficient of variation (COV) of the friction measurements (COF) of the fabrics 

were calculated by dividing the standard deviation with the mean COF of the respective fabrics 
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and has been displayed in Table 6.9 below. The objective was to analyze the repeatability of the 

measurements obtained from the Custom-built friction device utilized in this study. The lower the 

COV (preferably ≤ 0.10) values, the higher precise the measurements/estimation is. Based on the 

results, it was evident that for either P40L or P40H, the friction measurements of the five 

specimens resulted in the COVs within the reliable range (0.05 ~ 0.10). Therefore, alike FTT and 

Instron, the Custom-built friction device can reliably be used for the friction measurements of the 

fabrics.  

 

Table 6.9: The coefficient of variation (COV) of the friction measurements (coefficient of friction, 

COF) of fabrics obtained from FTT, Instron and Custom-built friction devices. 

Fabrics Repeatability 

Analysis 

FTT Instron Custom-built Friction 

Device (2 kPa) 

Custom-built Friction 

Device (4 kPa) 

P40L COV 0.06 0.02 0.07 0.10 

P40H COV 0.03 0.08 0.09 0.05 

 

6.5.3 Comparison between Fabrics  

The COF values as depicted in Fig. 6.29 showed that regardless of the friction devices, there was 

no statistically significant difference (two-factor t-test at 95% confidence interval: P- value > 0.05) 

between the COFs of P40L and P40H fabrics. For both P40L and P40H, the COFs obtained from 

the Custom-built friction device were also the same when compared between 2 kPa and 4 kPa 

pressures (P- value > 0.05). Therefore, the COF values did not reflect any difference of the 

frictional behavior of the investigated fabrics in this study. However, the friction forces of the 

fabrics normalized by the apparent contact area as depicted in Fig. 6.30 showed that P40H 

exhibited higher friction force than P40L (increased by a factor of: 1.15 in Instron, 1.29 for 2kPa 

and 1.50 for 4 kPa in Custom-built friction device respectively). P40H contained more warp and 
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weft yarns (thread density in Table 6.6) which possibly created larger adhesion and contact area 

with the metals at the micro-scale, and therefore, resulted in greater frictions. Ajayi [14] reported 

that an increase in the number of weft yarns in the fabrics increased the frictional properties of 

woven fabrics. [1, 14] From the real contact area analysis reported in Chapter 5, it was also 

observed that, the higher thread density of P40H resulted in a higher fiber area % (real contact 

area) at the fabric surface than P40L (Fig 6.31).  However, the real contact analysis reported in 

Chapter 5 did not involve any metal or object in contact with the investigated fabrics. In contact 

with metal sled (utilized in Instron or Custom-built friction device), how the fibers on the fabric 

surface would reorient and contribute to the real contact area, are yet unknown and needs further 

investigations. 

 

 

 Fig. 6.31. Comparison of the real contact area at the fabric surface between P40L and P40H. 

 

Based on the discussion above, it became apparent that fabric frictional properties may vary with 

the friction measurement devices and the associated test methods. FTT is designed to mimic the 

behavior of index finger and provide the hand-feel properties of the fabrics [6, 17]. As discussed 

in Chapter 2, fabric frictional properties were reported to vary with the anatomical locations of the 

Contact area at 

fabric surface  
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investigated subjects [15-16]. For example, Ramalho et al. [15] reported that fabric friction 

measured in the palm of hand was higher than in the forearm. Therefore the use of FTT may 

provide the fabric friction mimicking the behavior of index finger but may limit an in-depth 

understanding of the skin-fabric friction for the most body parts. Friction measurements from both 

Instron and Custom-built friction device showed that P40H exhibited higher friction forces 

because of its higher thread density than P40L. Instron (ASTM D1894 standard) is designed to 

evaluate the frictional properties of plastic sheets, films or papers [7] Although Instron provided 

an understanding of how fabric thread density influenced the frictional properties of the fabrics, 

the test standard (as followed in this study) cannot quantify the skin response to friction which is 

one of the main objectives of this study to understand. Hence, the friction measurements from the 

Custom-built friction device were compared with the other two friction devices. The friction 

measurements were found repeatable, and therefore reliable. This Custom-built set up was also 

capable of applying varying pressure on the fabrics (as discussed in this study) as well as allowed 

the flexibility of investigating fabric frictional properties in-vivo [2, 5]. Therefore, the reported 

Custom-built friction device can reliably be used for further investigation of the skin-fabric friction 

under varying conditions to answer the research question 4 of this study, and reported in Chapter 

7.    

 

6.6 Conclusion  

In this study, frictional properties of two plain woven fabrics (with two different fabric thread 

density and made from 100% cotton ring-spun yarns of 40 Ne linear density) were investigated on 

the FTT, Instron and a Custom-built friction device. It was observed that the frictional properties 

of the fabrics significantly varied with the friction devices. In addition, the high thread density 
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fabric exhibited higher friction than the low density fabric investigated in this study. The friction 

measurements of the fabrics obtained from the Custom-built friction device were compared with 

those obtained from both FTT and Instron, and were found reliable based on the coefficient of 

variation analysis. The test methods associated with FTT and Instron devices have limitations in 

measuring fabric-friction under varying apparent contact area and pressure conditions as well as 

in contact with skin (in-vivo and in-vitro). The Custom-built set up allows the flexibility of 

investigating fabric frictional properties not only under varying apparent contact pressures but also 

in-vivo and in-vitro. Therefore, the reported Custom-built friction device can reliably be used for 

further investigation of the skin-fabric friction under varying conditions. 
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CHAPTER 7: AN IN-VITRO FRICTION TEST METHOD TO INVESTIGATE THE 

EFFECTS OF FABRIC STRUCTURES ON SKIN FRICTION 

7.1 Abstract 

Frictional properties of textiles have gained significant attention over the years as relate to comfort 

evaluation and injury prevention in diverse application areas, specifically in healthcare textiles. A 

promising in-vitro friction test method utilizing Syntissue® adult skin model has been reported in 

this study. The main objective of this study was to understand the effects of woven fabric structural 

parameters on skin friction at varying physical, mechanical and micro-climatic conditions. Plain 

and Satin woven fabrics with different thread densities were studied. All fabrics were made from 

100% cotton ring-spun yarns of 40 and 60 Ne linear densities. Friction analysis in this study 

involved metal-fabric and skin-fabric friction tests. A custom-built Sled method was used to 

investigate fabric frictions under varying physical (friction interface: metal-fabric and skin-fabric), 

mechanical (contact pressure: 2 and 4 kPa) and micro-climatic (dry and wet skin) conditions, and 

results were compared. Results showed that regardless of the fabrics, skin-fabric friction was 

significantly higher than metal-fabric friction (P- value < 0.001), and skin as a counter material 

resulted in a highly inconsistent stick-slip friction. Skin-fabric friction also increased with an 

increase in the apparent contact pressure which decreased the differences between the fabrics by 

approximately 9%. For the same weave design, high thread density fabrics and the fabrics made 

from the 60 Ne yarns exhibited higher friction forces in both dry and wet conditions. The liquid 

transfer properties of the fabrics were also evaluated and related with the skin-fabric friction in 

wet condition. It was observed that fabrics with better liquid transfer properties resulted in a lower 

friction forces in wet tests. All these findings should assist scientists and engineers to investigate 

the real-time skin-fabric friction using the in-vitro method reported in this work, and design woven 
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fabrics to optimize frictional properties under varying conditions depending on applications and 

end-uses.              

