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Abstract

Evolution gave humans their skin; a functional protective barrier perfectly
adapted to the surrounding environment. Skin has accompanied human kind from the

beginning of its existence and has always played a very important role in everyday life.

Not surprisingly, also today human skin remains a popular topic among
researchers. Recently, more attention has been focused on the interfacial role of human
skin. Skin is the first layer of contact between the human body and environmental
factors and it is supposed to protect internal organs from harmful factors. On the other
hand, skin properties and function can be affected by environmental conditions and
contact with other materials and substances. This can result, for example, in chemical
burns, skin irritation or diseases, but also in friction-related issues, such as friction

burns, decubitus ulcers, discomfort or mechanical damage.

Investigations of the skin-environment interactions can be performed in vivo,
involving human volunteers or in vitro, using skin models. Various skin models have
been validated for different applications, but there is still a vast space for improvement

and new solutions.

This thesis focuses on the influence of water on human skin properties,
especially frictional behaviour, as well as the development of a physical water-
responsive skin model to mimic frictional behaviour of human skin rubbed against

textiles under dry conditions as well as in the presence of water.

A substantial background chapter has been developed, in order to summarize the
state of the art related to human skin properties as a function of body-related and
environmental factors, as well as the frictional behaviour of human skin under dry and
hydrated conditions and an overview of materials used as skin models for various

applications.

The first step on the way to develop a new physical skin model involved testing
materials with mechanical properties similar to those of human skin, such as Pebax or
polyurethanes, as well as commercially available materials with the potential to be used
as skin models, such as Lorica® Soft and Stamskin Silicone. Unfortunately, focusing on
mechanical and structural properties was not enough to develop a skin model that would
mimic the significant increase in friction coefficients values observed for human skin

rubbed against textiles in the presence of water.
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The next section introduces the results of an investigation on hydration-induced
changes in human skin, such as hydration level, surface roughness, stratum corneum
thickness and interaction with other materials. Upon water uptake, the hydration level of
first few pm of the stratum corneum increased significantly. Uptake of water and
swelling led to increase in the stratum corneum thickness. In addition, water exposure
resulted in lower surface roughness and the decrease in the dimensions of primary lines,

which led to increased real contact area with other objects.

Finally, in the last step, the combination of my preliminary results and
knowledge about hydration-induced changes in human skin properties, led to the
development of a gelatine-based, water-responsive skin model. This skin model mimics
the changes observed for human skin after prolonged contact with water: It
demonstrates the same change in frictional behaviour, both according to the friction
coefficient values, as well as general trends. Moreover, the gelatine-based skin model
shows a significant decrease in tensile Young’s modulus values after immersion in
water, as was reported for human skin, and is characterised by comparable values of
tensile Young’s modulus in both a dry and a hydrated state. In addition, both for human
skin and the skin model, surface smoothening and an increase in thickness were

observed after water exposure.

The proposed skin model can be used instead of or next to in vivo friction
measurements and can lead to better understanding of the mechanisms of human-skin
friction, as well as facilitating the avoidance of friction-related injuries and irritations

and leading to more comfortable usage of many everyday items.
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Zusammenfassung

Die Evolution gab den Menschen ihre Haut: ein funktionelle Schutzschicht, die
sich an die umgebende Umwelt perfekt angepasst hat. Die Haut begleitet Menschen seit

dem Anfang ihres Lebens und spielt allzeit eine wichtige Rolle im Alltag.

Nicht {berraschend bleibt auch heutzutage die Haut ein populéres
Forschungsthema. In letzter Zeit ist mehr Aufmerksamkeit auf die Rolle der Haut als
Grenzflache gerichtet worden. Die Haut ist die erste Kontaktfliche zwischen dem
Korper und Umweltfaktoren und soll die inneren Organe vor den schiddigenden
Faktoren schiitzen. Andererseits konnen die Eigenschaften und Funktionen der Haut
von Umwelteinfliissen und dem Kontakt mit den anderen Materialien und Substanzen
beeinflusst werden. Auswirkungen davon konnen, zum Beispiel, Veritzungen,
Irritationen, Hautkrankheiten oder auch reibungsverursachte Probleme, wie
Reibungsverbrennungen, Driickgeschwiire, Unbehagen oder mechanischer Schaden

sein.

Untersuchungen der Wechselwirkungen zwischen Haut und Umwelt kdnnen in
vivo (den Menschen involvierend) oder in vitro (Hautmodelle benutzend) gemacht
werden. Verschiedene Hautmodelle sind bereits fiir verschiedene Anwendungen

verifiziert worden, es gibt aber weiterhin Raum fiir Verbesserungen und neue Losungen.

Diese Dissertation befasst sich zum einen mit dem Einfluss von Wasser auf die
Hauteigenschaften, insbesondere das Reibungsverhalten sowie zum anderen mit der
Entwicklung eines physikalischen, auf Wasser reagierenden Hautmodells um das
Reibungsverhalten der Haut gegen Textilien in trockenen Bedingungen und auch in

Gegenwart von Wasser zu imitieren.

Der theoretische Hintergrund wurde ausfiihrlich bearbeitet um den Stand der
Technik beziiglich der Hauteigenschaften als Funktion von Einfliissen des Korpers
selbst als auch der Umwelt zusammenzufassen. Ausserdem wurde das
Reibungsverhalten der Haut in trockenen und hydrierten Bedingungen und die in

verschiedenen Anwendungen als Hautmodell benutzten Materialien eingefiihrt.

Der erste Schritt um ein neues physikalisches Hautmodell zu entwickeln
schloss die Priifung von Materialien mit hautdhnlichen mechanischen Eigenschaften

(z.Bsp. Pebax und Polyurethane) mit ein, sowie kommerziell verfligbare Materialien
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wie Lorica® Soft und Stamskin-Silikon, die Potenzial als Hautmodell zeigen. Der Fokus
auf mechanischen und strukturellen Eigenschaften war leider nicht genug um ein
Hautmodell zu  entwickeln, welches die signifikante = Erhohung  der
Reibungskoeffizienten wiederspiegelt, der fiir die Hautreibung gegen Textilien in
Gegenwart von Wasser beobachtet wird.

Im zweiten Teil werden die Ergebnisse der Untersuchung zu den
hydrierungsbedingten Verdnderungen der Haut vorgestellt, wie zum Beispiel das
Hydrierungsniveau, die Rauhtiefe, die stratum corneum Dicke und die Interaktion mit
anderen Materialien.

Beziiglich der Wasseraufnahme stieg die Hydratation der ersten paar um des
stratum corneum bedeutend. Die Wasseraufnahme und Schwellung fiihrte zu einer
Erhohung der stratum corneum Dicke. Zusétzlich fiihrte die Wasserbehandlung zu einer
kleinen Rauhtiefe und zu einer Abnahme der Grof3e der Primérrillen der Haut, was zu
einer erhohten effektiven Kontaktflache mit anderen Objekten fiihrte.

Schliellich, im letzten Schritt wurde ein Gelatine-basiertes, auf Wasser
reagierendes Hautmodell aus der Kombination meiner Prédlimindrergebnisse mit dem
gewonnenen Wissen iiber die hydrierungsinduzierten Veranderungen der Eigenschaften
der Haut entwickelt. Dieses Hautmodell imitiert die Verdnderungen, die bei der Haut
nach lingerem Wasserkontakt beobachtet werden. Es zeigt ebenfalls die Verdnderung
des Reibungsverhaltens, sowohl entsprechend der Reibwerte, als auch der allgemeinen
Trends. Das Gelatine-basierte Hautmodell zeigt ausserdem eine deutliche Abnahme des
Zugmoduls nach dem Eintauchen in Wasser, wie es auch fiir Haut berichtet wird und
zeigt vergleichbare Elastizititsmodulwerte in trockenem und hydriertem Zustand.
Zusatzlich, sowohl fiir die Haut als auch fiir das Hautmodell, konnte
Oberflichenglittung und eine Erhohung der Dicke nach Wasserkontakt beobachtet
werden.

Das vorgeschlagene Hautmodell kann anstelle von oder zusammen mit den in
vivo-Reibungsmessungen benutzt werden. Dies fiihrt zu einem besseren Verstindnis des
Hautreibungsmechanismus sowie reibungsverursachte Verletzungen und Reizungen

verhindern und so eine komfortablere Anwendung von Alltagsgerdten ermoglichen.
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Chapter 1

Introduction

The first chapter of the thesis provides a general introduction about the field and
gives an overview of the content of the thesis. Section 1.1 focuses on our motivation for

the research. Section 1.2 introduces the scope of the thesis.
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1.1. General introduction

One of the main functions of skin is to protect the body from external threats.
Skin plays a role of an active shelter, regulating temperature, absorbing radiation, and
preventing the penetration of various biological and chemical substances [1-3]. As it is
the outermost layer of the body, it remains in constant interaction with the environment
and various materials. Hence, investigations focused on the influence of environmental
factors on the functioning of human skin, as well as friction-related experiments, are an
important topic, facilitating the avoidance of injuries and generally increasing safety in
everyday life. [4-6].

Human skin, although it acts as a barrier, is not inert to all agents present in the
environment [7]. Moreover, properties of human skin can vary, depending on many
factors, such as age, gender, ethnicity, hydration level, foundation type, lifestyle etc. [4,
8]. The natural complexity of skin structure, properties and performance, additionally
augmented by an infinite number of possible modifications caused by both skin
penetration and body-dependent factors, poses a strong motivation for further research
in this field [9, 10].

Water is one of the substances that can significantly influence skin properties
[11, 12]. Water is not only commonly found in the environment, but it is also constantly
present on the surface of the skin in the form of sweat [13]. On average two to four
millions sweat glands secret sweat in a process that is mainly responsible for
temperature regulation [14]. Emotions and ingestion can also trigger sweating
(emotional and gustatory sweating) [15]. The sweating rate of the healthy body can
even exceed 1.8 I/h during exercise in a warm environment [16]. Sweating, sweat
accumulation and water coming from external sources (moisturizers, rainfall etc.) all
influence skin properties. Skin, following contact with water, becomes more elastic
[17], the thickness of the stratum corneum layer increases [18] and the dimensions of

the primary lines decrease [19].

Sweating can also be directly related to the frictional behaviour of skin. It is
known that hydrated human skin is characterised by higher friction-coefficient values
than dry skin [11, 20, 21]. This phenomenon is commonly explained based on the
adhesion theory of friction, which states that an increased amount of water leads to both
smoothening and softening of the skin surface, resulting in higher real contact area and

the presence of capillary bridges, higher adhesion forces and, consequently, higher
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friction coefficient [20, 22-25]. According to some researchers, the high density of
eccrine sweat glands present on palms and soles allows the grip to be improved during
motion via elevated friction coefficient values [26]. Increased sweating rate in stressful
situations is motivated by the beneficial influence of higher friction coefficient on
escape speed in prehistoric times [26]. On the other hand, constant contact with a flat
surface and the resulting enhanced sweating result in the formation of a lubricating

water layer that leads to decreased friction coefficient [27].

As already mentioned, human skin constantly interacts with other objects. The
character, effect and safety of these interactions are strictly related to the frictional
behaviour of human skin. Friction influences our tactile perception [28], as well as the
comfort and safety of usage of various products [29]. Therefore friction-related
investigations are very important, especially when the new product is introduced into
the market and is supposed to stay in contact with the skin for an extended period (tools,

household items, medical equipment or functional clothes).

As frictional behaviour of human skin depends not only on skin properties and
the countersurface, but also on environmental conditions, in vivo friction measurements
are very difficult to perform and need many repetitions to be statistically significant.

The use of skin models would appear to be a cheaper and more convenient alternative.

Skin models can be used instead of, or in addition to, in vivo measurements, in
order to determine the response of human skin to triggers of any nature. The use of skin
models can make measurements less complicated, safer, faster and cheaper. As human
skin is a complex material performing many functions in everyday life, there is a
tremendous variety of both existing and potential skin models [4]. Skin models
mimicking the frictional behaviour of human skin constitute only one out of many

specific types of skin models.

According to the literature, several materials have been used as frictional skin
models, such as Lorica®, silicones, polyurethanes or polyamides [5]. Unfortunately, all
existing skin models show clear limitations and perform a useful role only under
specific conditions. For that reason, there is a need for more advanced skin models that
can simulate frictional behaviour of dry and wet human skin, providing trustworthy

results and at the same time being inexpensive and convenient to use and store.
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1.2. Scope of the thesis

Human skin is a complex material, whose properties and performance depend on
many internal and external factors. Despite the long history of skin-related research,
there are still some missing points in our knowledge about human skin, its structure,

properties, functions and the influence of possible stimuli on skin characteristics.

