

  lubricants-04-00006




lubricants-04-00006







Lubricants 2016, 4(1), 6; doi:10.3390/lubricants4010006




Article



Friction of Human Skin against Different Fabrics for Medical Use



Luís Vilhena * and Amílcar Ramalho





CEMUC, Department of Mechanical Engineering, University of Coimbra, Rua Luís Reis Santos, 3030-788 Coimbra, Portugal









*



Correspondence: Tel.: +351-239-790-700; Fax: +351-239-790-701







Academic Editors: Ille C. Gebeshuber and George van Aken



Received: 1 December 2015 / Accepted: 19 February 2016 / Published: 1 March 2016



Abstract

:

Knowledge of the tribology of human skin is essential to improve and optimize surfaces and materials in contact with the skin. Besides that, friction between the human skin and textiles is a critical factor in the formation of skin injuries, which are caused if the loads and shear forces are high enough and/or over long periods of time. This factor is of particular importance in bedridden patients, since they are not moving about or are confined to wheelchairs. Decubitus ulcers are one of the most frequently-reported iatrogenic injuries in developed countries. The risk of developing decubitus ulcers can be predicted by using the “Braden Scale for Predicting Pressure Ulcer Risk” that was developed in 1987 and contains six areas of risk (cognitive-perceptual, immobility, inactivity, moisture, nutrition, friction/shear), although there are limitations to the use of such tools. The coefficient of friction of textiles against skin is mainly influenced by: the nature of the textile, skin moisture content and ambient humidity. This study will investigate how skin friction (different anatomical regions) varies, rubbing against different types of contacting materials (i.e., fabrics for medical use) under different contact conditions and their relationship in the formation and prevention of decubitus ulcers.
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1. Introduction


Tribology was first defined in a scientific report as “The science and technology of interacting surfaces in relative motion and the practices related thereto” [1] and involves the study of friction, lubrication and wear. In particular, biotribology is usually defined as the tribological phenomena occurring in biological systems. The tribology of human skin is a research topic that has emerged in the last few decades and has continuously attracted scientific studies since human skin is frequently one of the interacting surfaces in relative motion. Everyday life situations, like shaving, skin care and interaction with touch screens with the index finger, illustrates the importance of optimizing the operational conditions for a given frictional response. Human skin is a soft biomaterial with a very complex surface topography and can be considered as a multilayer composite (epidermis, dermis and subcutis; see Figure 1), with the three layers differing in thickness and strength.



According to Johnson et al. [2], human skin is characterized by a nonlinear viscoelastic material behavior. Therefore, Amontons’ laws of friction, claiming that the friction force is directly proportional to normal force and independent of the contact area, are not applicable and imply a two-term friction model consisting of an adhesion (sum of the forces required to break the adhesive bonds between the two surfaces at the asperity level), as well as a deformation component (the forces related to the deformation of the bodies in contact) [3]. In order to describe the tribological behavior of human skin, there have been a few theoretical models in the literature to describe the friction mechanism of viscoelastic materials [2,4,5,6]. According to with Adams et al. [4], adhesion is considered as the main contribution to the friction of human skin, whereas deformation mechanisms play a minor role. Depending on the contact conditions, various effects can come into play.