 

7.2 Introduction 

Frictional interaction between skin and textiles may have a direct impact on skin health and 

wellness, sleep, as well as wearer’s comfort and performance. [1-16] Excessive and repetitive 

friction from textiles can impair the skin-barrier function, and make the skin compliant and 

vulnerable. [1-12, 16] Presence of skin moisture (in the form of sweat), pressure and shear have 

been reported to add more complication during friction interaction and impose threats of severe 

skin injuries. Skin-textile friction was reported to be influenced by skin moisture the most. [2, 4-

6, 12-14, 17-22] Presence of moisture in the form of sweat can facilitate the formation of the 

capillary bridges on the interface, which increase the adhesion force. [23-25]. Fabric in contact 

with wet skin, may absorb the skin moisture, increasing its weight and resulting in sensorial 

discomfort and a sticky feel. [1, 12, 16, 18, 27] Increased skin hydration also softens and plasticizes 

the skin, and decreases its elastic modulus [16-17, 23-32]. Such changes in the skin mechanical 

properties can make it more compliant with higher deformation and slower recovery, and therefore, 

lead to initial sensorial discomfort and even injuries. [16, 19, 23-26, 28-32]  

 

Friction force and the number of rubs or repetition significantly influence the occurrence of skin 

damage and injury development. [26, 33] Friction force determines the amount of work applied to 

the skin and the work the epidermis can withstand. [26, 33] Due to excessive and repetitive friction, 

skin redness and irritation appears initially, and in extreme cases, tissue deforms and develops 

injuries such as friction blisters and decubitus ulcers (also known as pressure ulcers or bed sores), 
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failure of skin graft surgery and even more unwanted problems. [1-9, 12-16, 18, 34-36] These 

injuries have been frequently reported in diversified application areas including healthcare and 

medical textiles, sports apparel, military apparel as well as firefighter’s protective clothing. [1-4, 

6, 8-9, 15-16, 18, 34-36] Most studies of skin-textile friction as it relates to decubitus, emphasized 

the effects of environmental conditions such as temperature, relative humidity and skin hydration 

as well as anatomical location, age and gender of the investigated human subjects. [2, 4-6, 12-14, 

16-22, 37] Literature reveals that the skin on the bony prominences such as shoulder blades, sacral 

region or lower back are more prone to developing ulcers. [6, 15-16] Friction and shearing during 

relocation or transfer of an immobile person/patient can lead to skin and tissue deformations, cause 

strains, and suppress blood circulation by twisting and deforming dermal blood vessels. [6, 8-12, 

15-16, 18, 34-36] Rotaru et al. [2] suggested that the contact pressure between a bed sheet and the 

skin of a supine person can locally exceed the capillary closure pressure of 4.3 kPa which can 

cause ischemia (an inadequate blood supply to an organ or part of the body) if experienced for a 

prolonged period of time. This can compromise the supply of oxygen and other nutrients to the 

respective skin-tissue, and make it prone to developing injuries. Under such conditions, high 

friction from textiles may aggravate tissue damage [2, 16], and lead to skin injuries. [4, 6, 16, 22] 

A healthy person is able to sense excessive stresses and react by changing the lying position to 

shorten the exposure time and avoid the tissue damage or development of the skin injury. However, 

immobile, bedridden and paraplegic patients may be insensitive and unable to change their 

position, and are at high risk developing ulcers. [2, 94-97]  

 

Some studies [1-2, 6-8, 16, 38] have suggested that by means of appropriate hospital textiles, the 

risk of developing decubitus ulcers can be reduced. As the friction between skin and textiles 
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increases with interfacial moisture [2, 4-6, 12-14, 17-22], a dry and clean skin-textile interface 

may indirectly contribute to lower friction and improved comfort [2, 72]  This is why the frictional 

properties of the bedding materials in contact with the skin become critical in understanding the 

formation and the prevention of the ulcers. [1-2, 4, 6-8, 16, 38] An in-depth understanding of the 

skin-textile friction and how the structural parameters of the textiles associated with fibers, yarns 

and fabrics influence the skin-textile interface and the friction in varying conditions, can provide 

valuable insights on how to engineer and design textiles to lower the friction force and protect the 

skin from injuries. [16, 39]  

 

The biomechanical properties of human skin such as viscoelasticity of the epidermis and dermis 

is critical to its protective function from the loss of the skin integrity that occurs with movement, 

stretching, and application of force. [42-45] Elasticity of a substance is a physical property which 

enables it to change its length, volume, or shape in response to a force, followed by recovery 

toward its original form upon the removal of the force. Similarly, skin elasticity enables it to 

change and recover shape when stretched and deformed. [42, 44-45] Skin viscoelasticity 

incorporates the water content of the skin and adds the principle of viscosity (resistance to flow 

when a shearing force or stress is applied to a fluid). Thus the viscoelastic properties of the human 

skin allow for additional movement or displacement from its original position, returning back to 

the original position without breaking, and protect the skin. [42, 44-45] Human skin has discrete 

multiple layers (such as epidermis and dermis) with intricate surface topography consisting of 

wrinkles, lines or hair folicles [26, 40-41, 101] which may vary with changing anatomical 

locations, ageing as well as skin health and many other factors [16, 28, 49-67, 98-101], and 

influence the frictional resistance. Therefore, in the development of healthcare textiles that directly 
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contact skin, the surface features and mechanical properties of the skin can be critical factors for 

the product functionality, performance and comfort in use. [26, 46] However, the inconsistent 

performance of the human skin, as it depends on the physiological condition as a living material, 

makes the friction analysis challenging and poorly reproducible. [16, 26, 68] The conventional 

friction testing methods such as KAWABATA Evaluation System (KES), Fabric Touch Tester 

(FTT; SDL Atlas) and Instron (ASTM D1894 standard) utilize metal probe (stainless steel or 

aluminum) for measurement of fabric frictional properties, and are widely used in textile 

industries. [26, 47-48] Most of these test methods are designed to obtain fabric-fabric or fabric-

metal friction [48] while Instron (ASTM D1894 standard) is designed to evaluate the frictional 

properties of plastic sheets, films or papers [47]. Therefore arises questions how applicable the 

fabric-fabric or metal-fabric friction is to skin-fabric friction which needs further investigations. 

Lanjun [26] investigated the frictional properties of nonwoven fabrics in contact with a smooth 

metal as well as a Vitro-skin® and compared. The nonwoven fabrics were reported to exhibit higher 

friction forces in contact with the Vitro-skin® than with the smooth metal surface. It was suggested 

that the surface texture of the Vitro-skin® probably led to the higher friction forces than the smooth 

metal. Das et al. [83] also reported that a textured rough glass surface resulted in a higher skin 

friction than a smooth glass surface. Therefore, the surface property of the counter materials play 

a key role in frictional properties of fabrics, and skin-simulant has been suggested to replace the 

metals for a better understanding of skin-fabric friction. [26, 68-70] 

 

Literature reveals use of different skin surrogates or simulants commercially available to ease the 

analysis while each were designed with specific purposes and characteristics in mind. Examples 

include: BiobraneTM, AlloDermTM, Laser-SkinTM, IntegraTM, TissueFoilTM, MatriDermTM, 
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EpidexTM, ApliGraftTM, Comp Cult SkinTM, DermaGraftTM, EpiCellTM, TransCyteTM, OrCel®, 

Hyalomatrix®, EpiDermTM, EpiSkinTM, Cultured Epidermal Auto-graft (CEA), Cultured Skin 

Substitutes (CSS). [68, 71] The majority of these were designed to imitate the biological or 

histological properties of skin, and used for testing cosmetic products or for the treatment of skin 

wounds or burns. However, the mechanical properties and textural similarities were not always 

taken into consideration. [68] Among synthetic mechanical skin substitutes, silicone elastomers 

and polyurethanes are the most commonly employed materials (example: Lorica®, Silicone Skin 

L7350) and often used to simulate the frictional behavior of human skin under dry conditions. 

Lorica® has been widely used in understanding of skin-textile friction in the studies of decubitus 

ulcers. [6, 68] However, these skin substitutes cannot simulate the behavior of moist human skin 

because of their hydrophobic properties and may impact the friction. Whereas, human skin absorbs 

moisture and its friction increases with moisture content until saturated. [6, 68, 72] SynTissue® 

skin models (Syndaver, USA) are porous, realistically textured on the surface, smooth on the 

subcutaneous side, and mimic the dry and moist skin. [68, 73, 102-105] This tissue employs 

multiple discrete layers with a natural wear layer at the surface [102-104], and is a simulant for 

most skin on the human body (face, forearm, groin, abdomen and lower back etc.) as designed 

primarily for medical device design verification and validation testing. SynTissue® skin models 

are commercially available and composed of salt, water and fiber. The materials are designed to 

simulate actual living tissue during different physical tests [104]: exhibits approximately 2 N in 

penetration test which mimic for most skin on the human body (face, forearm, groin etc.). [104] 

Most of the SynTissue® skin simulants are also durable and reusable. [73, 102-105] The proven 

physical (textured surface and anatomically correct layers of skin [102]: Epidermis and dermis: 1 

mm, fat tissue: 5 mm, and muscle tissue: 5 mm) [102-104] and mechanical properties of 
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SynTissue® in medical applications [102-105], and its wide availability make it a promising tool 

to reliably use it in the test method proposed in this study for an understanding of skin-fabric 

interaction at varying conditions.  