The role of a skin model or artificial skin is to mimic chosen properties or
functions of human skin. It is important to know detailed characteristics of human skin

related to a specific situation, in order to design an applicable substitute for human skin.

The main goal of this thesis is to investigate interactions between human skin
and textiles in dry and hydrated conditions, as well as to examine the influence of
hydration on the structure, properties and performance of human skin and, based on the
collected results and literature, design a physical skin model that mimics the frictional
behaviour of human skin.

The chapters of the thesis explain the influence of hydration on the structure,
properties and performance of human skin and present the line of thinking about
potential skin substitutes and all the steps undertaken to design and optimize the bio-

mimicking physical skin model.

Figure 1.1 summarizes the scope of the thesis.
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CHAPTER 1 ] Introduction ]

CHAPTER 2

Theoretical background

[ CHAPTER 3 [ Striving towards the skin model
) In vivo confirmation of hydration-induced

[ CHAPTER 4 changes in human-skin thickness, roughness
> and interaction with the environment )
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Figure 1. 1. Scope of the thesis.

Chapter 1 presents a general introduction and the scope of the thesis.

Chapter 2 provides the theoretical background for human skin structure,
properties and functions. It also presents the influence of body-dependent factors and
penetration on human skin functioning and introduces the topic of human skin frictional
behaviour. Finally, it gives an overview of various materials that have been used as skin

models.

Chapter 3 presents the line of thinking on an approach to develop a new bio-
mimicking skin model. It explains why some materials, especially those processed in a
certain way, could act as skin substitutes. It also summarizes initial results and further

research possibilities.

Chapter 4 describes how human skin takes up water and what the consequences
of the change in hydration level of the skin are. It shows the link between the hydration,
structure and morphology of human skin, as well as the way in which it interacts with

other materials.
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Chapter 5 presents our new bio-mimicking gelatine-based physical skin model to
simulate the frictional behaviour of human skin. This chapter focuses on the preparation
and characterization of the skin model that mimics the frictional behaviour of human
skin against a chosen textile under dry and hydrated conditions over a wide range of
applied normal load. Other parameters were also considered, such as Young’s modulus

and surface roughness, as well as changes due to forced hydration.

Chapter 6 contains general conclusions, a summary of the thesis and an outlook.
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Chapter 2

Theoretical background

Chapter 2 provides a detailed theoretical background and focuses on human skin
characteristics, including skin structure, properties, functions, frictional behavior, as
well as factors that influence human skin in everyday life. In addition, it introduces the

variety of materials used as physical skin models.

Sections 2.1 and 2.4 are based on my contribution, under the supervision of G.M.

Rotaru, F.Spano, R.M.Rossi and N.D. Spencer, to Ref. [4]:

Dabrowska AK, Rotaru GM, Derler S,
Spano F, Camenzind M, Annaheim S,
Stampfli R, Schmid M and Rossi RM.
Materials used to simulate physical properties of human skin.

Skin Research and Technology. 2016;22:3-14

All coauthors participated in the discussions and corrections of the manuscript

written by myself, G.M. Rotaru and S. Derler.

Section 2.2 is based on my own contribution under the supervision of F.Spano,
G.M. Rotaru, R.M. Rossi and N.D. Spencer, to Ref. [30]:

Dabrowska AK, Spano F, Derler S,
Adlhart C, Spencer ND and Rossi RM.

Relationship between skin functioning, barrier properties and body-dependent
factors.

Submitted to Colloids and Surfaces B: Biointerfaces (November 2016)

All coauthors participated in discussions and correction of the manuscript

written by myself under the supervision of F.Spano, R.M. Rossi and N.D. Spencer.
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2.1. Human skin: structure, functions and properties

Human skin has complex properties and functions and is in continuous change due
to environmental, biochemical, and psychological factors [9, 31]. Figure 2.1 shows

schematically the human skin structure and important interactions with the environment.

PRESSURE,
PAIN, TOUCH, CHEMICALS,

THERMAL SENSATIONS CONTAMINATION
INSULATION MICROORGANISMS
AND REGULATION WATER

TRANSPORT

>1mm (&

A. Epidermis
B. Dermis
C. Hypodermis

Figure 2. 1. Schematic of human skin structure and the main interactions with the environment.

As a result of this complexity, assigning exact numeric values for its properties,
as is common for nonbiological materials, is of limited use. Instead, statistical
investigations based on subject studies and physical and numerical simulations are more
meaningful to characterise the skin. Generally, skin properties are anisotropic, as well as
dependent on time, site, temperature, and measurement method. Furthermore, the
presence of substances on the skin (e.g. sweat, water, dust, cosmetics) can strongly
affect skin properties and interactions with the environment.

Human skin structure is organized in three main layers: epidermis, dermis and
hypodermis. The epidermis is thin, with a typical thickness of about 20—150 pm [32],
depending mostly on the body site except for the palms and soles that are thicker [33]. It
mainly consists of keratinocytes, which differentiate in the stratum basale and then
migrate outwards, changing their shape, physiology and function. Dead keratinocytes,
the corneocytes, are stored in the outermost layer forming the stratum corneum, which
has a thickness of about 14 um [34]. The thickness of the dermis varies between 1 and 4

mm. The dermis is built up of collagen and keratin fibers, which provide structural
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strength to the skin. The Aypodermis or the fat layer lies below the dermis and helps
protect the body from heat and cold, and from mechanical shocks [34, 35].

The main functions of the skin are: protection (against mechanical, thermal, and
chemical impact, UV radiation, microorganisms etc.), repair and adaptation (self-
healing and change in composition and structure when injured or exposed to stresses),
sensation through its mechanoreceptors, thermoreceptors and nociceptors) and
temperature regulation (e.g. control of the sweating and perfusion rate). The skin is also
responsible for the synthesis of vitamin D3 and the excretion of water, urea, ammonia
and uric acid. Besides these functions, the appearance of the skin has important

implications on social interaction providing information about health, age, gender etc.
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2.2. Relationship between skin functioning, barrier properties and

body-dependent factors

2.2.1. Motivation

Human skin is the interface between human body and environment [35]. With a
surface of some 2 m”> and a mass equal to around 15% of total body mass, skin is the
human body’s largest single organ [36]. Skin is responsible for various functions that
are very important for health and comfort in everyday life. The main functions of
human skin are to regulate the temperature, both by insulation and sweating, to be
involved in the functioning of the nervous system and the regulation of water content,
and to protect the organism from mechanical injuries, microorganisms, substances and

radiation present in the environment [1, 4].

The properties and condition of the skin vary with body site and can be influenced
by various inherent body-dependent factors, such as skin type, ethnicity, or gender, or
those that we can control, such as our lifestyle and body mass index (BMI). Skin can be
also influenced by the penetration of various substances to which we are exposed [1, 8,
37]. Figure 2.2 shows how body-dependent factors and skin penetration can influence

human skin.

The stratum corneum (SC) acts as a barrier that resist the penetration of external
matter and loss of water, but it is not completely impermeable [7]. This can lead to
harmful health effects of the environment [7]. On the other hand, the permeability of
skin can be used for cosmetic purposes or drug delivery, which has been a developing
technology since the 1970s [38, 39].

This review summarizes the different factors influencing and determining human-
skin properties and performance and provides an overview of skin barrier functions and
their limitations. We also discuss the absorption abilities of human skin, the
mechanisms of penetration and the methods used to enable or improve drug-delivery
processes. Our aim is to provide readers with an understanding of the complex

relationship between all skin functions.
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Figure 2. 2. Factors influencing human skin.

2.2.2. Body-dependent factors influencing human skin
Ethnicity

The most visible difference in skin characteristics between people coming from
different ethnic groups is skin pigmentation [40, 41]. Skin tone varies due to different
levels of the four chromophores responsible for skin color: hemoglobin and
oxyhemoglobin, which are responsible for pinkish tones in the complexion, melanin,
which correspond to brownish shades, and carotenoids, responsible for yellow-orange
tones [40, 42]. Ethnicity also influences the natural hydration level of the skin as well as
the decrease in hydration level with age [43-45]. It has been reported that Caucasians
and African-Americans have slightly drier skin, compared to Chinese, due to the lower
levels of SC natural moisturizing factors [40, 45-47]. Other experiment have shown no
difference in skin hydration level between ethnic groups [48]. There is also a difference
in the skin-ageing processes between different ethnic groups. Caucasians exhibit higher
dryness with age than Chinese, which may be caused by different eating habits and
avoidance of the sun exposure among Chinese [44, 49]. Also pigmentation changes in a
different way for different ethnic groups [50]. It has been shown that darker skin is
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more resistant to photo ageing processes [42]. Also the thickness of the SC was found to
be greater for darker skin [49, 51]. Some studies have also indicated differences in SC
thickness or in the number of layers within comparable SC thickness, suggesting that
African-Americans have more cell layers within the SC than do Caucasians (16 layers
reported for African-Americans compared to 9 layers reported for Caucasians), the skin
thus being more resistant to chemicals and damage [52-54]. The density of the SC is
comparable for Caucasians and Asians [54]. Most studies demonstrated higher
transepidermal water loss (TEWL) for African-Americans than for Caucasians [46, 53,

55] as well as larger gland pore sizes and a higher level of sebum secretion [40, 56].

Gender

Skin hydration was found to be different for female and male subjects [8, 45],
but other studies have presented no clear relationship between gender and hydration of
the skin [57-59]. Similar results were found for TEWL: some researchers found that
TEWL is higher for men, explaining this by the fact that they spend more time outdoors
and their skin is more damaged [8, 60, 61], but predominantly no relationship between
gender and TEWL was found [58, 62-65]. Sebum secretion is considered to be either
independent of gender [58] or slightly higher in males [8, 45, 66-68], due to a higher
testosterone level [8, 45, 69]. The sweating rate was found to be 30-40% higher in
males than in females (taking the difference in body surface area into consideration)
[70]. Measurements of the surface pH of skin in males and females have shown
contradictory results. Surface pH values for women have been found to be higher than
[45, 64, 71, 72], lower then [73] or comparable with those reported for men [58, 74]. A
similar situation exists regarding the thickness of skin in females and males. Results
show no clear relationship between gender and SC thickness [51, 75-82], but it was also
found that the cellular epidermis is slightly thicker in males than in females [51].
Measurements have shown no statistically significant difference between the elastic

properties of the skin in females and males for the same anatomical sites [8, 83-86].

Age

Age is a very important factor influencing the skin and for the body in general.
Overall, the hydration level of the skin decreases significantly with age, mainly because
of the decrease in the amount of natural moisturizers present in the skin [8, 45, 84]. On
the other hand, there are studies showing contrary results [87]. It was also found that the
influence of the skin-ageing processes on skin hydration can vary between different

ethnic groups, being the most significant for Caucasians [44]. Furthermore, the
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elasticity of the skin is also known to decrease, predominantly due to the decreasing
amount of collagen [8, 67, 84, 88-90]. The thickness of skin initially increases with age,
showing a maximum value for women at around 30-40 years of age and for men at
around 40-50 years, and then significantly decreases with age [91-93]. TEWL values
were observed to be lower for infants than for adults and also varied with the anatomical
site [94]. However, some measurements showed no statistically significant difference in
TEWL values for adults of different ages [95-97]. The amount of sebum secretion has
been reported to be either independent or slightly decreasing with age [8, 58, 67, 98].
The sweating rate slightly decreases with age [99, 100]. Ageing also influences skin pH,
and has been found to be higher for older subjects [45, 95, 101]. Skin morphology is
also related to the skin-ageing process. Skin roughness, the dimensions of the primary
lines and anisotropy were all found to increase with age [35, 102-106]. Additionally,
ageing leads to the creation of wrinkles and pigmented spots (hyperpigmentation) due to
the reduced amount of collagen, as well as the reduced water-binding ability of skin and
its lower elasticity, which can become problematic, especially for women [50, 84, 89,
107-109].

Skin type

Skin type, its pigmentation, hydration, roughness and many other parameters are
very individual. Significant variations can be observed between people from the same
ethnic groups, living in the same environment and sharing the same lifestyle. As already
mentioned, naturally darker skin may be considered as being more resistant to damages
caused by UV light [42]. Both higher pigmentation and hydration level can slower skin-
ageing processes [42, 49].

Anatomical sites

Skin differs not only between different people but also between anatomical sites
for the same person [5, 110, 111]. Table 2.1 summarizes exemplary characteristics of

human skin for different anatomical sites.