It was found in recent studies [7,8,9,10,11] that the friction of skin strongly depends on the operating conditions, like moisture, as well as on the presence of water in the interface between skin (in the stratum corneum (SC); see Figure 1) and a contacting surface, with dry skin showing relatively low coefficients of friction, while moist or wet skin is characterized by significantly higher coefficients of friction. Intermediate layers, such as cosmetic applied substances, sweat and sebum excreted from skin into the tribo-interface, also influence the friction behavior of human skin. Other studies investigated gender, age and anatomical sites [12,13,14,15]. There are, however, still open research questions: the transition from dry to moist skin conditions has so far not been systematically investigated. Research topics, like tactile perception and haptics in relation to skin tribology, are largely unstudied and poorly understood. This topic is very interesting for the design of surfaces with a pre-defined tactile feel (smooth, soft) that increase the customer’s satisfaction, but also for developments and applications in robotics [16]. The analysis of comfort and discomfort in skin product interactions clearly reveals the relative importance of skin friction, since the exploratory procedure that is used to touch a surface, resulting in a somatosensory response/touch perception is a similar to experimentally-determining friction in a reciprocating test [17]. Deformation of the skin and/or high coefficients of friction during skin product interactions could cause discomfort, since the subsurface stress and strains within the skin are influenced by skin friction, and according to Xu et al. [18], a threshold exists for stress at the nociceptor (sensory receptor) located below the skin surface. The earliest experimental investigations suggested soft and smooth materials as pleasant, those that were stiff, rough or coarse as unpleasant [19]. The main tribological result of aother study performed by Barnes et al. [20] shows that positive feelings are generated when a finger rubs over a rough surface that is smoother than a fingertip; negative feelings are generated by coarser surfaces. Different experimental techniques have been reported [16], in order to determine the mechanical properties of skin in vivo, based on measurements of torsion, suction, extensibility or ultrasound. In a recent study executed by Ramalho et al. [21], in order to measure in vivo skin friction for different anatomical sites, experiments were carried out using a multiaxial load cell that allows the simultaneous measurement of the normal and tangential forces. The tests consist of sliding the skin surface on a glass disc and simultaneously increasing the normal contact pressure. The results reveal that the friction behavior also depends on the anatomical site. Another study performed by Ramalho et al. [22] in order to assess the coefficient of friction between human skin sliding against different types of fabric shows that wool produces the highest COF in both men and women, while polyamide-based fabric produced the lowest values of COF, as can be seen in Figure 2. In this study performed by Ramalho et al. [22], the friction was measured on the ventral forearm of each volunteer. Nineteen people, both females and males of different ages, were investigated. Error bars correspond to the confidence intervals, assuming a 95% probability. Concerning the effect of gender, Figure 2 shows similar trends for both females and males.



The conclusions of this scientific work will definitely contribute to a better understanding of pressure ulcer prevention. Thus, pressure ulcer prevention requires an interdisciplinary approach, and according to the Agency for Healthcare Research and Quality, the incidence of pressure ulcers is also a healthcare quality indicator. This factor is of utmost importance to hospital quality.




2. Experimental Section


Material and Methods


Four types of hospital fabrics were used during the present investigation (Figure 3). The materials tested include a reference hospital fabric that is used in bed linen, like sheets and pillows (Figure 3a), a foam dressing generally made from a hydrophilic polyurethane foam (Figure 3b), an adult diaper (Figure 3c) and a normal bed protector made of soft non-slip waterproof polyethylene (Figure 3d) that keeps skin away from dampness, reducing the risk of dermatitis and ulceration. The coefficient of friction for the four different fabrics was assessed at one specific body region, the ventral forearm, under natural skin conditions. The volunteer was a 42-year-old Caucasian male.



Preliminary tests to measure in vivo skin friction were performed using a reference hospital fabric against four different skin regions (palm of the hand, finger pad, ventral forearm and elbow) under different lubricating conditions (natural skin, wet skin and skin after spreading of Vaseline). Prior to the tests, the skin in the natural and undamaged state was rinsed with ethyl alcohol and dried at room temperature (natural skin conditions). To bring the skin to a wet state, a wet napkin was placed on the skin surface for five minutes. Afterwards, the skin was wiped to remove the excess water, and tests were performed. In order to study the effect of a general moisturizing substance, a thick layer of glycerine was spread through over the skin. After a waiting period of five minutes, the skin surface was cleaned with a facial paper tissue, and experimental tests were executed. All experiments were conducted at 22 ± 2 °C and 58% ± 10% relative humidity.



A portable and easily-usable measuring probe, where the test materials are rubbed against skin, was used (see Figure 4). Since a rubber O-ring can be used to fix the textile on the tip (see Figure 4a), different types of hospital fabrics were simply adjusted to the equipment and tested. This probe is based on a multi-component force sensor, whereby the normal and tangential forces can be measured in order to determine the coefficient of friction (see Figure 4b).