 

In the work presented in this report, an in-vitro friction test was conducted to investigate the effects 

of woven fabric structural parameters on skin friction in varying mechanical (apparent contact 

pressure: 2 kPa and 4 kPa) and climatic conditions (skin-fabric interface: dry and wet). How the 

structural parameters of the woven fabrics, including the weave design (plain and satin weave), 

fabric thread density (number of warp and weft yarns in a unit area of a fabric), and the linear 

density of the constituent yarns (40 Ne and 60 Ne), influence the fabric properties as well as skin 

friction under the specified test conditions, were investigated in this study. The objective was to 

provide an understanding of the structural impacts of woven fabric parameters on skin friction 

under the specified conditions, and how to engineer the fabric structures to lower the friction and 

minimize the risk of skin injuries. The liquid transfer properties of the fabrics were also 

investigated to understand how these relate with the skin-fabric friction in wet conditions. In 

addition, skin-fabric friction was compared with metal-fabric friction under a constant test 

conditions (dry, 2 kPa pressure) to understand how fabric frictional properties change with the 

change of the counter material.  

 

7.3 Materials  

The fabrics reported in the previous work in Chapter 5 Section 5.3 were used and investigated for 

the friction analysis. The investigated fabrics comprised of eight woven fabrics: four 1×1 plain and 

four 5-H satin woven fabrics with two different densities (low and high), made of 100% cotton 
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ring-spun yarns with two linear densities or count (40 and 60 Ne). The fabrics were referred to as 

P40L, P40H, P60L, P60H, S40L, S40H, S60L and S60H for an easy identification throughout the 

report. In the four-digit fabric codes, the first letter indicated the weave design (P = plain and S = 

satin), the middle two-digit numbers indicated yarn count or linear density (40 for 40 Ne and 60 

for 60 Ne), and the fourth letter indicated the fabric density (L = low and H = high). For instance, 

P40L referred to low-density plain woven fabric made of 40 Ne yarn. Plain and satin designs were 

chosen because of their diverse applications in clothing and home furnishings both in regular and 

hospital uses as well as to investigate the effects of woven designs on skin-fabric friction. The 

cotton fiber was selected for all fabrics to control the impact of fiber properties (fiber type, shape, 

density, moisture regain, uniformity and so forth) [16, 39] and also because of its strong prevalence 

in the literature and the textile market. [16, 39] Single-ply cotton yarns of 40 and 60 Ne were 

chosen to investigate the impact of yarn linear densities while all yarns were ring-spun to control 

the influence of spinning type. [39] 

 

To control the effect of variability of the skin surface and related properties, skin-simulant 

SynTissue® muscular tissue plate (Syndaver, USA) was utilized for the in-vitro friction analysis 

in this study which simulates living human tissue from most body parts. The tissue plate consisted 

of adult skin, subcutaneous fat and skeletal muscle with a muscle thickness of 3mm and skin 

toughness of 2N. [73] 

 

7.4 Methods  

All fabrics were scoured, bleached and washed following the AATCC M7 test standard (Standard 

laboratory practice for home laundering fabrics prior to flammability testing to differentiate 
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between durable and non-durable finishes) [74] as described in our previous work [39] in Chapter 

5 Section 5.4.1. Fabrics were then ironed to remove any wrinkle or crease, and conditioned for at 

least 24 h at a 20±2 0C and 65±2 % relative humidity to equilibrate in the standard lab environment. 

 

7.4.1 Fabric Characterizations 

All fabrics were characterized in order to obtain the structural data as reported in Chapter 5, are 

also displayed in Table 7.10 below. 

 

Table 7.10: Fabric characterization data (mean ± std. dev.). [39] 

Fabric 

Code 

Yarn twist 

(TPI) 

Twist 

multiplier, 

𝑇𝑀 =
𝑇𝑃𝐼

√𝑁𝑒
 

Yarn crimp %  Fabric thread 

density 

Basis 

weight 

(gsm)  

Fabric 

thickness 

(mm)  

Calculated 

Volumetric 

density 

(g/cm3) 

Standard 

Test 

Method 

ASTM 

D1422-

99(2008) 

N/A ASTM D3883 (option A) ASTM D3775 ASTM 

D3776 

ASTM 

D1777-

96(2002) 

option 1 (4.14 

± 0.21 KPa) 

N/A 

 

 

 Warp or 

Ends 

Weft or 

picks or 

filling 

Ends 

per 

Inch 

(EPI) 

Picks 

per 

Inch 

(PPI) 

   

P40L 28.15±1.57 4.45±0.25 11.00±0.03 10.50±0.03 151 84 128.63±0.64 0.26±0.00 0.49 

P40H 26.64±2.08 4.21±0.33 13.13±0.03 11.88±0.05 141 116 140.81±1.34 0.24±0.00 0.59 

P60L 35.22±2.03 4.55±0.23 15.25±0.05 7.50±0.05 156 100 99.01±1.75 0.20±0.00 0.50 

P60H 35.89±0.98 4.63±0.13 4.00±0.03 15.25±0.05 185 144 117.79±0.95 0.28±0.00 0.42 

S40L 28.10±0.84 4.44±0.13 13.00±0.04 6.88±0.03 144 78 129.16±0.46 0.42±0.00 0.31 

S40H 25.58±0.81 4.04±0.13 7.75±0.04 4.00±0.03 187 74 147.88±0.30 0.34±0.00 0.43 

S60L 29.16±1.92 3.76±0.25 5.88±0.03 3.00±0.03 220 96 109.64±0.74 0.24±0.00 0.46 

S60H 36.51±2.10 4.71±0.27 13.00±0.03 4.75±0.03 219 132 128.47±0.50 0.28±0.00 0.46 

 

7.4.2 Liquid Transport Properties of Fabrics 

Fabrics are porous materials with complex surface structures that can absorb, transfer or repel a 

liquid. [75-79] The spontaneous spreading of a liquid into textile structures is termed wicking [75-

76, 78-81] and is influenced by the structural parameters of the fabrics as well as surface finishes, 
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porosity and the liquid properties [78-79]. The ability of a fabric to absorb and wick the skin-sweat 

into the fabric structure may also influence the micro-climate at the skin-fabric interface, and the 

resultant friction. Hence the liquid transfer properties of the fabrics were evaluated to understand 

how these relate with the skin-fabric friction in wet condition. The liquid transfer properties were 

obtained from a moisture management tester (MMT; SDL Atlas; AATCC 195: Test method for 

liquid moisture management properties of textile fabrics) [82]. The results were displayed in Table 

7.11. The accumulative one way transport capability, R (%) was the difference of the accumulative 

moisture content between technical face and back. The overall moisture management capacity, 

OMMC, was an index to measure the overall capability of the fabric to manage the transport of 

liquid moisture. A higher value of either R% or OMMC indicated a greater capability to effectively 

transport liquids within the fabric structure. However, it was challenging to differentiate the liquid 

transfer properties of the fabrics from the OMMC values since the values were not significantly 

different. In contrary, the values in R% clearly depicted the differences in the ability of the fabrics 

to effectively transport liquids within the structure, and therefore, were used for further 

investigation of skin-fabric friction in wet conditions.    

 

Table 7.11: Liquid transfer properties of the investigated fabrics (mean ± std. dev.). 

Fabric Code Accumulative one way transport 

capability, R (%) 

Overall moisture management 

capacity, OMMC 

P40L 100 ± 34 0.5 ± 0.0 

P40H 55 ± 25 0.5 ± 0.0 

P60L 257 ± 69 0.7 ± 0.1 

P60H 89 ± 36 0.5 ± 0.0 

S40L 103 ± 21 0.5 ± 0.0 

S40H 282 ± 55 0.6 ± 0.1 

S60L 531 ± 62 0.7 ± 0.1 

S60H 135 ± 30 0.6 ± 0.0 
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7.4.3 Friction Measurements  

For the in-vitro friction tests, a previously developed friction measurement test setup [25] was used 

(as reported in Chapter 6 section 6.4.1), and the friction behavior of woven textiles in contact with 

skin-simulant was investigated. The device consisted of two main components including a 

motorized test stand (eTrack X linear stage with the NSC A2L two-axis stepper motor controller 

from Newmark Systems Inc., USA) to control horizontal movement, and a force sensor with a 

digital force gauge (Omega Engineering Inc., USA) mounted on the linear stage to record the 

friction force during sliding.  