Table 2. 1. Dependence of main properties of human skin on the anatomical site.

Human skin . .
o Anatomical site Value/range (reference)
characteristics

SC thickness volar forearm 18.3+4.9 um [51]
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22.6+4.33 um [112]

11+22 um[51]

roughness Ra

shoulder
21.8+3.63 um [112]
buttock 14.9+ 3.4 um [51]
cheek 16.8 £2.84 um [112]
back of hand 29.34+6.84 um [112]
forehead 12-15 pm [35]

volar forearm

17-20 pum [35]

index finger

19-33 um [35]

forehead 53.54 £ 16.49 corneometer units [8]
51.00 £ 15.92 corneometer units [8]
(corneometry)
Forearm
26.2 £3.4%[19]
(confocal Raman spectroscopy)
hydration level leg 37.22 £ 17.50 corneometer units [8]
40.47 + 18.47 corneometer units [8]
(corneometry)
palm 30+5%[113]
(confocal Raman spectroscopy)
forehead 12.27 £10.05 g/m*/h [8]
forearm 10.12 + 9.54 g/m*/h [8]
TEWL
leg 9.68 +9.52 g/m*/h [8]
palm 23.47+9.67 g/m*/h [8]
95+ 13 g/m*h [16]
sweating rate whole body (average for 10 subjects walking on a
flat treadmill in 20 °C, 40% RH with
a speed of 1.34 m/s)
forehead 95.65 + 51.38 pg/cm’ [8]
sebum secretion forearm 18.45 + 37.88 pg/em’ [8]
cheek 73.39 + 64.05 pg/cm? [8]
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leg 2.88 + 6.42 pg/cm? [8]
palm 9.82 +10.11 pg/cm? [8]
E*=8.3 £2.1 kPa[114]
(indentation in vivo)
Elasticity forearm E=0.42-0.85 MPa [115]
(torsion test in vivo)
E=129 £ 88 kPa [116]
(suction test in vivo)
6.43 +0.44 [95]
forehead (average amount people at the age of
pH 24-34 years)
forearm 5.30+0.30 [95]
cheek 5.07 £0.45 [95]

For example, the SC thickness, given by the number of cell layers, varies
significantly with the investigated anatomical site [82, 117]. It was found that the
thickest SC layer is to be found in heels, having 86 + 36 cell layers, whereas the
smallest number of cell layers (6 £ 2) has been observed for genital skin [82]. The SC
thickness on the forearm, back and thigh lies within the range of 11-13 um, whereas on
the abdomen, the SC layer is thinner (8.7 £ 7.5 um) [118]. The thickness of the
epidermis depends on the body site in a similar way [33, 51]. The SC thickness is
related to many other phenomena, such as surface morphology, hydration level and
permeability to various substances [19, 119, 120]. Since the SC acts as a barrier layer,
penetration through the skin is higher on body sites with thinner SC. This phenomenon
has been observed for water and other substances [118, 121, 122]. Another parameter
varying with anatomical site is surface morphology. The roughness (Ra) of the index
finger lies within the range of 19 and 33 um, whereas it is lower (12-20 um) for the
volar forearm [35, 123, 124]. Anatomical sites also differ between each other due to the
presence of hair. While some body parts can be considered to be hairy (e.g. head),
others can be considered as hairless (e.g. volar forearm) [35, 125, 126]. Also sebum
secretion varies between different anatomical regions, not only as far as the amount is
concerned, but also the chemical composition [95, 127-129]. The hydration level of the
skin also depends on the body site. Due to many reasons, such as exposure to harsh
environmental conditions or the frequency of washing with detergents, certain body
parts, e.g. hands, are more prone to having a lower hydration level of the superficial
stratum corneum (SSC) [112, 130]. The sweating rate and the density of sweat glands
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are also dependent on the anatomical location. The highest density of sweat glands can
be found on the soles of the feet (620 + 20 sweat glands per cm?), whereas the lowest
density of sweat glands is found on the upper lips (16 sweat glands per cm?) [131, 132].
TEWL also varies with the anatomical location. In general, the SC thickness is directly
related to the TEWL and anatomical sites characterised by the thickest SC display the
lowest TEWL values [133]. However, TEWL levels are also dependent on other factors,
such as SC lipid content, blood flow or skin temperature [8, 133]. This explains the fact,
that the TEWL of the palm (characterised by a thick SC layer but a low level of barrier
lipids) is higher than that of the leg [8, 95]. Also the elastic properties of the skin vary
between different anatomical sites. For example, facial skin was found to be less elastic
than the skin on the arm and on the back [90]. The elastic properties of skin depend on
the collagen structure in the dermis, the local thickness of the skin and other parameters
that depend on the anatomical site [84, 134, 135]. As the properties of human skin are
rarely independent of each other but work as a system, a variation in one property is
generally coupled with ta variation in others. For example, the frictional behaviour of
human skin varies with body sites because it depends on SC roughness, elastic
properties, thickness, hydration level, sweating rate as well as on the presence of hair
and sebum [28, 35, 112, 125, 136, 137].

Lifestyle and Body Mass Index

In addition to the above-mentioned factors, which are independent of everyday
decisions and habits, there are additional aspects influencing our skin, such as lifestyle

or body mass index.

Lifestyle is considered to be the one of the factors influencing the extrinsic
ageing process, which is related to visible ageing caused by the exposure to external
factors [37]. Human skin remains in constant interaction with the environment: the
higher the exposure to harmful environmental factors, the lower the level of
antioxidants protecting the organism from oxidative stress and inhibiting the skin-
ageing process [138]. Habits preventing skin ageing are probably beneficial for overall
health [37]. Proper sun protection allows the avoidance of accelerated skin ageing and
the risk of skin cancer and other skin damage [139]. A healthy diet, containing
significant amount of fruits and vegetables, as well as a calm, low-stress lifestyle, lead
to a higher concentration of carotenoids and may result in a slower rate of skin ageing
[138, 140]. Higher daily vitamin C intake has been connected to a decreased formation
of wrinkles, while a higher linoleic acid dose has been associated with a lower level of
dryness [141]. A study has shown that smoking is associated with a worse skin
condition among women and men from different ethnic groups [37]. It also significantly

increases the risk of skin diseases, such as necrosis after surgeries, as it decreases the
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self-healing abilities of the skin [142-144]. The thickness of the SC was found to
decrease with the number of years smoking [51]. Protection from the sun is a factor
correlated with better skin appearance [37, 145]. Direct correlation between sun

exposure and the number of wrinkles has been reported [139].

Skin properties are also dependent on the body mass index (BMI). TEWL is
usually higher for obese people [40, 146]. Obesity is also correlated to elevated sweat
gland activity and higher skin blood flow [146, 147]. According to the investigations,
obesity can also increase the risk of various skin disorders [146, 147] and impaired
wound healing [147]. For example, 74% of examined obese people have been found to
suffer from acanthosis nigricans, also related to insulin resistance [147]. In another

study, 40% of obese children were diagnosed with striae disease [147].

Cause and effect chain

Skin properties and performance depend on many body factors that are either
provided by our genetic background or based on our choices and habits. In addition to
individual factors, many external triggers and penetrating substances can
simultaneously influence the skin. It has to be pointed out, that several different factors
can influence the skin at the same time in everyday life. The same effect can have
various origins while the same cause can result in different symptoms, depending on
individuals and circumstances. An example, showing the cause and effect chain

connected with the hydration level of skin, is summarized in Figure 2.3.
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Figure 2. 3. Cause and effect chain for the example of the decrease in skin hydration level. “+” and “-*

symbolize positive and negative correlation

As skin hydration is a very important parameter responsible for skin
homeostasis, all deviations from a normal hydration level can result in significant
changes in human skin properties and functions [148]. Many factors can lead to a

decreased hydration level of skin. Among the main causes of dry skin one can list skin
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ageing [8], the wrong or no skin care [149] or malnutrition [150]. Skin hydration can
also be influenced by environmental factors [151] or by anatomical location (e.g. skin
on the palms and legs is drier than on the forehead) [8]. Skin dryness can also be a
consequence of various diseases, not only directly related to the skin, such as atopic
dermatitis, but also other health problems, e.g. hypothyroidism [152-155]. A lower
hydration level results in a lower elasticity of the skin [8], faster skin ageing and
wrinkles creation [124], higher surface roughness [156] and lower mechanical
resistance [1]. Dry skin is also more susceptible to skin diseases and more prone to
redness and itchiness [119, 157]. The frictional behaviour of human skin also depends
on hydration [158]. It was reported that moist skin shows higher friction coefficient
values than dry or completely wet skin. Based on the example of skin hydration, it can
be concluded, that sometimes the causes of certain skin properties and their effects
interact with each other, creating a self-perpetuating cycle, in particular for skin

diseases.
2.2.3. Penetration through human skin

Our skin is constantly in contact with various substances that are either present
in the environment or deliberately applied to the surface of the skin [159]. Numerous
substances have been applied to the skin surface for medical or religious reasons since
the beginning of humanity, which provides a hint that the absorption properties of the
skin were already known a long time ago [160]. Depending on the circumstances, the
barrier properties of human skin, given mainly by the horny layer of the skin (SC), may
be perceived as either an advantage or an obstacle [161]. One of the functions of the
skin is to protect the organism from both mechanical injury and harmful substances [4,
38, 162]. In everyday life, the skin can be exposed to various substances in the solid,
liquid or gaseous state. Some of them, such as harmful chemicals, allergens, pathogens
etc. can be dangerous and lead to irritation, rashes, burns or other health problems
following the topical application or penetration of these substances into deeper layers of
the skin [2, 160]. On the other hand, the skin barrier can be an obstacle for the delivery
of therapeutic agents, present in drugs and cosmetics, for example [163]. Due to the
skin’s large surface area (around 2m?), the topical dosage of drugs seems to be an
interesting alternative for medication, but, because of the barrier function of the skin,
this method is far from straightforward [38, 162, 164].

The epidermis and dermis are the skin layers involved in the penetration
processes, but the SC composition and properties are mainly responsible for the barrier
function of human skin [1]. Skin protects the body from penetrating substances through
various mechanisms, either mechanically blocking particles from further migration into

the skin or neutralizing, attacking or degrading them [1]. Substances that penetrate
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through the SC barrier layer still have to overcome many other obstacles, such as the

antimicrobial barrier, immunological systems or enzymatic systems [1, 2].

There are three different pathways that can be used by substances penetrating the
skin mentioned in the literature: intercellular, transcellular and transappendageal
[38]. Figure 2.4 shows a simplified scheme of skin penetration.

INTERCELLULAR TRANSCELLULAR TRANSAPPENDAGEAL
+ Requires presence of component lipids »  Very selective - Typical for water-soluble substances
* Long distance + Short distance * Particle size: 36 nm-210 pm

= Particle size: 5-7 nm

¥ E I

Figure 2. 4. Three penetration pathways for the skin: intercellular, transcellular and transappendageal.

The intercellular pathway involves the transport of substances between the cells
of the SC layer [38, 165]. This mechanism plays a major role in skin permeability and
requires the presence of component lipids, such as ceramides, that allow free lateral
water diffusion by forming nanometric spaces via short range repulsive forces [165,
166]. The diffusion rate depends on the properties of penetrating particles, such as
volume, weight, solubility, lipophilicity or hydrogen-bonding ability [39]. Small
particles can move freely between the SC cells but the intercellular space is
mechanically restricted to 19 nm, the average dimension of the lipid channels [39, 167].
It is assumed that particles with a size of 5-7 nm can be efficiently transported through
the intercellular pathway [1]. Although the SC is a thin layer, reaching a thickness of

some 20 pm for the volar forearm [51], the intercellular pathway is much longer.
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According to the 20-fold rule, assuming that the effective pathway is twenty times
longer than the SC thickness, it reaches 400 pum, which reduces penetration rate

significantly [168-170].

The transcellular pathway involves keratinocytes in the transport of substances
[38]. Despite the seemingly short distances involved, this pathway is very selective.
Penetrating particles have to overcome various barriers that are repeated many times in
the skin structure; lipophilic cell membranes, hydrophilic cellular contents with keratin
and phospholipidic cell barriers [171, 172].

The transappendageal pathway involves appendages, such as sweat and
sebaceous glands and hair follicles and is a typical route for the penetration of water-
soluble substances [162, 165]. There are various opinions about the maximum size of
the particles that can penetrate into deeper layers of human skin through the
transappendageal pathway. Some studies have shown that the size of particles
penetrating the skin through aqueous pores can be around 36 nm, whereas trans-
follicularly penetrating particles can migrate distances up to 210 pm [1]. However, other
researchers have argued that only particles with a size up to 40 nm [164] or even as
small as 20 nm [39] can penetrate through follicles into deeper skin layers, whereas

bigger particles will only be transported deep into the hair follicle.