Friction tests consist of sliding the portable measuring probe on the specific body region and simultaneously increasing the normal load. Typically, the sliding distance and normal load range respectively between 0 and 40 mm and 0 and 5 N. The tangential force is then computed as a function of the normal applied load. By using the Amontons–Coulomb friction model, it is possible, by fitting an equation to the data points (tangential force against normal force) and calculating the slope of each equation, to determine the coefficient of friction (COF), for each test condition.





3. Results and Discussion


Figure 5 shows the evolution of both normal and friction force during the loading phase of a typical friction test. As can be seen in Figure 5, the normal force was varied between approximately 0 and 3.3 N, resulting in a friction force varying between approximately 0 and 1 N. Figure 6 shows the plot of the friction force against normal force. It can be seen that by fitting an equation to the data points, a good correlation with the Amontons–Coulomb linear model was obtained, with the friction force being proportional to the normal applied force. For each different contact condition, three different tests were performed, as shown in Figure 7, and the average coefficient of friction was determined as the slope of the fitted linear line to all data points (tests 1, 2 and 3).



The average values of the coefficient of friction for the different test conditions can be seen in Figure 8 and Figure 9.



The relationship between different substances applied to the skin (lubricating conditions) and fabric friction has not been studied in detail before. Only the moisture content between the human skin and textiles has been the object of several studies [7,23]. Figure 8 shows the effect of different lubricating conditions: Vaseline (Vaseline was scattered and absorbed by the skin prior to testing) and wet skin, on the coefficient of friction for four different body regions. It can be seen from Figure 8 that the effect of Vaseline is different according to the anatomical body region investigated. However, the coefficient of friction always increases with the addition of Vaseline if compared to the natural skin conditions.



The surface of the skin is protected by a lipid film that is composed of water (from sweat) and sebum (from sebaceous glands) that covers the stratum corneum and influences the skin adhesion properties. The spread of Vaseline through the skin can act as a barrier to lock moisture in the skin and, consequently, increasing in the coefficient of friction. In fact, it was shown by Nacht et al. [24] in the early 1980s, that a combination effect can take place with the use of occlusive agents, such as Vaseline. Initially, the coefficient of friction decreases due to the lubricant properties of the Vaseline, while later on, the coefficient increases over the baseline as a consequence of the increased moisturization induced by the occlusion. Viscous lubricants, such as Vaseline and glycerin, may hydrate the skin surface by reducing the rate of transepidermal water loss (TEWL); this brings about a subsequent increase in the friction coefficient induced by the slow and prolonged hydrating effect [24].



The same trend can be seen for wet skin rubbing against a reference hospital fabric. However, the friction of the skin increased from natural skin (dry) to wet skin by a factor of approximately two (e.g., for the elbow body region, the COF increased from μ = 0.26 up to μ = 0.44). Our measurements confirm the previous results of [25,26], who also observed factors between 1.5 and 7 for skin friction before and after immersion in water. According to [7], this large spread probably derives from the diversity of test methods, materials and experimental parameters used, the time delay between the friction measurement and the water exposure of the skin being the most important factor.



The large increase in the coefficients of friction in the presence of water is due to the mechanical properties of the stratum corneum that are moisture dependent [27]. Water reduces the elastic modulus of the stratum corneum (plasticizing effect) due to smoothening of skin roughness asperities and consequently increasing in the real contact area, inducing a risen adhesion in the component of friction. However, in contrast with hydrated skin, water films (full films) on the skin surface can cause hydrodynamic lubrication, resulting in much lower coefficients of friction.



Concerning the effect of different body regions, Figure 8 shows that the coefficient of friction varies significantly along the human body. Friction is considerably lower in the elbow region than in other body parts (e.g., finger pad). The observed variations were mainly attributed to differences in skin hydration with a tendency to greater friction at regions, such as the finger pad and the palm of the hand due to higher skin hydration. The influence of anatomical region on friction has already been investigated in previous studies [28,29], confirming our conclusions.