 

 

Fig. 7.32. In-vitro friction measurement device and experimental set-up. 

   

A polypropylene plastic cube of 3cm × 3cm (apparent contact area) was connected to the force 

sensor and entirely covered with the investigated fabrics. The SynTissue® skin simulant was placed 

on an adjustable platform to allow the fabrics contact the skin. Fig. 7.32 depicts the experimental 

set up for the in-vitro friction test.  
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The fabric slid a 7 cm distance on the skin surface with an average velocity of (7.4 ± 0.0) mm/s 

while the resolution of the acquired friction force was 0.01 N with a sampling rate of 10 Hz. A 

pressure of 2.27 ± 0.21 kPa (normal force: 2.04 ± 0.19 N) and 4.12 ± 0.02 kPa (normal force: 3.71 

± 0.02 N) were applied on the tested skin and measured by the capacitive force sensor (8mm in 

diameter, SingleTact, USA). The pressure values were chosen to simulate the contact conditions 

which were suggested to impact the dermal blood circulation by closing the dermal blood vessels 

[2], and lead to the development of the skin injuries. The friction test was conducted both in dry 

and wet conditions. For tests in wet condition, 100 ± 0.02 µl of deionized water (5 droplets) was 

distributed by means of a Gilson pipette (capacity 0-200 µl) over the contact region between the 

skin model and the fabric samples within the sliding distance. This amount of interfacial water 

(100 µl) has been reported to simulate physiological conditions typical for abundant sweating 

during 4-8 h of sleep in bedridden patients. [2] It was ensured that water drops were placed onto 

the skin from approximately 1 cm distance to avoid any impact velocity of the droplet and maintain 

consistency throughout the experiments. [78-79] Friction force (N) was investigated for fabric 

warp direction for all eight fabrics in skin-simulant contact both at different pressures (2 and 4 

kPa) and test conditions (dry and wet). The process was repeated at least five times for each fabric 

in respective conditions. The samples of the skin model were replaced after each test.  

 

In addition, metal-fabric friction (with the plastic cube) was measured in dry condition at 2 kPa 

pressure following the same procedure described above, and compared with those obtained from 

the skin-fabric friction in respective conditions. All tests reported in this study were conducted in 

standard lab atmosphere (20±2 0C and 65±2 % relative humidity). 
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7.5 Results and Discussions  

All friction measurements were recorded as friction force (N). One typical example of the trend of 

the friction forces over time has been displayed in Fig. 7.33 for fabric P40H. The friction forces 

(N) of the five specimens were averaged to obtain the mean friction force (N) for each fabric in 

respective test conditions. Statistical analysis were conducted in JMP (ANOVA, Fit Model 

Analysis, t-test at 95% confidence interval and for α = 0.05) and in Excel. The mean friction forces 

with standard deviation were reported and compared for fabrics under the varying conditions 

specified in Section 7.4.3. The coefficient of variation (COV) was also calculated by dividing the 

standard deviation with the mean friction values. The findings are discussed in the subsections 

below.   

 

  

Fig. 7.33. Example of the trend of the mean friction force for P40L fabric with metal: 2 kPa apparent 

contact pressure (left image) and skin-simulant: 2 kPa and 4 kPa apparent contact pressure (right image) 

under dry condition. 
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7.5.1 Skin-Fabric VS Metal-Fabric Friction 

Under a constant test condition (dry and 2 kPa apparent contact pressure), fabric-skin (simulant) 

exhibited a significantly greater resistance to friction (N) than fabric-metal friction (R2 = 0.77, P- 

value < 0.001). For example, Fig. 7.34 depicts the friction forces obtained from metal-fabric and 

skin-fabric friction investigated in dry condition at 2 kPa pressure. Results showed that fabric 

friction significantly increased by a factor of 3 ~ 14 when the contact surface changed from metal 

to skin simulant. Fiber and skin are viscoelastic [42, 44-45] in nature while metal deforms 

plastically. [38] The overall friction force between the two visco-elastic materials could be 

composed of two terms [38, 90]: (1) the ploughing term related to the height of surface asperities, 

and (2) the adhesion term related to the true area of contact. [90] When applied 2 kPa apparent 

contact pressure (normal force 2 N), both the skin and fabric were compressed and deformed while 

metal remain unchanged (Fig. 7.35). [26, 50, 70, 86] The deformation of both the skin simulant 

and the fabric probably increased the adhesion and the real contact area than metal. In addition, it 

has been reported that smooth metal surface reduces the variation of fabric surfaces upon 

compression [26, 50, 70, 86]. In contrast due to the ploughing interaction, the skin and the surface 

asperities of fabric can be embedded into each other and higher amplitude of asperities can increase 

the friction force. [26, 107] This might have led to the higher mean friction forces during the skin-

fabric friction reported in this study. Das et al. [83] also reported a higher friction in a textured 

rough glass surface than a smooth glass surface. Lanjun [26] reported a higher friction force in a 

Vitro-skin® compared to a relatively smooth stainless steel surface. Therefore, the textured skin 

may increase the friction force compared to a metal surface, and human skin may experience a 

higher friction force than what is measured from metal-fabric friction. 
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Fig. 7.34. Effects of material in contact: fabric-skin simulant vs fabric-metal friction at 2 kPa pressure 

tested in dry condition. 

 

Fabrics were comparatively more distinguishable from the skin-fabric friction (0.30 ~ 0.78 N, ratio 

of the highest to lowest: 2.6) than from the metal-fabric friction (0.05 ~ 0.12 N, ratio of the highest 

to lowest: 2.4) (Fig. 7.34) although the difference in the ratio was relatively small. As the adhesion 

friction is more related to the surface properties [26], the textured skin surface and the mechanical 

interlock of the surface asperities of the skin and the fabrics probably led to the higher friction 

forces. [12, 26, 50, 84-87] Under the loaded condition, the unchanged metal surface compressed 

the fibers, and flattened and smoothened the fabric surface (Fig. 7.35). This probably reduced the 

difference in the surface asperities of the fabrics. In contrast, both the skin and the fabric surfaces 

compressed and deformed leading to a higher adhesion. [12, 26, 50, 84-87] The additional 

component on the skin-fabric friction might be the surface asperities of the two materials which 

interlocked and embedded (Fig. 7.35) into each other [12, 26, 50, 84-87], and made the fabrics 

comparatively more distinguishable than metal.   
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Fig. 7.35. A schematic of metal-fabric and skin-fabric friction interface without and under load condition. 

 

The skin-fabric friction as in Fig. 7.34 also depicted the higher standard deviations in the friction 

forces. All the friction forces obtained from the five specimens of each fabric sample were 

averaged to obtain the mean friction force of the respective fabrics which resulted in the higher 

standard deviations (SD: 0.03 ~ 0.08). However, the COV were calculated and the values ranged 

between 0.07 ~ 0.14 indicating to reliable friction measurements (root mean square error: 0.11). 

The mean friction forces of P40L and P40H as a function of time have been depicted in Fig. 7.36. 

It clearly showed that the stick-slip was nearly consistent with a negligible variation throughout 

the metal-fabric friction test while the skin-fabric friction exhibited highly inconsistent stick-slip 

(amplitude of stick-slip friction, 𝐹𝑎 = 𝐹𝑠 − 𝐹𝑘 during each stick-slip period where 𝐹𝑠 is the static 

friction force defined as maximum force peak and 𝐹𝑘 is the kinetic friction force defined as the 

minimum force peak. 𝐹𝑆𝑂 is the static friction force, and corresponds to the first peak in the profile 

as demonstrated in Chapter 2 Section 2.3.4.). The findings are consistent with what has been 

previously reported that the deformable and textured human skin surface is more likely to exhibit 

stick-slip behavior in the dynamic contact with a counter surface [26, 46, 83, 86, 88].  
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Fig. 7.36. Mean friction forces as a function of time obtained from skin-fabric and metal-fabric friction 

for the fabrics P40L and P40H tested in dry condition at 2 kPa pressure. 