The transappendageal pathway used to be considered as the least significant
penetration passage, as the appendages cover only 0.1% of the skin surface [38, 168].
On the other hand, it is the only penetration pathway for large particles [1]. In addition,
appendages may play a role as reservoirs for topically applied substances and therefore
could potentially be an efficient penetration path [38]. Special treatments and
substances called penetration enhancers can be used in order to increase the

permeability of human skin for the purpose of drug delivery or cosmetics.

There are many factors influencing skin absorption, connected with both skin
properties and characteristics of the penetrating substances. Consistent with the first part
of this paper, the properties of human skin can vary significantly not only between
different people but also between anatomical areas. The absorption properties of skin
are subject to analogous variations, in particular, when skin barrier properties are altered

due to a skin disease.

As presented in Figure 2.2, penetration through human skin depends on the
body-dependent factors and also influences human skin characteristics, such as skin

dryness, roughness or health.
Figure 2.5 presents the main body-dependent factors influencing skin

permeability. As previously mentioned, skin characteristics depend on each other. Skin

function, e.g. skin barrier properties, has to be considered as a function of skin ageing.
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Influence of altered skin hydration, SC thickness or sweating rate have to be considered

as well, as these parameters vary with age and have an impact on skin permeability.
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Figure 2. 5. Body-dependent factors influencing skin permeability.

The barrier properties of human skin vary significantly among body parts, as the
anatomical site strongly influences the majority of skin characteristics, such as SC
thickness, density of appendages and hydration level [1, 173]. Skin permeability is
facilitated when the SC is thinner, due to a smaller distance having to be covered by
penetrating substances [1]. The distribution, density and diameter of follicles have also
a major influence on skin barrier properties [1]. The maximum density of follicles is
characteristic of the forehead (292 follicles/cm” compared to 50 follicles/cm® in other
body parts) whereas the maximum diameter of follicles has been reported for the calf
(165 = 45 um) [1]. The water-diffusion rate varies depending on the body site. Diffusion
rates of 2.1 mg/cm’/h were reported for the SC on the sole, 0.4 mg/cm?/h on the calf and
0.1 mg/cm”/h on the thigh (isolated dermis showed very poor barrier properties and the
diffusion rate persisted at a level of 5mg/cm?/h) [174]. The hydration level of skin can
vary significantly between body parts. An appropriate hydration level is necessary to
avoid mechanical failure of skin [1]. Penetration of substances through impaired skin is

significantly enhanced [162].

It was also observed that skin permeability decreases with age [1, 39]. It was
found that sweating and high skin hydration result in increased water absorption [173,
175]. Both these parameters are reduced in older subjects [1, 99, 100].
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Gender also has an influence on skin barrier function, as according to some
researches, it is related to the SC thickness, the density of appendages, the hydration
level and sweating rate [8, 51]. It was found that the presence of hair makes men’s face
more permeable than women’s [70]. Men sweat to a greater extent than women (800
ml/h for men versus 450 ml/h for women during physical activity), which can also result
in higher skin permeability in males [70]. Sex hormones influence the SC chemical

composition and may also influence skin permeability [1].

All parameters contributing to personal variations in skin permeability are also
dependent on the skin type, as all above mentioned characteristics, such as SC
thickness, density of appendages, sweat rate and hydration level can vary among
individuals of the same gender and at the same age. The health condition of the skin
plays a very important role in its barrier properties, as the majority of nanoparticles
present in the environment, or even bacteria, dust, viruses, and allergens cannot
penetrate through healthy and non-disrupted human skin [39, 162]. However, skin
mechanical failure or diseases can increase permeability of human skin significantly.
For example, atopic skin was found to show up to a 2-fold higher permeability than
healthy skin [173].

All the above-mentioned factors influencing human skin barrier properties are
interlinked. Therefore, it is impossible to explicitly determine the importance of
individual parameters. Moreover, different body-dependent factors will influence skin
permeability to a different extent, depending on the penetration pathway preferable for a
certain type of penetrating substances [1]. In addition, skin permeability can be also
influence by the climate and environmental conditions [1, 19]. Increased hydration level
of the skin, which can be caused by increased air humidity as well as increased
temperature, for example, can act as penetration enhancers [1, 19]. This leads to the
conclusion, that transdermal drug delivery should be personalized and consider

individual skin characteristics and also the living environment of patients.

The transport of substances through the structure of human skin strongly
depends on the substances themselves, as well as on the accompanying excipients [1]. It
has been reported that elastic particles can migrate through human skin more efficiently
than rigid ones [176]. While elastic particles could penetrate the SC and reach the
border of viable epidermis, rigid particles were only accumulated in the superficial
stratum corneum [177]. The solubility of the substance in the medium, the
concentration of the solution and its pH are also important factors influencing the
penetration process [1]. It is also assumed, that the molecular weight of the penetrating
substance should not exceed 500 Da [162]. The size and shape of the molecule, in
addition to other physicochemical descriptors, e.g. water-octanol partition coefficients

and Abraham solute descriptors, is one of the factors that is decisive for its ability to
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migrate through the skin structure and its penetration depth, the possible pathway and
the diffusion coefficient [1, 178].

As the penetration of substances is quite often desired, (e.g. delivery or
application of active substances in cosmetics), many compounds have been investigated
as potential penetration enhancers [163]. Among the substances that could be
successfully used as penetration enhancers are surfactants, esters, fatty acids, alcohols,
amines, terpenes, alkanes, phospholipids, sulphoxides, amides or pyrrolidones [38,
163].

Besides chemical penetration enhancers, there are also some techniques
enhancing skin penetration, such as electroporation, which leads to the creation of
aqueous pores by the application of an electric pulse [179]. In addition, it has been

observed that massage can increase the transappendageal penetration rate [39].

Skin permeability is an important area of science focusing on skin barrier and
protective function as well as on drug delivery. Therefore many research groups have
focused on human skin models and substitutes, such as animal skin, reconstructed
epidermis (Skinethic™ HRE) or living skin equivalent (Graftskin™ LSE™), enabling
simulations and predicting if, how and to what extent different substances can be

transported through human skin layers [36, 180].

2.2.4. Conclusions

In this review we have discussed the major factors influencing skin properties
and functions. The foregoing literature survey has disclosed how many factors can alter
human skin in everyday life. The complexity of the skin cannot be neglected: the
properties and performance of the skin are all interdependent and need to be considered
as a system rather than as individual characteristics. Consequently, a change of one

property can lead to a wide variety of effects.

Attributes influencing skin properties and functions can be divided into body-

dependent factors and factors connected with the skin barrier function.

The majority of body-dependent factors influencing skin are congenital.
Ethnicity and gender influence skin properties to a lesser extent than other factors. Skin
type can influence UV protection and skin-ageing processes. Skin ageing results in,
inter alia, a decrease in hydration level and elasticity. Generally, skin properties, such
as thickness, roughness, hydration, TEWL, sweating rate, sebum secretion, elasticity or
pH, vary with the body site.

Healthy diet and adequate body weight may slow the skin-ageing process,
decrease the risk of skin disorders and accelerate the wound-healing process. Also the

avoidance of excessive UV exposure allows the maintenance of better skin health.
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Skin acts as a barrier that protects the body from the environment. However,
certain substances can penetrate into deeper layers of the skin and even be absorbed into
the bloodstream. This imperfection in skin’s barrier properties leads to the need for
adequate protection upon exposure to dangerous substances, but it is also an opportunity
for new modalities of drug delivery. These do, however, bring the challenge that the
pharmacokinetics is dependent on the location, type and health status of skin as well as

on the age and gender of the patient.

Since skin is the biggest single organ in the human body, fulfilling a variety of
very important functions, its properties have consequences in everyday life. All the
above-mentioned factors can alter skin attributes, such as aesthetics, mechanical
protection, resistance to external factors, wound healing or frictional behaviour of the

skin.

Because of the diversity of skin properties and the complex relationship between
skin permeability and other characteristics, individualized factors have to be taken into
account for skin modeling or the design of transdermal-delivery-based treatment

methods.



Theoretical background 43

2.3. Frictional behaviour of human skin

As skin is the first area of contact with the surroundings, skin friction plays an
important function in everyday life. Friction coefficient of human skin rubbed against
other objects depends on many factors, both external, like the roughness of the
counterface, experimental or environmental conditions and internal factors, such as the
specific body part, gender, skin health, age, and hydration level [4, 35, 181, 182]. Figure

2.6 shows possible factors influencing frictional behaviour of human skin.
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AGE [TEMPERATUREJ [HUMIDITY] Eccumuumor\J LOAD

BODY SLIDING

PART HUMAN SKIN VELOCITY
GENDER FRICTIONAL CONTACT
HEALTH BEHAVIOUR DIRECTION

SURFACE MECHANICAL INTERACTION
HYDRATION EOUGHNESJ [PROPERTIES} [MATERIAq EVITH WATEJ

Figure 2. 6. Exemplary factors influencing human skin frictional behaviour: skin (pink) and counterface

(purple) characteristics, environmental (green) and experimental (grey) conditions.

Skin is perceived as a soft viscoelastic material with the friction force Fr [N]
being the sum of two components: an interfacial F;, [N] and a deformation component
Fuer [N], which is caused by incomplete recovery of the energy dissipated by the
viscoelastic deformation [11, 183] :

Fr=Fint + Fdef (1)

It has been reported that the deformation component of the friction force is
relatively small in comparison to the interfacial component and adds only around 0.04
to the final friction-coefficient value (being about one order of magnitude less than the
values observed for dry skin, e.g. 0.46 for the forearm rubbed against a polypropylene

sphere) [11] [184]. Therefore, to understand the mechanism of the frictional behaviour
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of dry and wet skin, the deformation component can be neglected [11]. The interfacial
component is related to molecular-scale attractive forces and is proportional to the real
area of contact, A [m’], over which the forces operate and the interfacial shear strength t
[Pa] [11]:
Fine =TA (2)
Interfacial shear strength has been found to depend linearly on the contact
pressure for substances covered with a thin organic film, such as human skin in its

natural environment [11]:
t=ntap (),
where Ty [Pa] is the intrinsic interfacial shear strength, p [Pa] is the contact

pressure, being a quotient of the applied normal load and the real contact area and a is a

pressure coefficient [11].

Combining Equations 1-3, another equation, describing coefficient of friction ,
can be derived:

p=Lm e Ty o= AL 0 (9
Fn Fn p p Fn

It has been demonstrated that the friction coefficient for dry skin can be
perceived as independent or almost independent of the applied normal load [11, 21, 35,

185, 186].

Exemplary values of the friction coefficient for dry and untreated skin on the

inner forearm are summarized in Table 2.2.

Table 2. 2. Friction coefficient of dry and untreated skin on the inner forearm, adapted from Derler et
al.[35]

Counterface Friction Normal applied
. . Reference
material coefficient load
Ruby sphere 0.7+ 0.07 02+0.1 Asserin [187]
Steel sphere 1.63 £ 0.07 0.05+0.03 Elleuch [188]
Copper cylinder 0.45 - 0.65 0.2 Sivamani [189]
Gold cylinder 09=+0.5 0.08 Nakajima [190]
Steel slider 0.41 £ 0.08 0.49 Gupta [191]
Steel washer 0.19% 0.02  0.075 + 0.005 Gerrard [192]
Steel washer 0.2+0.01 0.075 = 0.005 Batt [193]
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Frictional behaviour of human skin changes in the presence of water, e.g. due to
sweating, sweat accumulation or external sources of water being present in between
skin and other objects, caused by rain, wet clothes, etc. The friction coefficient increases
significantly in the presence of water, which is thought to be caused by swelling and
softening of the stratum corneum, consequent increasing the real contact area and
generating capillary bridges [20, 21, 23-25, 136].

The friction coefficient of human skin exposed to water is no longer load-
independent, therefore in this work the name and symbol of the coefficient of friction
will only be used for simplicity reasons and can be understood as a ratio between
friction force and the normal applied load, not as a constant value. Wet skin, due to
significant changes in its properties, follows different friction mechanisms [11]. While
dry, human skin can be perceived as a multiple asperity surface, under wet conditions it
becomes a smooth, elastic surface [11]. The real contact area is no longer directly
proportional to the normal load and follows the Hertz equation, which has been found to

be applicable for contact between hard and soft materials [11, 22, 194]:

3FNR

A-n S (s),

where R is the radius of the sphere and E’ is the effective Young’s modulus,
given by the equation:
* — 1—V12 1—V22 -1
E'= (o + 55 ©)
where v and E are Poisson’s ratio and Young’s modulus of contacting materials.