Figure 9 shows the coefficient of friction for different hospital fabrics rubbing against the ventral forearm for natural dry skin. The coefficient of friction obtained for the four different hospital fabrics, tested against the ventral forearm under natural skin conditions, varies between 0.27 (hospital fabric) and 0.38 (bed protector).



Several studies have demonstrated that the skin friction of fabrics is influenced by parameters such as the fiber materials, structure and finishing. The results shown in Figure 2 indicated considerable differences in friction between natural (wool, μ ~0.75) and synthetic (polyamide, μ ~0.55) fabrics, with natural fabrics showing greater friction, probably due to their hairiness/fine loops.



In our experiments, no significant correlation was found for the selected fabrics under these contact conditions. However, it is possible to observe that the hospital fabric displays the lowest coefficient of friction. This fact is in agreement with some authors who state that the fabrics that display the lowest friction coefficient are those with a greater hydrophilic tendency.



According to the Braden Scale for Predicting Pressure Ulcer Risk, prolonged pressures on body parts, as well friction and shear between the human skin and textiles, can lead to superficial abrasions and tissue deformation. When the layers of skin are deformed/compressed between a bone and a hard surface, blood is squeezed out of the underlying tissue, and the blood circulation is obstructed, causing a lack of oxygen, leading to tissue death. The skin will then start to break down, and a pressure ulcer will develop.



As demonstrated by our experiments, moisture (e.g., due to incontinence or perspiration) can, in fact, accelerate and promote pressure ulcers’ formation, since the coefficient of friction between the skin and fabrics increased from dry to wet skin by a factor of more than two in majority of the cases.




4. Conclusions



	
Results demonstrated that the coefficient of friction (COF) of a reference hospital fabric against skin is influenced by the human body region and lubricating/physiological skin conditions (skin moisture content).



	
For the different body regions, the average COF of wet skin exceeded those in the natural skin condition by a factor of more than two, with the friction increasing with the moisture content. In this way, moisture (e.g., due to incontinence) can accelerate/promote skin decubitus formation.



	
For the different body regions, the coefficient of friction always increases with the addition of Vaseline if compared to the natural skin conditions. The spreading of Vaseline on the skin can act as a barrier to lock moisture in the skin.



	
Natural skin conditions (dry skin) produce the lowest COF for the different body regions.



	
Concerning the effect of different body regions, the coefficient of friction varies significantly along the human body. The observed variations were mainly attributed to differences in skin hydration, with a tendency to greater friction at regions such as the finger pad and the palm of the hand, due to higher skin hydration.



	
In this investigation, no significant correlation was found for the COF of the four different hospital fabrics.
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Figure 1. Structure of human skin showing the functional layers (epidermis, dermis and subcutis). By courtesy and with permission of the National Institutes of Health, U.S. Department of Health and Human Services. 
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Figure 2. Coefficient of friction (COF) for different fabrics against skin (ventral forearm) [22]. 
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Figure 3. Optical micrographs of different hospital fabrics used in contact with the skin: (a) reference hospital fabric; (b) foam dressing; (c) adult diaper; and (d) normal bed protector. 
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Figure 4. Skin friction portable measuring probe: (a) picture showing the O-ring and textile; and (b) schematic picture of the multi-component force sensor [22]. 
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Figure 5. Evolution of both, normal and friction force during the loading phase (hospital fabric: bed protector; body region: ventral forearm). 
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Figure 6. Evolution of friction force against normal force (hospital fabric: bed protector; body region: ventral forearm). 
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Figure 7. Evolution of friction force against normal force for three different tests with the same contact conditions (hospital fabric: bed protector; body region: ventral forearm). 
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Figure 8. Coefficient of friction (COF) for a reference hospital fabric rubbing against different body regions under different lubricating conditions. 
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Figure 9. Coefficient of friction (COF) for four different hospital fabrics rubbing against the ventral forearm under unlubricated conditions (natural skin). 
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