 

However, a nearly consistent stick-slip was reported by Lanjun [26] from an in-vitro skin friction 

analysis with nonwoven fabrics. The inconsistent stick-slip as observed in this study was probably 

due to the higher applied load (twice than the load [26] applied between the in-vitro skin and the 

nonwoven fabrics) which highly compressed and deformed the skin as demonstrated below in Fig. 

7.37. Regardless of the fabrics investigated during each skin-fabric test, it was observed that with 

increasing time, unlike metal, skin surface was pushed towards the end point of the sliding distance 

which created wavy wrinkles on the skin ( as illustrated in Fig. 7.37). These multiple wrinkles 

probably attributed to the inconsistent stick-slip during the skin-fabric friction (Figs. 7.34 and 

7.36), and the amplitude of the vibration, 𝐹𝑎, varied with the amplitude of the waviness of the 

wrinkles. Nachman and Franklin [68] conducted both in-vivo and in-vitro friction analysis in dry 

and wet conditions. The dynamic friction results also showed inconsistent stick-slip from in-vivo 

friction analysis while the vitro-skin exhibited a nearly consistent stick-slip friction. [68] This 
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suggests, Syntissue® utilized in this study was probably capable of reflecting the human skin 

friction which needs further in-vivo investigation under the specified test conditions. However, the 

qualitative analysis of the stick-slip friction (Fig. 7.37) might provide an understanding of why 

fabric resulted in a higher standard deviations in skin-contact (SD: 0.03 ~ 0.08). A quantitative 

analysis of the changes of the skin asperities under compression as well as of the amplitude of their 

waviness due to friction might provide valuable and in-depth insights.        

 

 

Fig. 7.37. A schematic of qualitative observation of the changes in skin topography due to compression 

and sliding motion investigated from skin-fabric friction: (a) before friction interaction and (b) during 

friction interaction. 

 

7.5.2 Effects of Woven Fabric Structural Parameters on Skin Friction  

7.5.2.1 Effects of Fabric Thread Density  

For the same weave structure comprising the same yarn count, high thread density fabrics exhibited 

significantly greater friction forces (P- value < 0.001) than the low density fabrics, except S40L 

which exhibited higher friction force than S40H (Fig. 7.38). For example, among the plain woven 

fabrics, P40H (2 kPa: 0.54 N, 4 kPa: 0.70 N) exhibited higher mean friction forces than P40L (2 

kPa: 0.30 N, 4 kPa: 0.58 N), and P60H (2 kPa: 0.65 N, 4 kPa: 0.75 N) exhibited higher friction 
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than P60L (2 kPa: 0.53 N, 4 kPa: 0.62 N). The same trend was observed in the satin fabrics, except 

the case for S40L (Fig. 7.38). 

 

 

Fig. 7.38. Effects of fabrics on the skin friction investigated at 2 kPa and 4 kPa pressures (dry condition). 

 

Under a constant test condition (dry condition, and 2 kPa or 4 kPa pressure), within the same 

apparent contact area between skin and fabrics, the highest thread density fabrics contained more 

warp and weft yarns (Table 7.10), which possibly created larger adhesion and contact area with 

the skin at the micro-scale, and therefore, resulted in greater friction forces. This observation was 

supported by the resultant higher contact area for the high density fabrics reported in Chapter 5 

section 5.2.2 (Fig. 5.26). For example, Fig. 7.39 shows the comparison of the real contact area of 

the low density and high density fabrics (from Chapter 5). Results showed that P40H, P60H and 

S60H exhibited higher fiber area % (real contact area) at the surface than P40L, P60L and S60L 

respectively (Fig. 7.39a-b,d).   
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Fig. 7.39. Comparison of the real contact area from the low and high thread density fabrics. 

 

However, among the fabrics investigated in this study for the skin-fabric friction, only S40L was 

an exception and exhibited higher mean friction force than the other satin fabrics. The real contact 

area analysis in Chapter 5 also upheld this observation. For example, Fig. 7.39c showed that S40L 

contained higher fiber area at the surface than S40H. However, among the all eight fabrics, only 

S40L was additionally dyed and mercerized. Ajayi and Elder [89] in their study of knit fabrics 

reported that mercerizing of the investigated fabrics consolidated and smoothened the fabric 

surfaces, and attributed to a larger contact area and frictional resistance. [16] Therefore, the higher 

friction forces of S40L (both at 2 and 4 kPa pressures) compared to the other fabrics (Fig. 7.38) 

was probably due to the additional dyeing and mercerizing finish treatments which might have 

impacted its surface morphology, and needs further investigation.   

Contact area at 

fabric surface  

 

a b 

c d 
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For a fair comparison and better understanding of the effects of fabric thread density, the other 

fabrics were further investigated and compared as depicted in Fig. 7.40. No strong positive 

correlation was observed between the fabric thread densities and the mean friction forces. This 

was probably because the weave design and the linear density of the constituent yarns were not 

controlled in this study to investigate the effect of the fabric thread density alone.  

 

  

Fig. 7.40. Effect of fabric thread density (EPI+PPI) on skin-fabric friction tested in dry condition at 2 and 

4 kPa pressures. 

 

7.5.2.2 Effects of Yarn Linear Density (or Count)  

For the plain weave at both 2 and 4 kPa pressures, the mean friction forces increased in the fabrics 

with an increase in yarn linear density of the constituent yarns from 40 Ne to 60 Ne (Fig. 7.38). 

For example, when compared between the low thread density fabrics, higher mean friction forces 

were observed in the fabric P60L (2 kPa: 0.53 N, and 4 kPa: 0.62 N) than P40L (2 kPa: 0.30 N, 

and 4 kPa: 0.58 N). The same trend was observed when compared between the high thread density 

fabrics P60H (2 kPa: 0.65 N, and 4 kPa: 0.75 N) and P40H (2 kPa: 0.54 N, and 4 kPa: 0.71 N). 
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The same trend was observed in the satin fabrics, except the case for S40L (Fig. 7.38) which 

exhibited the highest friction forces compared to the all other fabrics as discussed earlier.  

 

As reported in Chapter 5, the 60 Ne yarns in the fabrics were smaller in diameter (Fig. 5.23) and 

contained higher twists (Table 7.10). This attributed to the tighter and finer structure of the 

constituent 60 Ne yarns than the 40 Ne yarns in the respective fabrics [39]. The smaller diameter 

and compact structure of the 60 Ne yarns [39] facilitated the accommodation of more yarns in a 

unit area of the fabric (i.e. fabric thread density as depicted in Table 7.10) which probably 

attributed to the larger adhesion and the real contact area with the skin in contact, and resulted in 

greater friction forces. However, the real contact area analysis as reported in Chapter 5 section 

5.2.2 (Fig. 5.26) also showed that P60L exhibited comparatively higher real contact area at the 

surface than P40L (Fig. 7.41a). The same was observed for S60H and S40H although the difference 

at the interface was negligible (Fig. 7.41b). However S40L exhibited higher real contact area than 

S60L as demonstrated above in Section 7.5.2.1, and can be seen in Fig. 7.41c. The dyeing and the 

mercerizing of S40L probably consolidated the yarns within the fabric as well as tightened the 

structure which resulted in the specified distinction than the other satin fabrics and needs further 

investigation. P40H also exhibited higher real contact area than P60H (Fig. 7.41d) although higher 

friction was observed in P60H (Fig. 7.38).  
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Fig. 7.41. Comparison of the real contact area of the fabrics comprising 40 Ne and 60 Ne linear density 

yarns. 

 

However, the real contact analysis reported in Chapter 5 did not involve any skin simulant in-

contact. Under compression, how the fabrics would deform, and fibers on the surface would 

reorient and contribute to the real contact area, are yet unknown. It is possible to develop a set-up 

to mimic the pressure condition at the skin-fabric interface, and investigate the in-vitro contact 

area using the reported XRM-CT system, and the image analysis and the calculations provided in 

Chapter 5. This can provide an in-depth understanding of the real contact area of the fabrics under 

loaded conditions without compromising the interface.   

c 

a b 

d 



  

143 

 

7.5.2.3 Effects of Fabric Design/Structure (Plain VS Satin)  

When compared between the plain and satin woven fabrics, the trend was inconsistent (Fig. 7.38). 

Under the same specified conditions discussed above (Fig. 7.38), a further fit model analysis (Fig. 