As a consequence of Equations 2, 3 and 5, it can be clearly deduced that the
friction coefficient of wet skin decreases with increasing applied normal load following
the equation [22, 194]:

3 2 1

R.2
45*)3 Fy 3 (7)
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Experimental results for in vivo measurements performed on the volar forearm
rubbed against a reference textile under both dry and hydrated conditions presenting
friction coefficient as a function of the normal applied load and the amount of applied

water will be presented in detail as part of Chapter 4.

Another characteristic of human skin frictional behaviour is the so called “stick-
slip” phenomenon, observed for the inner forearm and the finger pad [182, 195]. “Stick-
slip” phenomena take place when the coefficient of friction decreases with increasing

sliding velocity and contribute to the tactile sensation abilities of human skin [195, 196].
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Human-skin frictional behaviour is an important topic, playing a substantial role
in daily life. Therefore investigations focused on this issue are relevant not only to
increase the comfort and safety of everyday activities, but also to help in the prevention
of friction-related injuries, such as wear, friction burns or decubitus ulcers [4-6]. Also
tactile properties of functional materials, such as textiles for sports, medical
applications, materials for interiors or artificial leathers, are directly related to the

friction of human skin [197].
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2.4. SKkin models

2.4.1. Motivation

Tests on animals, humans, cadavers and explants have traditionally been used to
study skin-material interactions [11, 35, 198-201]. Such studies were useful in
establishing safety margins and improved the characterization of skin. However,
experiments on human and animal skin raise ethical issues, are difficult to perform and
the results are highly variable due to inherent skin variability. In the last decades,
significant progress has been made in the reproduction of skin by culturing cells in
vitro. Cell cultures simulating skin are commercially available and used for research and
testing as well as for clinical purposes [202, 203]. Despite their biological relevance,
these skin models still have significant limitations. For example, most of their physical
properties have not yet come close to those of real skin and are also characterized by
large variations. In addition, they are expensive and difficult to store and handle. This
type of skin models is not yet suitable for experiments under realistic physical
conditions. Models based on biologically inactive materials, which we call physical skin
models in the following, are often preferable. By physical skin models, we understand
non-living materials or physical systems that are able to reproduce one or more of skin’s
properties, functions or behaviour. In the literature, such types of models are called skin
model, skin phantom, skin equivalent, synthetic skin, skin substitute, artificial skin, skin

replica, skin model substrate etc. depending on the research field.

Physical models of human skin have been proposed and described in numerous
studies concerning testing and development of materials and methods. However, only in
a few cases was the development and characterization of the models themselves the
main research goal; usually, physical skin models were developed for the needs of

testing, calibration, quality checking of devices or teaching.

Physical skin models allow long-term stability, lower costs, easy storage and
manipulation and better control over their physical properties. Therefore, these models
are usually characterized by better reproducibility and reliability. Moreover, they are

devoid of the above-mentioned ethical issues.
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2.4.2. Phases in the development of a skin model

The development of skin models comprises several distinct phases. First of all,
the main requirements such as skin characteristics, properties and functions, and
environmental and experimental conditions, have to be established. Table 2.3

summarises some of the most important requirements.

Table 2. 3 Physical skin models requirements.

Skin characteristics ~ Simulated properties ~ Simulated functions  Environmental factors Experimental parameters

Age Mechanical Sensing Temperature Parameters:

Gender Optical Cooling Relative humidity -Speed

Body region Thermal Heating Air flow -Time

Physical status Electrical Protection Precipitations -Pressure
-Fitness Chemical Appearance etc. Radiation etc. -Frequency
-Health Surface etc. -Deformation

Physiological status -Hysteresis etc.
-Skin temperature Geometry:
-Sweating rate -Anthropomorphic
-Hydration -Simplified

-Sebum excretion
rate

The requirements can be based on the literature data and on the measurement
systems specifications. Then, the materials and the processing methods have to be
chosen accordingly. The third phase is the effective manufacturing and construction.
This development phase takes place in feedback with the testing and characterization
phase, in which simplified experiments are carried out to select the most promising skin
models. The last phase in the development of the skin models is the validation.
Validation of the skin models can be based on a comparison with in vivo skin, cadavers’
skin, explants and excised skin, animals’ skin (e.g. porcine skin), other validated skin
models or on analytical calculations and theoretical modelling.

Figure 2.7 shows schematically the interplay of the factors summarised in Table

2.3.
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Figure 2. 7. Factors influencing the behaviour of human skin and skin models.

As discussed above, the properties of the human skin can vary over a wide
range. For this reason, it is important to understand well the specifics of the skin to be
simulated not only under all the relevant environmental and experimental conditions,

but also the behaviour of the physical skin models and the materials they are made of.

2.4.3. Materials to simulate human skin

From the materials science point of view, skin is a very complex, active open
system consisting of highly inhomogeneous and anisotropic composite materials.
Furthermore, the skin actively exchanges mass and heat with the body and the
environment. Due to this complexity, physical skin models are often aimed at providing
similar results to human skin, while being highly simplified systems that do not reflect
the structure and the composition of the human skin. Physical skin models can be
produced based on numerous combinations of materials, structures and morphologies.
There are skin models consisting of liquid suspensions, gelatinous substances,
elastomers, resins, metals and textiles incorporating nano- and micro-fillers but also

uncommon skin models such as those based on albumen, or engineered skin models.

Liquid suspensions

Various liquid suspensions have been used for simulating optical properties of
tissues [204-207]. Implicitly, to some extent, scattering and absorption properties of the

skin are simulated. Suspensions of lipid, polymeric and inorganic particles can be added
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to liquids such as water, milk or oils to obtain scattering properties that are similar to
those of skin. Liquid-based models can be produced using well-defined substances that
are readily available commercially. Lipid solutions (used for intravenous delivery)
[207], monodispersed polystyrene and titanium dioxide particles (used in various
biomedical and chemical applications) [207, 208], are some of the most used scatterers.
The light absorption is mainly determined by the liquid, but further control over it can
be achieved by using absorbers and fluorophores of both biological and synthetic origin.
Liquid skin models can provide good reproducibility for testing measurement systems
and of theoretical models. However, as these models have to be embedded in solid
recipients, care has to be taken as new interfaces are generated. Furthermore, these
models are only useful for cases in which simulating the surface and mechanical

properties are not critical.

Gelatinous substances

Skin models based on gelatinous substances have an ability to interact with
water, leading to reversible creation of gels. This property allows modifying and
controlling various physical, mechanical and chemical properties, such as elastic
modulus, hardness, optical or surface properties. Specific behaviour of gelatine and
related polymers can be influenced by pressure, pH and temperature, which can lead to
further variability of properties [209, 210]. Representatives of this group used in the
production of skin models are gelatine, agar and agarose, collagens and polyvinyl

alcohol gels.
Gelatine

Gelatine is a protein produced by partial hydrolysis of collagen [211] and is an
abundant component of the skin, bones and the connective tissue. Dry gelatine can be

stored for a long time without a change in quality.

Water-gelatine solutions closely simulate the density and viscosity of human
tissue. Ordinance gelatine or ballistic gelatine has become the standard for ballistic
testing and for wound ballistic forensic reconstructions [212]. However, ballistic
gelatine alone is not an accurate physical skin model. This is especially relevant at low

kinetic energies, for example for the testing of less lethal ammunition [213, 214]. To
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overcome these limitations in a multilayer approach, a second layer made of a different

material simulating the epidermis can be combined with the gelatine block [213-215].

The gelatine-water solutions simulate the deformation and kinetic dissipation of
the projectile and provide a similar behaviour of cavity formation and tissue
deformation that allows extrapolation of the results to those obtained with human tissue
[212].

Other important areas in which gelatine mixtures are used as skin models are in
elastography [216], testing of sun creams, self-tanning formulations and moisturizers
[217, 218] and testing of adhesives [219, 220]. Gelatine provides a matrix with density,
stiffness, sound speed, absorption, and light scattering similar to that of human skin.
Furthermore, through chemical or physical modification, it is possible to independently

control each of these parameters that are essential for elastography.
Agar

Agar is a gelatinous substance made from seaweed polysaccharides. Skin models
based on agar have been proposed first by Cubeddu et al. [221] as an alternative to resin

and liquid-skin models. Since then, many groups have adopted agar skin models [222,

223].

Although not very stable and with a limited lifetime, agar-based skin models are
versatile, easy to produce, with acoustic velocity, acoustic impedance and density
similar to those of skin [224]. To produce the skin models, agar is mixed with deionised
water or water-based solutions (e.g. saline solution). In addition, other substances that
allow the control of various properties can be incorporated. Chromophores and
scattering media (synthetic and biological) are used to obtain a broad range of optical
properties. Sodium chloride can be added to control the conductivity [223]. The thermal
transport can be studied by incorporating magnetic particles that are heated up using

variable electro-magnetic fields [225].

Homogeneous mixtures of the substances are obtained in the liquid phase that
can then be poured in 3d shaped moulds. Solidification occurs by polymerization, which
can be initiated by heating up to the boiling point in microwave ovens followed by rapid
cooling (e.g. by immersion in cold water [221]). The concentration of agar powder in
solution is about a few percent and has a significant influence on the density and

mechanical properties of the resulting skin model.
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The applications of agar-based skin models are diverse, but limited to
noncontact or light contact, where there is no necessity for long-term stability. Typical
applications are related to optical imaging [221, 226, 227], thermal imaging and
transport [228, 229], photoacoustic and ultrasound imaging [224], dosimetry [230], and
body centric applications [222].

Polyvinyl alcohol gels

Poly(vinyl) alcohol (PVA) is a synthetic polymer commonly used in medical
applications. It is highly soluble in water, but after crosslinking can form hydrogels
[231]. PVA cryogels are especially suitable to simulate tissue in magnetic resonance
studies [232]. Tissue-mimicking models are very important for optimization, testing or
development of imaging-based diagnostic techniques. PVA is perceived as a skin and
soft-tissue phantom e.g., for a wide group of magnetic resonance techniques [233],
optical tomography [234] or x-ray examination [235]. PVA is also used as a matrix in
which further substances can be integrated. For example, Mazzoli et al. [236] used PVA
as a matrix containing scatterers and absorbers. In addition, Indian ink was added to
simulate melanin and pigmented lesions of malignant melanoma. It is also possible to

tune the optical properties of PVA-based products by adding nanoparticles [237].

Phantoms made of PVA are used in optoacoustics, such as acousto-optical
elastography [238] or photoacoustic imaging [239]. They are important models for
ultrasound systems for testing, optimizing and educational purposes [224]. PVA
cryogels can be produced with properties similar to those of human skin [240]. The
mechanical properties of PVA cryogels are tunable within the range of those of soft
tissues [234]. Kim et al. proposed the usage of PVA thin films as a skin model to collect

data for designing a computer-game controller [241].
A big advantage of PVA cryogels is the possibility of adapting their scattering

coefficient and stiffness by changing the number of freeze/thaw cycles. PVA cryogels

are relatively stable and easy to store.

Elastomers

Elastomers are polymers exhibiting rubber-like viscoelastic properties. The
elastomers are either thermoplastics or thermosets, having a glass transition well below

room temperature. This is directly related to their properties, which are similar to those



Theoretical background 53

of human skin [242-244]. Moreover, elastomer-based composites allow the physical

properties of skin models to be tailored within a wide range.

The elastomers comprise a broad spectrum of natural and synthetic materials,
inter alia silicones, polyurethanes, polyether block amides, polyisoprene and
polybutadiene. Human skin is primarily simulated by means of silicones and

polyurethane.
Silicones

Silicones are inorganic-organic polymers containing Si, O, C and H as well as
other secondary elements [245]. For skin models, silicone elastomers such as cross-
linked polydimethylsiloxanes (PDMS) are widely used. Fillers are incorporated to
strengthen and to tune the properties of silicone elastomers. Carbon black is added to
control the electrical conductivity, titanium dioxide the dielectric constant, and barium
sulphate the radiopacity [246]. Silicone is also applied for surface reproduction,
allowing to produce surface morphologies with defined roughness as well as obtaining
replicas directly from skin [5]. This possibility is used to investigate the role of
roughness in measurements and to develop skin models for which the surface properties

are important.

Silicone alone has a refractive index similar to that of skin (1.3-1.5), which can
be further tuned by incorporating other substances and structures that can alter the
interaction with light (see Nano- and micro-fillers section) and therefore simulate a

broad range of human skin optical properties.

Skin models containing silicone are durable over long time periods and can be
moulded to obtain various shapes from simple geometries to anthropomorphic,

anatomical shapes.

The main advantages of silicone-based models are related to the broad range of
properties that can be simulated, easy manipulation, nontoxicity during and after
preparation, and long-time stability. Silicone-based skin models have been introduced to
simulate skin in numerous applications such as optical imaging, measurement of the
specific absorption rate (SAR) [247], drug delivery [248, 249], needle penetration [250,
251], acoustic and photoacoustic imaging [224], tactile assessment [252],

indentation[253] and friction[254-256].
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Polyurethanes

Polyurethanes are addition polymers that can be thermosetting (the majority) or
thermoplastic. A skin model based on polyurethanes was considered for an intradermal

injection training system by Graham and Sabelman [257].

The properties of polyurethane-based skin models can be influenced by using
polyurethane elastomers with different soft-to-hard-phase ratio, polyurethane sponges,
or by incorporating reinforcing particles. Such an approach has been used for instance
to develop tactile sensing robotic skin [258, 259]. Due to their viscoelastic properties,
polyurethanes can be used as mechanical skin models [188, 260], simulating the friction
behaviour of human skin [5, 123, 125, 261]. Lorica® artificial leather, which consists of
polyamide microfleece coated with polyurethane, has been shown to realistically
simulate human skin friction against textiles under dry conditions [56]. In addition to
friction properties, the Lorica® skin model reproduces many surface properties of
human skin (roughness, topography, water contact angle) and shows similar force-

deformation characteristics [6, 261].

Polyurethane skin models can be used for training in the medical area, e.g. in
intradermal injection, skin surgery or prediction of softness of real human skin, where
polyurethane simulates the epidermis [257, 262, 263]. Polyurethane sponges have been
shown to simulate the human dermis during biomechanical modelling of non-ballistic
skin wounding [264, 265]. Optical properties of polyurethanes (e.g. refractive index),

make them an option also as optical skin models [263, 266].

Polyurethanes have a long shelf life and stability and due to their tunable

properties, they could be useful in many other applications.

Epoxy resin

Epoxy resins are components for obtaining cross-linked or thermoset plastics
with a wide range of properties [267]. As a skin model, they were proposed by White
and Martin [268].

The properties of epoxy resins depend on the type of resin and can be controlled

by mixing with other components, such as plasticizers and diluents [267].

The epoxy resins have a thermal diffusivity about 0.070-0.084 mm?/s, close to

that of human skin, which is about 0.11 mm?®s, therefore making them a choice for
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thermal skin models [269, 270] or skin-simulant temperature sensor models for skin
burn prediction [271, 272]. Skin models based on epoxy resins have been used to
observe the temperature profile inside or on the surface during cryogen spray cooling
process and to analyse the dependence of temperature changes on different conditions
[270, 273, 274].

The refractive index of epoxy resin (1.54) is close to that of human skin and can be
further adjusted by adding e.g., titanium dioxide and aluminium oxide particles into the
material [275, 276]. Epoxy-resin-based human skin models are used for Raman
instrumentation calibration, validation of optical tomography (e.g. tomography of
neonatal brain), or for calibration for near-infrared examinations [275-277]. Skin
phantoms made of epoxy resins are also suitable as the outer layer of breast phantoms
used for the quality control of x-ray imaging systems or in education for

mammography[278].

Metals

Metal-based skin models are mainly used in systems to probe thermal properties
of clothing [279]. The specific choice of the metal is not critical, as these types of skin
models rely strongly on the design of the whole system. The main advantage of these
models is their high thermal responsiveness, stable properties, robustness, and the
availability of technologies to produce various shapes. Heating and cooling elements
can be incorporated and controlled via modern electronic systems. In addition, sweating
and moving capabilities have been implemented. For example, in ISO 11092:201 a
porous sintered metal plate, heated to 35 °C is implemented as a "sweating guarded-
hotplate" that is used to assess the textile-physiological effects under steady-state

conditions simulating the evaporated sweat coming into contact with a textile.

Furthermore, such systems are often coupled with thermodynamic and
thermophysiological models and placed in well-controlled climatic conditions [280].
Materials testing and development, body-monitoring systems, and human body
thermophysiological response are the main areas of interest for these systems. Key
parameters simulated by these models are skin temperature, sweating rate and heat
transport. Some of the most important limitations are related to the mechanical

properties and thermal inertia, which are not simulated realistically.
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Textiles

Textile skin models based on natural (e.g., cotton, chamois) and synthetic
materials (e.g., polytetrafluoroethylene, polyamide, polyester) are of great importance in
systems simulating sweat distribution of humans [281-283]. In addition, synthetic and
natural leather such as Lorica® and chamois simulate the mechanical and frictional

contact behaviour of skin (see ‘Polyurethanes’ section).

There are three main types of sweating textile based skin models: pre-wetted
textile skin, textile skin with water delivered by sweating nozzles, and waterproof
textile skin that is vapour permeable [284]. Textile skin models are used to investigate
the liquid and water vapour transport, thermal insulation as well as the combined effect
on both the comfort and protective properties of clothing systems [283, 285]. The
textiles are placed over thermophysiological devices (e.g., thermal manikins, sweating
guarded hot plate) tightly fitted and their main function is related to redistribution and

transport of moisture.

By appropriate choice of materials (fibre composition, surface properties,
hygroscopicity, hydrophobicity etc.) and structural properties (thickness, construction,
porosity, surface pattern etc.), the heat, moisture and vapour water transport can be

controlled simulating various physiological conditions.

Another vibrant research area is the integration of sensing elements in textiles
motivated by the requirements of continuous body monitoring. Textile-based and
flexible sensors can take advantage of the large available surface of textiles, which is
expected to provide unprecedented increase in spatial information for multiple
parameters (e.g., heat flux, sweating rate, evaporative flux, skin temperature etc.) with

minimum disturbance to the system.

Other materials used to model skin

The list of materials used to replicate human skin can be easily extended,
especially if structure, morphology, surface properties or design are taken into account
[257, 286]. From the less common solutions, but with important advantages, we
mention albumin, which is able to simulate thermal damages of the skin [287]. There

are also less common examples such as onion, peach and cellophane which were found



Theoretical background 57

to simulate the diffusion mechanism of human skin [288]. A more systematic approach
has been used to simulate the sweating of human skin in connection with water
distribution in textiles using x-ray micro-computed tomography [289, 290]. Similarly,
Hou et al. simulated the sweating of skin by using a multilayer design consisting of a

polycarbonate porous membrane and a skin-replica membrane [291].

Nano- and micro-fillers

To obtain skin models with tailored properties and functionality, nano- and
micro-fillers such as nanoparticles, nanowires, chromophores or fluorophores are added
to a liquid or solid matrix. The incorporation of nanomaterials strongly influences
various properties starting from the mechanical and thermal to optical, dielectric and
magnetic properties. In addition, unique functionalities can be obtained by exploiting
quantum effects occurring at nanoscale or using the coupling between nanomaterials
and matrix properties [292, 293]. Sensing capabilities can be implemented into the skin
models, allowing the improved monitoring of experiments, or to serve as sensing

robotic skin for machine-human interfacing.

The choice of nanomaterials is vast, leading to a massive number of possible
combinations to achieve a given property. Nano- and micro-particles such as metallic
gold [294, 295], titanium dioxide [294], silicon dioxide [294], aluminium oxide [208],
polystyrene [296], carbon black, graphite[247], lipid (Intra lipid) [207, 297-299] have
been incorporated into solid and liquid matrices, to tune the optical properties of the
skin models. Mechanical properties have been adjusted by using carbon black, dielectric
and resistive properties by adding conductive (e.g., graphite [247], nickel [300]) and
ferroelectric fillers [258].

2.4.4. Conclusions

The literature review reveals that a surprisingly large variety of materials has
been used to simulate specific physical properties of the human skin. The spectrum
ranges from liquids and gels such as water, milk, albumin, gelatine, and agar via soft
materials such as polyurethane, silicones and polyvinyl alcohol gels to hard solids such

as epoxy resins or metals. The role of skin models is to mimic chosen properties of
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human skin in an appropriate way. Figure 2.8 illustrates and summarizes the main
materials used to simulate different categories of skin properties according to this

review.
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Figure 2. 8. Materials used to simulate skin properties and functions.

Historically, the development and adoption of physical skin models have been
closely related to their applications, which inevitably led to a high diversity. Most of the
skin models appear to be adopted through a trial and error process by using materials
that look, feel, have a structure or composition similar to skin. In the empirical selection
of materials, an important criterion often was to apply materials and systems with
properties that can be adjusted conveniently or provide measurement results comparable
to skin, even if the physical mechanisms involved in the material behaviour differed for
the skin models and the skin.

Because of the complexity of the human skin, future skin models might still be
based on empirical investigations in which incremental improvements of the existing
solutions are achieved. For example, more realistic skin models can be obtained by
combining suitable material compositions with skin-like structure, morphology and/or
surface properties and topography. If scattering and absorption properties are important,
titanium oxide, gold and aluminium oxide nanoparticles, polymer microspheres and
chromophores (e.g. dyes, blood and yeast suspension) can be incorporated into the skin
models.

The combination of different skin-like properties in the same skin model
generally has high potential. Interdisciplinary or multiphysics approaches leading to
more realistic models would be especially beneficial in materials science, as optimized

materials have to meet different requirements. To be suitable for medical applications,
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for example, biocompatible materials and surfaces are needed that combine specific
functions with skin-adapted thermal, mechanical and tactile properties.

It is expected that the advance of new technologies and numerical simulation
methods will stimulate the development of improved models that reproduce an
increasing number of skin properties and functions and therefore are appropriate and
valid for a wider range of conditions and applications. Another promising research area
is related to tuneable and actively controllable skin models. Such systems would allow
one to simulate the behaviour of skin in response to external influences more accurately
and, thus, to better take into account the changes in the properties due to physiological

and regulatory processes in objective measurements.
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Chapter 3

Striving towards the skin model

The previous chapter gave an overview of the complex nature of human skin and
circumstances influencing its properties and performance. Human skin frictional
behaviour results from skin structure and characteristics but is also dependent on many

other factors, such as environmental conditions or the properties of the countersurface.

Skin model to mimic frictional behaviour of human skin should follow similar
trends and values as those reported for human skin under identical conditions.
Following skin structure and properties, which are considered as important for friction,
should lead to the development of the model that simulates friction of the skin against

various materials.

In this chapter, we present our motivation and the line of thinking while
developing a new bio-mimicking physical skin model. Detailed methods and results will
be described while introducing the gelatine-based physical skin model (Chapter 5).
Sections 3.1 and 3.2 define the choice of the materials and processing methods and
section 3.3 describes the preparation of the potential skin models, while section 3.4
gives an overview of the friction-measurement procedure. Results given in section 3.5

lead to an outlook, which forms the basis for further investigations (section 3.6).
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3.1. Chosen materials

The choice of materials to be examined as potential skin models was motivated
by their physical properties, known applications and organoleptic observations.
Commercially available materials were examined in order to define possibilities and
limitations of using these materials as skin models. New materials, processed in three

different ways, were proposed as potential skin models.

3.1.1. Commercially available materials

Two kinds of synthetic leather were examined according to their frictional

behaviour: Lorica® Soft (Italvipla) and Stamskin Silicone (Tersuisse).

Lorica® is already used as a physical skin model and has been shown to simulate
well the friction of the forearm skin against textiles in dry conditions. Lorica® has
similar surface properties (water contact angle, roughness) and elastic properties to
human skin [5] and is a synthetic leather composed of polyamide fleece with a

polyurethane coating.

Stamskin Silicone is a polyamide jersey coated with silicone and seems to be

very similar to the human skin, according to organoleptic observations (e.g. touch).

3.1.2. New candidates for the potential skin model

Based on the literature review, polyurethanes and polyether block amides
(Pebax) were perceived as favorable polymers for the development of the new skin

model mimicking human skin frictional behaviour.

Polyurethane (thermoplastic polyester-based polyurethane C95A55, BASF) was
chosen due to its elastic properties and because it is largely responsible for the frictional

properties of Lorica®.