7.42) along with the ‘prediction profiler’ and the ‘maximize desirability function’ analyses 

suggested that the plain woven fabrics examined in this research tended to exhibit higher friction 

forces with skin than the satin fabrics (R2 = 0.47, P- value < 0.001) although the difference was 

small (Fig. 7.42). 

 

 

Fig. 7.42. Effect of woven design on skin-fabric friction tested in dry condition at 2 and 4 kPa pressures. 

 

Despite of the small difference (Fig. 7.42), the higher friction in the plain woven fabrics could be 

due to the tighter structure of the plain woven fabrics with a high number of interlacement points 

which might have resulted in the greater real contact area [39] and adhesion with the skin under 

the specified load conditions. This observation is consistent with what was reported in Chapter 5 

section 5.2.2 (Fig. 5.26): comparatively a lower contact area in the satin fabrics was observed than 

that in the plain woven fabrics and was attributed to the looser construction of the satin fabrics. 
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For example, Fig. 7.43 depicts the comparison of the real contact area between plain and satin 

woven fabrics made from same count yarns (40 Ne or 60 Ne) where the plain woven fabrics 

exhibited higher contact area than the satin woven fabrics investigated in this study.   

 

 

Fig. 7.43. Comparison of the real contact area of the fabrics: plain weave vs satin weave. 

 

Satin fabrics had more floats or weft yarns which extended across multiple yarns allowing more 

freedom to yarns to move around, and therefore, resulting in comparatively looser structure and 

larger fabric thickness (Table 7.10) than plain woven fabrics despite of comprising the same count 

yarns. [39] However a more in-depth investigation is recommended to understand and compare 

the skin friction with the plain and the satin woven structures by eliminating the effects of other 

construction parameters, such as yarn twist, and fabric density, which were not controlled in this 

study. In addition, how the plain and satin woven fabrics would deform under compression and 

contribute to the real contact area is yet unknown, and needs further investigation. 

 

 

Contact area at 

fabric surface  
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7.5.3 Effects of Pressure 

Fig. 7.38 showed that the friction force changed with pressure (or normal force) for skin-fabric 

friction. Results showed that with an increase in the apparent contact pressure between skin and 

fabrics from 2 kPa (normal force 2.04 N) to 4 kPa (normal force 3.71 N), the mean friction force 

increased by a factor of 1.1 ~ 2.0, except the case for S60L which exhibited a reverse trend 

(decreased by a factor of 0.9). As discussed earlier, the overall friction force between the two 

visco-elastic materials could be composed of two terms [38, 90]: (1) the ploughing term related to 

the height of surface asperities, and (2) the adhesion term related to the true area of contact. [90] 

With an increase in the apparent contact pressure from 2 to 4 kPa, the contact surfaces were 

compressed and smoothened. [26, 50, 70, 86] This probably increased the adhesion and the real 

contact area but reduced the variation of the fabric surface asperities. [26, 50, 70, 86] For example, 

the difference of the investigated fabrics decreased by 9% with an increase in the apparent contact 

pressure from 2 to 4 kPa (eliminating S40L which exhibited the highest friction in all specified 

conditions, and was an exception).  

 

Hence Amonton’s metal friction theory does not apply for skin-textile friction [26, 50, 70 86]. The 

theory suggested the coefficient of friction to be constant for a given pair of materials, and the 

friction force to be independent of the geometric area of contact [38, 91-92]. This might work for 

certain metals but not for skin-fabric friction. This could be because both the skin and the fabrics 

are viscoelastic in nature and the real contact area changes with changing normal force (or apparent 

contact pressure) [16, 31, 38]. In this work, skin-fabric friction was investigated under two 

apparent contact pressures (or normal force) only. Further investigation utilizing more variant 

apparent contact pressures (or normal forces) is required to understand if the increase in friction 
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force with normal force during the skin-fabric friction observed in this study follow the power law 

expressions (𝐹 = 𝑎𝑁𝑛 and 𝜇 = 𝑘𝑁𝑛−1) as reported in some previous work [16, 26, 31, 38]. In the 

equations, 𝐹, 𝑁, and µ are friction force, normal force and coefficient of friction respectively. The 

parameters 𝑎, 𝑘 and 𝑛 are the empirical constants, and researchers have suggested the values for 

the respective constants varied with materials they examined [16, 26, 31, 38].  Derler et al. [31] in 

their study of skin friction reported that the values of 𝑛 − 1 could provide an indication of an 

increase or decrease in the COF when adhesion was predominant. They studied the skin friction 

with smooth and rough glasses as counter materials. The theory utilized in their work [31] might 

provide a good understanding of the load-dependent adhesion component and the real contact area 

for skin-textile friction as well. In Chapter 5, a promising method of quantifying the skin-textile 

interface and the real contact area was reported by using an X-ray micro-computed tomography 

(XRM-CT) system and image analysis process [39]. However, the real contact area analysis 

reported in the work did not involve the use of any skin-simulant. Hence it is suggested that a 

further investigation on the XRM-CT method using the Syntissue® skin simulant in contact with 

the fabrics with an apparent contact pressure of 2 and 4 kPa may provide a more in-depth 

understanding of the real contact area and how these relate with the in-vitro friction measurements 

described above.  

 

7.5.4 Effects of Test Conditions (Dry VS Wet) 

Regardless of the fabrics and the apparent pressures utilized in this study, changing the skin-fabric 

interface condition from dry to wet, significantly increased the friction forces by a factor of 2 ~ 8 

(R2 = 0.96, P- value < 0.001) as depicted in Fig. 7.44a-b. The increase was the highest for the skin-

fabric friction at 4 kPa (by a factor of 4 ~ 8) than at 2 kPa (by a factor of 2 ~ 5) pressure investigated 
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in this study. The qualitative findings were in good agreement with some previous work [2, 4-6, 

12-14, 17-22, 26] which reported, fabrics in contact with wet-skin, absorbed and wicked the water, 

gained weight and attributed to an increased adhesion-friction forces [1, 12, 16, 18, 27]. The 

moisture on the skin surface also can facilitate the formation of capillary bridges on the interface 

which may increase the adhesion force [23-26]. Literature also revealed that the presence of skin 

moisture or sweat can increase skin hydration, soften and plasticize the skin, and decrease its 

elastic modulus which lead to higher adhesion and friction forces [16-17, 23-32]. Such change in 

the skin mechanical properties can make it more compliant with higher deformation and slower 

recovery which leads to initial sensorial discomfort and even injuries. [16, 19, 23-26, 28-32]  

 

  

Fig. 7.44. Effects of fabrics on skin friction investigated in the Sled under dry and wet conditions: (a) at 2 

kPa and (b) at 4 kPa. 

 

Alike dry tests, the yarn and fabric structures similarly influenced the skin friction in wet 

conditions. For the same woven design, friction was higher in high thread density fabrics and the 

fabrics made from the 60 Ne yarns (Fig. 7.44). However, the liquid transfer properties of the fabrics 

were further investigated in this study utilizing the MMT accumulative one way liquid transport 

2 kPa 4 kPa a b 
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capability, R (%) results (Table 7.11) to understand the liquid transfer properties of the investigated 

fabrics and how these affect the skin friction in wet conditions.  

 

No strong correlation was observed between R % and wet skin-fabric friction (Fig. 7.45). 

However, it was observed that fabric density significantly influenced the R % which related with 

skin-fabric friction in wet conditions (Fig. 7.44) when compared between the fabrics made from 

the same count yarns. Fabrics with high thread density exhibited lower liquid transport properties 

(R %) while the values were higher in satin fabrics except the case for S40L. For instance, P40H 

(55 R %), P60H (89 R %) and S60H (135 R %) exhibited lower liquid transfer capability than 

P40L (100 R %), P60L (257 R %) and S60L (531 R %) respectively (Table 7.11).  