A group of three different Pebax block copolymers (polyether block amides) was
used due to the wide range of mechanical properties (Pebax 2533, Pebax 400, Pebax
4033, Akema). Especially Pebax 2533 with elastic modulus of 12 MPa (whereas for the
skin it is in the range of 15kPa -150 MPa) seemed to be a promising material [301, 302].
Pebax polymers are also known to have high breathability.
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3.2. Chosen processing methods

The properties of the final product are conditioned not only by the used raw
material, but also by the processing method. Hot pressing, electrospinning and bar
coating were used in order to manufacture samples with different thicknesses and

structures.

3.2.1. Electrospinning

Electrospinning provides membranes that are built up with very thin fibers (on
the um up to the nm scale). These membranes can have unique mechanical properties
[303, 304]. Fibrous structure of electrospun membranes can be perceived as an analogy
to the structure of human skin, containing collagen and elastin fibers [305]. A
conventional electrospinning setup, equipped with one syringe filled with the polymer

solution, is presented in Figure 3.1.

Polymer solution

Collector

High voltage

—

Figure 3. 1. Conventional electrospinning setup.

The polymer solution is pumped out from a syringe with a controlled speed, and
therefore a controlled flow rate. A high positive voltage, typically tens of kV, is applied
on the spinneret, whereas the collector is grounded or connected to a negative voltage.
In a first step, a droplet of the electrically charged solution coming out from the needle
elongates and forms a conical shape (Taylor cone). Further, because of the difference in
the applied voltage, it is drawn and elongated till it hits the surface of the collector. The

solvent evaporates on the way to the collector, so polymer fibers are created. The jet is
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unstable and it whips chaotically, so it covers an extensive area on the collector. In this

way an electrospun polymer non-woven membrane is fabricated [303, 304, 306].

In this work, a conventional electrospinning setup was only used for preliminary
results, as its efficiency and working area is too small to obtain a robust sample with
appropriate dimensions. In the next step, a Nanospider (Elmarco) was used as an
alternative. The Nanospider is a multi-jet electrospinning device which instead of a
syringe with one needle uses rods connected to a high voltage. A container filled up
with polymer solution is moved with reciprocating motion on the rod, constantly
wetting it with the solution. A moving substrate (e.g. paper or textile) acts as a collector.

The schematic of the device is presented on Figure 3.2.

Collector electrode

\U/4 Substrate\__/

Fibers High ——
voltage

Polymer solution ¢ 5

Figure 3. 2. Nanospider electrospinning setup.

3.2.2. Hot press

A hot press can provide thicker polymer films. It is a time-efficient method to

process thermoplastic polymers [307, 308].

Figure 3.3 presents a schematic of the device. A square mold with defined
thickness is filled with polymer pellets and placed between two flat steel plates,
enabling easy and convenient transportation. In the next step, the whole set is placed in
between two heated parts of the clamping form, and left until polymer melts, then

pressed and cooled.
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Figure 3. 3. Hot press schematic.

For this work, a Lindenberg hot press, equipped with a water cooling system,

was used.

3.2.3. Bar coating

Bar coating can be used in order to obtain films from polymer solutions. It is a
time-effective method allowing preparing samples of large area and controlled thickness
[309]. The polymer solution is poured on top of the substrate, in front of the applicator
with a slit of defined thickness. In the next step, the applicator moves forward,
spreading an even layer of the solution behind. A schematic of a bar coated is presented

on Figure 3.4.

Applicator
_

Defined thickness -

Substrate

Figure 3. 4. Bar coater schematic.

For this work, an Erichstein Coatmaster 509 MC bar coater, was used.



66 Striving towards the skin model

3.3. Preparation of potential skin models

3.3.1. Electrospun membranes

The electrospinning process requires adapting crucial processing parameters in

order to achieve an adequate spinning efficiency and high membrane quality.

As electrospinning of Pebax was not reported in the literature, even though the
conventional electrospinning process is not efficient enough in order to prepare a robust
skin model, in the first step, a conventional electrospinning setup (Figure 3.1) was used,
in order to determine the best composition of the solutions and to set spinning
parameters, such as applied voltage, needle-collector distance, pumping rate and
spinning time.

Pebax polymers are known for their chemical resistance. Performed solubility
trials resulted in the choice of concentrated formic acid (reagent grade > 95%, Sigma
Aldrich) as a necessary ingredient of the solution. The addition of dichloromethane
(DCM, VWR chemicals) improved the efficiency of the process. Electrospinning trials,
supported by on-going observations of the solutions and electrospun membrane
properties, followed by the adaptation of the spinning parameters as well as components

and concentration of the solution, led to the following specification (Table 3.1).

Table 3. 1. Conventional electrospinning process specification.

Polymer Pebax 2533* Pebax 400" Pebax 4033*
Concentration [wt.%] 10 10 10
Solvent 1 Formic acid” Formic acid” Formic acid”
Solvent 2 DCM® DCM® DCM®
Solvent ratio 1:1 1:1 1:1

Needle-collector distance

fem] 15 15 15

Flow rate [ul/min] 10 10 10
Positive voltage [kV] 15 15 15
Negative voltage [kV] 5 5 5

Current [mA] 0.1 0.1 0.1
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“Ukema ° Sigma Aldrich “VWR chemicals

As mentioned above, simultaneously to the electrospinning trials, the
characterization of the solutions and membranes was performed. Electrospun
membranes were investigated by means of scanning electron microscopy (SEM)
(Hitachi S-4800, Japan). The influence of the components and concentration of the
solution on its conductivity (conductometer Methrohm 660, Switzerland), surface
tension (drop shape analyzer, DSA25, Kriiss, Germany) and viscosity (rheometer Anton
Paar Physica MCR 300, Austria) was also investigated, as all these parameters influence
the electrospinning process. Solution components and processing parameters were

chosen that led to smooth, high-quality fibers.

The electrospinning process was performed at room temperature (22°C) at a

relative humidity of 38%.

In the next step, the electrospinning process was transferred to the Nanospider
setup (Elmarco), in order to obtain higher efficiency and robust membranes of larger
area. The polyurethane solution was not tested by means of the conventional
electrospinning setup, but electrospun by means of the Nanospider setup straightaway.
The PUR (C95A55, BASF) solution in dimethylformamide (VWR chemicals) was
enriched with a small addition (0.06 wt.%) of 3 wt.% Tetraethylammonium bromide
(TEAB, Sigma Aldrich) solution in dimethylformamide (DMF, VWR Chemicals)) in

order to increase the spinnability of the solution [310].

As in the case of the conventional electrospinning setup, processing parameters
were adapted in order to obtain the best possible efficiency and quality of the

membranes.

Table 3.2 shows the optimized specifications.

Table 3. 2. Nanospider electrospinning process specification.

Polymer Pebax 2533 ¢ Pebax 400 ° Pebax 4033 * PUR®
Concentration
10 10 10 13
[wt.%]
Solvent 1 Formic acid® Formic acid® Formic acid® DMF?

Solvent 2 DCM® DCM® DCM® -
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Solvent ratio 1:1 1:1 1:1 -
Cylinder
0.7 0.8 0.7 0.7
diameter [mm)]
Electrode
280 210 250 245
distance [mm]
Relative
10 30 10 10
humidity [%]
Temperature [C] 20 19 20 20
Wire speed
72 55 75 48
[mm/min]
EMV speed
350 256 350 250
[mm/s]
Rewinding speed
&P 18 18 18 18
[mm/min]
Positive voltage
60 60 60 60
[kV]
Negative voltage
20 20 20 10
[kV]
Duration [min] 11x15 5x15 5x15 8x15

“Akema °BASF  “Sigma Aldrich “VWR Chemicals

A container filled with the solution was moving in a reciprocating motion with a
defined speed (called EMV speed) and applying a layer of the solution on the wire that

was also moving with a defined wire speed and connected to the high positive voltage.

Fibers were spun on the substrate (baking paper) connected to a negative
voltage. The substrate was moving with a defined rewinding speed in 15-minute
intervals. The substrate was moved to its initial position each time before the new
spinning interval. The process was repeated until a required thickness of the membrane

was achieved.

3.3.2. Hot-pressed films

Three different types of Pebax were processed into films via hot pressing (Pebax

2533, Pebax 400, Pebax 4033, Akema). The polymer was heated up to a temperature
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above its melting point, maintained at this high temperature for 15 minutes and then
pressed with gradually increasing pressure (up to around 180 bar). Processing

parameters, such as temperature and weight of the material, were iteratively optimized.

Table 3.3 summarizes the processing temperatures and melting points (data from

literature [302]) of the used polymers.

Table 3. 3. Processing temperatures and melting points of polymers processed via hot pressing.

Polymer Melting point Processing temperature
Pebax 2533 134T 170C
Pebax 400 159C 190C
Pebax 4033 160C 190C

Then, the polymer films were cooled at 25 C using a set of water-cooled plates.

Polymers films of three different thicknesses (779 £+ 53 pum, 1392 + 49 um and
1771 £ 33 pum) were manufactured, in order to investigate the influence of bulk

properties of the material on its friction.

3.3.3. Bar-coated film

A 13 wt% solution of polyurethane (C95A55, BASF) in dimethylformamide
(VWR chemicals) was prepared by continuous shaking at room temperature for 48
hours. With the use of a bar coater (Coatmaster 509 MC, Erichstein), a polymer solution
was then spread on top of a stainless steel plate in three layers of 300 um and left to dry
for 24h at room temperature after the application of each layer. Afterwards, the
polymeric film was peeled off from the stainless steel plate and cut up into pieces with

dimensions appropriate for the following friction measurements.
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3.4. Friction measurements

As already mentioned in the introduction, in this chapter only preliminary
results, presenting our way of thinking and motivation for the choice of the materials,
will be presented. This part of the work can be perceived as the introduction to Chapter
5, which concerns the preparation and characterization of the water-responsive,
gelatine-based physical skin model. Therefore, in order to avoid unnecessary repetition
and to ensure the completeness of the work, all necessary details will be explained in

Chapter 5.

In vivo and in vitro measurements were performed under both dry and hydrated
conditions. Dry conditions meant that no water was applied between the human forearm
or skin model and the reference textile. Two different amounts of applied water can be
distinguished among hydrated conditions: moist and wet. The premise was that moist
conditions simulated physiological sweat accumulation (10 pl distilled water per 1 cm?)
[16] and wet conditions corresponded to the maximum water uptake of the reference

textile (21.6 pl/cm? for the Martindale fabric and 50.31 pl/cm? for knitted cotton).

3.4.1. In vivo friction measurements

In vivo friction measurements provided information about the frictional
behaviour of human skin rubbed against Martindale (worsted wool cloth) and knitted

cotton in three different moisture states.

Experiments were performed using a force plate, Kistler 9254 [29, 197], a three-
axis dynamometer based on piezoelectric force sensors. Figure 3.5 presents an

exemplary experiment performed on the Kistler 9254 force plate.

Figure 3. 5. In vivo friction measurement.
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The textile sample is fixed on the force plate using double adhesive tape. For the
case of wet conditions, water is evenly applied onto the textiles. Then, the forearm is

rubbed repeatedly by performing movements towards the body at various normal loads.

The detailed methodology is presented in Chapter 5, where we present our final,

gelatine-based skin model.

3.4.1. In vitro friction measurements

In vitro friction measurements were carried out using an in-house developed
tribometer called the Textile Friction Analyzer (TFA). Figure 3.6 shows an overall view
of TFA. The TFA is equipped with two quartz sensors for measuring the friction and the

normal forces between the two materials in relative reciprocating motion [5].

Figure 3. 6. Textile Friction Analyzer.

1-normal force load cell, 2- friction force load cell

The examined skin model is fixed on an aluminum sledge using double-sided
adhesive tape, whereas textile swatches are fixed on a round shaped holder. The sledge
moves in a reciprocating motion at a set speed and amplitude under various applied

normal loads.
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3.5. Results

A variety of samples was examined for their frictional behaviour. As already
mentioned, besides the new proposed samples, two commercially available materials
were tested as potential skin models. Figure 3.7 shows the summary of all examined

potential skin models.

Figure 3. 7. Diversity of prepared potential skin models.

The final products can be divided into three groups (numbers given next to the

skin models in the following correspond to the numbers in Figure 3.7):

e Commercially available materials
1) Stamskin Silicone (Tersuisse)
2) Lorica® Soft (Italvipla)
e Hot-pressed films
3) Pebax 2553 (Akema)
4) Pebax 4033 (Akema)
5) Pebax 400 (Akema)
e Bar-coated films
6) PUR (thermoplastic polyester-based polyurethane C95A55, BASF)
7) PUR bar coated film mounted on top of a Lorica™ Soft substrate
e Electrospun membranes
8) Pebax 2533 electrospun membrane
9) Pebax 4033 electrospun membrane

10) Pebax 400 electrospun membrane
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11) PUR electrospun membrane

3.5.1. Commercially available materials

Two investigated commercially available materials (Lorica® Soft and Stamskin
Silicone) were investigated according to their frictional behaviour when rubbed against
textiles under both dry and hydrated conditions. Both of them could be accepted as skin

models only under restricted conditions.