 

 

Fig. 7.45. Effects of liquid transfer properties of fabrics on skin friction investigated under wet conditions 

at 2 and 4 kPa pressures. 
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As thread density increased, the number of warp and weft yarns increased in a unit area of fabric 

which compacted the structure. [39, 78-79, 93] Such compaction might have hindered and slowed 

down the capillary progression of the liquid into the fabric and resulted in a lower R % in the high 

density fabrics which accorded with some previously reported work in different textile applications 

[39, 78-79, 93]. Therefore, the high thread density fabrics with lower R % probably left more water 

on the skin surface which attributed to more hydration and softening of the skin, and therefore, 

higher adhesion and friction forces [16, 19, 25-26, 29-32]. However, S40L (103 R %) exhibited 

lower liquid transport properties, and therefore higher friction forces during wet test (Fig. 7.44), 

than S40H (282 R %) (Table 7.11). This could be due to the surface finish and the distinct 

morphology of the S40L fabric as described above. For the same structural distinction as described 

above in Section 7.5.2.3, the plain woven fabrics also exhibited lower liquid transfer properties 

than the loosely constructed satin fabrics, and therefore, resulted in a higher friction forces in skin 

contact with the presence of water. 

 

Based on the results, it becomes evident that the weave design, fabric density and the linear density 

of the comprising yarns significantly influence the frictional behavior of fabrics in both dry and 

wet conditions under varying contact pressures. In this study only 2.27 kPa (normal force 2.04 N) 

and 4.12 kPa (normal force 3.71 N) apparent contact pressure were utilized where typical human 

pain threshold occurs in the 2-4 N range [2, 104]. In addition, 100 µl water was placed to 

understand how fabric properties influenced the skin-fabric friction in wet conditions. The findings 

of this study suggest that increase in the apparent contact pressure from 2 kPa to 4 kPa increased 

the skin-fabric friction forces by a factor of 1.1 ~ 2.0 under dry condition while the wet skin-fabric 

interface increased the friction force by a factor of 1.5 ~ 2.5. The apparent contact pressure between 
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skin and fabrics may vary in real-life depending on the contact condition, activity as well as 

applications, and may not be controllable. However the findings suggest that the liquid transfer 

properties of the fabrics investigated in this study were related with the skin-fabric friction under 

wet condition. Therefore, fabrics can be engineered to allow enhanced liquid transfer properties 

which may facilitate the skin to remain dry and reduce the friction [1-2, 6-8, 16, 38]. However, 

100 µl water was placed on the skin surface instantaneously in this study where this amount of 

water was reported to simulate the physiological conditions typical for abundant sweating during 

4-8 h of sleep in bedridden patients [2]. During the 4-8 h of sleep, the fabric in contact with the 

skin of the bedridden patients is also expected to absorb some skin sweat, evaporate over time, and 

therefore may reduce the friction force during the relocation or change of the body position. 

Therefore, the 100 µl water may not be exactly relevant for the bedridden patients but for other 

sports or high-end applications. Yet, the findings of this study provided an understanding how 

fabrics can be engineered in terms of weave design, thread density and yarn linear density to allow 

better liquid transfer properties and enhance skin comfort keeping the skin-fabric interface dry, 

which may be helpful regardless of the application areas.  

 

7.6 Conclusion  

In this study, an in-vitro friction analysis of woven fabrics was conducted under varying conditions 

and reported. Syntissue® adult skin was used as a skin simulant to understand the fabric frictional 

properties in contact with human skin. The fabrics included plain and satin woven fabrics 

comprising 100% cotton ring-spun yarns with different linear densities and their effects on 

frictional behavior were investigated. Skin-fabric friction analysis was conducted and compared 

with the metal-fabric friction keeping all variables constant. It was observed that skin as a counter 
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material resulted in a higher friction force with greater variability than a metal. In addition, an 

increase in the apparent contact pressure from 2 to 4 kPa also increased the skin-fabric friction 

forces. Unlike metals, skin was compressed under loaded conditions and the asperities were pushed 

towards the sliding direction during friction which resulted in waviness in the asperities (or 

wrinkles). With the increased pressure, the adhesion also increased which attributed to higher 

friction. All these suggest that human skin may experience higher friction from the fabrics than 

what is predicted from the measurements utilizing metals, and require more in-depth understanding 

depending on the applications and end-uses.  

 

Structural parameters of the fabrics also significantly influence the frictional behavior of the 

fabrics in contact with skin in both dry and wet conditions. For the same weave design, fabrics 

with high thread density and comprising high linear density yarns tended to exhibit higher friction 

forces than the fabrics with low thread density and comprising low linear density yarns 

investigated in this study. The tighter construction of the 60 Ne yarns compared to 40 Ne yarns as 

well as the high fabric density attributed to the presence of more yarns per unit area of fabrics. 

This probably resulted in a higher contact area and adhesion under the specified test conditions. 

Plain woven fabrics tended to exhibit higher friction forces than the satins. Unlike satin woven 

fabrics, higher number of interlacement points in the plain woven fabrics probably created larger 

contact area and adhesion with the skin and attributed to greater friction forces. In addition, 

because of more open structures in the satin fabrics, it exhibited better liquid transfer properties 

which attributed to lower water content at the skin-fabric interface, and therefore, lower friction 

forces in wet conditions.  
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CHAPTER 8: CONCLUSIONS 

Skin-textile friction play a big role in skin comfort and health as well as in the development of 

friction related skin injuries such as tissue deformation, skin damage, friction blisters and decubitus 

ulcers (also known as pressure ulcers), especially in people with compromised skin conditions 

and/or immobility. Most studies of skin-textile friction as it relates to decubitus, emphasized the 

effects of temperature, relative humidity, skin hydration and anatomical location in different age 

groups while the effects of the textile structures were not discussed in-depth. Both the skin and the 

textiles are soft materials with viscoelastic properties and do not have well-defined surfaces. This 

makes the skin-textile friction complex by nature. The impact of the real contact area has been 

discussed in the literature that friction increases with an increase in the real contact area between 

the skin and the textiles. It has also been revealed that skin response varies with textiles. Yet the 

literature lacks in a well-defined method of quantifying contact area experimentally from the skin-

textile interface without compromising the interface. In addition, an in-depth understanding of how 

and why contact areas change with textiles and other associated factors, and impact the skin-textile 

friction is yet unknown. In-vivo or in-vitro comparison of different woven fabrics and why one 

fabric is better than the other in terms of friction as it relates to decubitus, has been demonstrated 

in the literature. However, a more in-depth understanding of the structural parameters of the woven 

fabrics and how these influence the human skin friction in varying conditions can provide valuable 

insights on how to engineer and design the structures to lower the friction force, enhance comfort, 

and protect the skin from injuries.  

 

In this research, a novel non-destructive method was developed and validated to quantify the real 

contact area (Chapter 5). The method involved the image analysis of the 3D tomographic images 
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obtained from the XRM-CT system. The fiber areas at the fabric surface (the real contact area) as 

well as within the entire structure (from technical face to technical back) of the investigated fabrics 

were calculated. The hypothesis was, if two fabrics were in contact with a flat uniform object 

without any influence of loading/pressure, the fabric with a higher fiber area on the surface would 

create a larger contact area at the interface than the other fabric with lower fiber area. The fabric 

with a higher fiber area would therefore result in a higher adhesion and friction between the two 

surfaces. For a fair comparison, the microcomputed images of the fabrics were analyzed to 

calculate the amount of fibers or fiber area (%) using the two components, the total fiber area and 

the total area of the slice. Results (Chapter 5 Section 5.5.2 and Chapter 7 Section 7.5.2) showed 

that plain woven fabrics exhibited a steeper increase in the fiber area while the increase was 

comparatively shallower in the satin fabrics when observed from the surface towards the main 

body of the fabrics (Fig. 5.26). A further analysis of fiber area at the fabric surface (the real contact 

area) showed that, the plain woven fabrics exhibited higher fiber area than the satin woven fabrics 

(Figs. 5.26 and 7.42) investigated in this study. The higher fiber area of the plain woven fabrics 

were ascribed to the higher number of interlacements which attributed to tighter construction and 

higher fiber area at the surface. The 2D images of the fabrics (Fig. 5.24) also supported this 

observation. For the same woven design (plain or satin), fiber area at the fabric surface also 

increased with an increase in the fabric thread density comprising the same count yarns (Fig. 7.38). 

With an increase in thread density, the number of yarns increased within a unit area of the fabrics 

resulting in an increase in the fiber area. In addition, for the same woven design, fabrics comprising 

60 Ne yarns resulted in a higher fiber area at the surface than those comprising 40 Ne yarns when 

compared between either the low or high density fabrics (Fig. 7.41). This was ascribed to the lower 

diameter and the tighter construction of the 60 Ne yarns (Fig. 5.24) which allowed the 
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accommodation of more yarns in a unit area of the fabrics, and therefore, resulted in a greater fiber 

area. Along with the real contact area (fiber area at the fabric surface), fiber area for the entire 

fabric profiles were calculated in this study (Fig. 5.26) which can be used to quantitatively 

determine the performance of the fabrics under different physical, mechanical and micro-climatic 

conditions. However, in the analysis of the real contact area from the fabrics did not involve any 

skin simulant in contact. It is possible to develop a set-up to mimic the pressure- and moisture 

condition at the skin-fabric interface, and investigate the in-vitro contact area using the reported 

XRM-CT system, and the image analysis and the calculations provided in Chapter 5. These 

findings can be therefore related with the in-vitro friction measurements in the respective pressure- 

and moisture conditions in the studies of comfort analysis and skin-injury prevention. Hence, the 

method reported in this research is novel in the fields of textile research, and will open the 

possibility of more advanced analysis critical for understanding the skin-textiles interface or the 

interface between textiles and any other materials in contact in diverse application areas. 

 

In this research, the effects of the woven fabric structural properties on skin friction in varying 

physical, mechanical and micro-climatic conditions were investigated and reported. The effects of 

weave design and thread density as well as the effect of the comprising yarn diameters on the skin-

fabric friction were discussed in-depth. The friction test was carried out in a custom-built Sled 

method under varying physical (friction interface: metal-fabric and skin-fabric), mechanical 

(contact pressure: 2 and 4 kPa) and micro-climatic (dry and wet skin) conditions. The in-vitro 

friction test involved the use of Syntissue® adult skin model as a skin simulant. Prior to the in-vitro 

friction measurements of the fabrics, the reliability of the measurements from the Custom-built 

friction device was investigated and compared with FTT and Instron. Based on the coefficient of 
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variation (COV) analysis, the measurements from the Custom-built friction device were found 

repeatable, and therefore, reliable. The same fabrics were investigated for the in-depth friction 

analysis. Results showed that regardless of the fabric structure, skin as a counter material 

significantly increased the friction force than metal (P- value < 0.001) by a factor of approximately 

3 ~ 14, and exhibited highly inconsistent stick-slip friction. This suggests, human skin may 

experience greater friction force than what is predicted from the conventional methods utilizing 

metals in contact with fabrics. Unlike smooth metal, skin compressed and deformed under the 

specified apparent contact pressures along with the fabrics. This attributed to a higher adhesion 

and an additional mechanical interlock between the surface asperities of the skin and the fabrics 

(as demonstrated in Figs. 7.35 and 7.37), and therefore, higher skin-fabric friction. The results also 

accord with some previous work and suggest that metal is not an ideal material to mimic the human 

skin response to fabrics. Therefore, skin-simulants should replace the conventional set-up which 

utilizes metals for measuring fabric frictional properties for a better understanding of skin-fabric 

friction in comfort analysis.  

 

A further analysis on skin-fabric friction, reported in Chapter 7 Section 7.5.3, showed that with an 

increase in apparent contact pressure from 2 to 4 kPa, friction increased in all fabrics by a factor 

of 1.1 ~ 2.0. The increase in the pressure compressed and smoothened the interface, and increased 

the adhesion and the real contact area. Such smoothening of the interface also reduced the variation 

of the fabric surface asperities and made the fabrics less distinguishable by approximately 9% with 

the increase in the apparent contact pressure (eliminating S40L which exhibited the highest friction 

in all specified conditions, and was an exception). A more in-depth analysis of the woven fabric 

structures investigated in this study (Chapter 7 Section 7.5.2) showed that in both dry and wet 
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conditions, high thread density fabrics and the fabrics made from the 60 Ne yarns exhibited higher 

friction forces (up to 2 times) with skin when compared for the same weave design (plain or satin- 

except S40L which exhibited exception). The increase was observed the highest in the wet 

condition (by a factor of 2 ~ 8) than in dry condition. The smaller diameter of 60 Ne yarns and the 

high thread density in the fabrics increased the presence of more yarns in the fabrics which 

increased adhesion and the real contact area (Figs. 7.39 and 7.41), and therefore, increased the skin 

friction. These findings were in good agreement with the real contact area analysis from the fabrics 

(Figs. 7.39, 7.41 and 7.43) although no skin simulant was used for the real contact area analysis. 

For the same reason, liquid transfer properties were observed to be lower in the high density fabrics 

and the fabrics made from the 60 Ne yarns. Because of the lower ability of these fabrics to transport 

liquids, probably more water was left at the skin-fabric interface which attributed to higher friction 

force in wet tests. However, no strong correlation was observed for the fabric thread density and 

the skin-fabric friction investigated in this research. This was because the weave design or the yarn 

linear density utilized in this study were not controlled to study the effect of the fabric thread 

density alone. Based on the Fit Model Analysis, it was observed that the plain woven fabrics 

investigated in this research tended to exhibit higher friction forces than the satin woven fabrics 

which was consistent with the real contact area analysis (Fig. 7.43).  

 

In this study, the real contact area of the fabrics were investigated and related with the in-vitro 

frictional properties under varying mechanical and micro-climatic conditions. It was evident that 

the weave design, fabric thread density and the linear density of the comprising yarns significantly 

influence the real contact area as well as their frictional behavior in both dry and wet conditions 

under varying contact pressures. 2.27 kPa (normal force 2.04 N) and 4.12 kPa (normal force 3.71 



  

169 

 

N) apparent contact pressure were utilized in this study where typical human pain threshold occurs 

in the 2-4 N range. The apparent contact pressure between skin and fabrics may vary in real-life 

depending on contact condition, activity and applications, and may not be controllable. Therefore, 

other apparent contact pressures may be studied for a more in-depth understanding of skin-fabric 

friction in varying applications. For a wet skin-fabric interface, 100 µl water was placed on the 

skin to understand how fabric properties influenced the skin-fabric friction in wet conditions. The 

findings suggest that the liquid transfer properties of the fabrics investigated in this study related 

with the skin-fabric friction under wet condition. Based on the understanding it is suggested that 

plain or satin woven fabrics can be engineered to have less thread density and larger diameter yarns 

to allow enhanced liquid transfer properties which may facilitate the skin to remain dry and reduce 

the friction. However, only a few woven fabrics made from the ring-spun cotton yarns were 

investigated in this study. More woven fabrics with distinct structures and comprising varying 

fibers and yarns (staple and filament) may be studied for a more in-depth understanding of skin-

fabric friction under varying conditions depending on diverse applications areas. 
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CHAPTER 9: SUGGESTIONS FOR FUTURE WORK 

 In-vitro analysis of the real contact area from the fabrics can be conducted using the XRM-

CT method. 2 and 4 kPa apparent contact pressure at the interface can be applied and the 

real contact area at the interface can be investigated for the respective fabrics. This will 

provide an understanding of how the real contact area changes with pressure.  In addition, 

dry and moist skin can also be investigated to understand how the real contact area changes 

with the presence of skin moisture. 

 Only in-vitro friction test was conducted in this study. An in-vivo friction analysis of the 

investigated fabrics under the same specified test conditions may be conducted and 

compared with the in-vitro friction measurements. This may help providing a more in-

depth understanding of how reliable the skin-simulant is in representing skin frictional 

behavior. In addition, this will provide an in-depth understanding of the structural impacts 

of the investigated fabrics in contact with human skin.  

 The fabrics in this research were chosen to understand the effects of weave design, fabric 

thread density and the yarn count. Typically these parameters are correlated and impact 

one another. In future studies, the structural parameters may be controlled to study one 

parameter at a time keeping other parameters constant for a better understanding.  

 Only 2 and 4 kPa pressures were applied at the skin-fabric interface in this study. More 

apparent contact pressures can be applied and investigated for an in-depth understanding 

from a theoretical stand-point and compare with other studies.  

 Only cotton fiber made fabrics were studied in this research to avoid the impact of other 

fiber parameters. Other natural and synthetic fibers, their blends and how the choice of 
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fibers influence the fabric frictional properties in skin-contact may be studied for a more 

in-depth understanding.   

 Plain and satin woven fabrics with other structural features, as well as, other weave designs 

can be studied for a better understanding of the fabric properties and how these influence 

skin friction in varying conditions. Knit and nonwoven fabrics can also be studied and 

incorporated in the understanding of the skin-textile friction in diverse application areas. 

 