The described potential skin models were compared to human skin based on the
friction coefficient averaged from the values obtained from the measurements driven

under five different applied normal loads (0.5N, 1N, 1.5N, 3N and 5N).

The average friction coefficient values for human skin (volar forearm) and
Lorica® Soft were similar only in the case of friction measurements conducted with the
use of the Martindale reference textile under dry conditions. The average friction

coefficient was 0.47 = 0.07 for the skin and 0.54 = 0.36 for Lorica® Soft.

Stamskin Silicone was able to map friction coefficient values obtained via in
vivo friction measurements under moist conditions with knitted cotton used as a
reference textile. The average friction coefficient was 1.08 + 0.09 for the skin and 1.11

+ (.21 for the Stamskin Silicone skin model.
None of examined potential skin models could mimic the frictional behaviour of

human skin under both dry and hydrated conditions. Therefore they could not be used as

universal and functional physical skin models for friction-related purposes.

3.5.2. Electrospun membranes

Four different electrospun membranes were mounted on top of Lorica™ substrate
with the use of double-sided adhesive tape and examined as potential skin models.

Thanks to simultaneous adaptation of the processing parameters, it was also
possible to conduct successful electrospinning of Pebax for the first time, according to
the literature of that time.

Three Pebax electrospun membranes (Pebax 2533, 4033 and 400) and one
polyurethane membrane were produced by means of the Nanospider setup according to

the parameters leading to the highest spinning efficiency and allowing obtaining the



74 Striving towards the skin model

best looking and robust membranes. Figure 3.8 shows SEM pictures of investigated
electrospun membranes: Pebax 2533 (Figure 3.8a), Pebax 4033 (Figure 3.8b) and Pebax
400 (Figure 3.8c).

Figure 3. 8. SEM pictures of prepared electrospun membranes: Pebax 2533 (a), Pebax 4033 (b) and
Pebax 400 (c).

The frictional behaviour of all prepared membranes rubbed against textiles under
both dry and hydrated condition was investigated. Unfortunately, Pebax membranes
were not durable enough to remain unaltered during friction measurements. They were
destroyed after several dozen of cycles, which precluded further measurements. Figure
3.9 presents the appearance of Pebax 2533 (Figure 3.9a), Pebax 4033 (Figure 3.9b) and

Pebax 400 (Figure 3.9¢) electrospun membranes after friction-measurements trials.

Figure 3. 9. Destruction of Pebax 2533 (a), Pebax 4033 (b) and Pebax 400 (c) electrospun membranes

after friction measurements.

As in the case of the commercially available materials (section 3.5.1), the
polyurethane electrospun membrane was able to mimic human skin friction within
acceptable limits under certain conditions. Average friction coefficient values for

human skin (volar forearm) rubbed against Martindale reference textile under moist and
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wet conditions were 2.01 + 0.41 and 2.27 + 0.52, respectively. For the same conditions,
the average friction coefficient values observed for the polyurethane electrospun
membrane were 1.64 + 0.76 and 1.75 £ 0.70, respectively.

It is also important to mention that the polyurethane electrospun membrane was

often destroyed by the end of friction measurements (after few thousands of cycles).

3.5.3. Hot-pressed films

Three different Pebax-based (Pebax 2533, 4033 and 400, Akema) hot-pressed
films were investigated as potential skin models. Samples were produced in three
different thicknesses (779 + 53 pum, 1392 + 49 pm and 1771 + 33 pm) in order to
investigate the influence of bulk properties on the frictional behaviour of the final

product.

Figure 3.10 presents the appearance of prepared Pebax 2533 films consisting of
three different thicknesses (Figure 3.10a) and the results of friction measurements for
these hot pressed films rubbed against Martindale under dry, moist and wet conditions

(Figure 3.10b).
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Figure 3. 10. Pebax 2533 hot-pressed films (a). Friction results for Pebax 2533 hot-pressed films (b).
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As can be seen in Figure 3.10b, the thickness of the samples, within the

examined range, has no significant influence on their frictional behaviour.

Among all examined hot-pressed films, only the one prepared from Pebax 2533
showed friction coefficient values similar to those reported for human skin, and only
under certain conditions. The average friction coefficient for human skin (volar
forearm) rubbed against Martindale under moist conditions was 2.01 + 0.41. The
average friction coefficient for a Pebax 2533 hot-pressed film examined under the same
conditions was 1.47 = 0.71. Moreover, when a Pebax 2533 hot-pressed film was rubbed
against Martindale under dry conditions, it mimicked results obtained for human skin

under moist conditions even better (average friction coefficient: 1.57 £+ 0.28).

3.5.4. Bar-coated film

A polyurethane bar-coated film was examined according to its frictional behaviour.
Measurements were only possible under dry conditions. In the presence of water, the
polyurethane film was not durable enough and was destroyed after several dozen

measurement cycles.
The average friction coefficient for human skin (volar forearm) rubbed against the

Martindale reference textile under dry conditions was 0.47 + 0.07, whereas for the

polyurethane bar-coated film tested under the same conditions it was 0.73+0.29.
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3.6. Conclusions and outlook

Three groups of polymer-based potential skin models were prepared: electrospun
membranes, hot pressed films and bar coated films. Samples were examined according
to their frictional behaviour and compared with trends and values reported for human

skin on the volar forearm tested under the same conditions.

As presented above, potential skin models could mimic human skin frictional
behaviour only under certain conditions. None of the proposed materials could be used

as a universal skin model, applicable for dry and hydrated conditions.

Besides their selectivity, electrospun membranes and bar-coated films were too

fragile to outlast the complete series of friction measurements.

Figure 3.11 presents our way of thinking while developing the above-mentioned
potential skin model. Our argumentation was that a material with mechanical properties
and structure similar to those of human skin could lead to a functioning skin model.
Experiments performed on the previously described samples showed that the
mechanical properties are not the main factor responsible for the frictional behaviour of
human skin. In addition, it is not sufficient to look for a material with a similar
elasticity and structure. The parameter that was missing in the proposed potential skin
models was the ability to interact with water. This conclusion was the basis for further
investigations and the main motivation to develop the water-responsive, gelatine-based

skin model, which will be described in Chapter 5.
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Figure 3. 11. Thinking process while developing a skin model.






Hydration-induced changes in human skin 79

Chapter 4

In vivo confirmation of hydration-induced
changes in human-skin thickness, roughness and
interaction with the environment

Results presented in Chapter 3 led to the conclusion that interaction with water is a
very important parameter influencing human skin properties and performance. The need
to understand, how water modifies human skin and what are the consequences of
prolonged contact with water, which would be interesting from the tribological point of
view, was the motivation for further research.

Chapter 4 focuses on the influence of water on human skin properties, such as
hydration level, stratum corneum thickness, surface roughness and interaction with
other materials. Section 4.1 focuses on the introduction and motivation for the study.
Section 4.2 presents materials and techniques used to acquire and process the relevant
data. Results are given in section 4.3 and discussed in section 4.4. Section 4.5

summarizes the study.

Chapter 4 is based on my contribution, under the supervision of Ch. Adlhart,
F.Spano, G.M. Rotaru, R.M.Rossi and N.D. Spencer, to Ref. [19]:

Dabrowska AK, Adlhart C, Spano F, Rotaru GM, Derler S,
Zhai L, Spencer ND and Rossi RM.

In vivo confirmation of hydration-induced changes in human-skin thickness,

roughness and interaction with the environment.

Biointerphases. 2016;11:031015

All experimental work was carried out by myself under the supervision of Ch.
Adlhart, F.Spano, G.M. Rotaru, R.M.Rossi and N.D. Spencer. All authors participated
in the discussions and corrections of the manuscript.

The manuscript was the most read paper of the month in October and November
2016, and the Editor’s Pick of the Biointerphases Journal.
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4.1. Motivation

Skin is our protective armor in everyday life [35] and our primary interface with
the environment. It has an area of some 2m’, and is thus the largest single organ in the
human body. Human skin is a multilayer structure, consisting of the epidermis, being
the outer layer of the skin, mostly exposed to the external factors, dermis, responsible
for, inter alia, flexibility and durability of the skin and subcutaneous tissue, acting as
additional insulation and mechanical protection [311-313]. One of the main functions of
skin is to protect the body from external factors, such as mechanical injuries, extremes
of temperature and radiation, as well as the transport of various substances [314, 315].
The barrier function of skin is mostly provided by the stratum corneum (“horny layer”,
SC) [316-318]. This thin layer, reaching a thickness of 15-20 um at the volar forearm, is
the most external of the sublayers of epidermis [35, 316]. Keratinocytes, comprising
about 85% of the epidermis, migrate through the sublayers of the epidermis, gradually
transforming to horny cells by changing their size, shape, composition and losing their
nuclei. The SC consists of non-nucleated and flat cells named corneocytes[319, 320].
According to the “brick and mortar” model, corneocytes are described as bricks
surrounded by lipid bi-layers as the mortar [317]. The hydration level of the SC can
vary depending on environmental conditions, as corneocytes can take up water until the
hydration level of the SC is in equilibrium with the environment [151]. The hydration
level of the SC is responsible for the physiology and homeostasis of the skin [148].
Examples of the importance of hydration on the functions and properties of the skin are
its influence on the mechanical toughness of skin, its barrier functions and the
regulation of enzyme activity [112, 119, 316, 321] . As suggested by Egawa, daily
routines can lead to visible changes in the skin [12]. Even a very short exposure to
water, such as washing hands for 2 minutes, is enough to hydrate the SC disjunctum
while a bath can contribute to changes in the SC conjunctum, and thus the influence of
the environment on the properties of the skin are essential factors to be taken into
account when studying skin-materials interactions [322, 323]. Moreover, seasonal

changes in humidity are an important factor influencing the skin [324].
There is a variety of techniques that allow both in vivo and in vitro determination
of the hydration level of skin, based on different principles, including chemical analysis

and electrical methods [113, 325-328]. For the purposes of this paper, we have chosen
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confocal Raman spectroscopy as a non-invasive, depth-resolved method that provides

quantitative information concerning the skin’s hydration level.

The results extracted from confocal Raman spectroscopy provide information on
hydration and its variation with depth, the SC thickness and also, in combination with
information on the real contact area of skin with the Raman instrument, inferences

about the interaction of skin with other objects [11, 22, 112, 318, 329-331].

Given that skin is able to take up water, it is reasonable to assume that water
should also change its morphology and surface properties. In order to analyze these
changes over time, we have employed 3D laser scanning microscopy, which allowed us
to observe the surface of a skin replica under high magnification and provided 3-D

information [332-334].

In this paper, we present a pilot study focused on global changes in appearance
and properties of human skin caused by exposure to water or humid conditions. In
order to investigate the multifaceted response of skin to water we have examined the
hydration level of the superficial stratum corneum (SSC), being the surface of skin,
depth profiles of skin before and after exposure to external sources of water, the skin’s
water uptake abilities, the SC thickness, the real contact area against smooth CaF,, the

skin’s surface roughness, and the evolution of the dimensions of the primary lines.
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4.2. Materials and methods

4.2.1. Instrumentation

Confocal Raman Spectroscopy

The hydration level of skin was determined from in vivo Raman spectra that
were acquired using an inverted confocal Raman spectrometer equipped with a 60x oil
immersion objective, Skin Composition Analyzer (SCA), model 3510 (RiverD,
Rotterdam, the Netherlands). Depth profiles were measured in 2 um steps, from the
surface of the skin to a depth of 60 um. Laser excitation with a wavelength of 671 nm
(laser power 19.5 = 1.8 mW) was used for 1 s in order to obtain spectra in the region of
2550-4000 cm™, providing information about the amount of water and proteins in the
skin [321, 335, 336]. The z-resolution of the optical setup was determined to be 4.7 um
by placing a water droplet on the CaF, window of the inverted microscope and fitting
the slope of the Raman signal at the CaF,/water interface with a Lorentz function,
taking the full width at half maximum. To account for the known discrepancy between
true confocal depth and mechanical displacement of the optical table [337], all depth
profiles were corrected with the depth-correction factor fepin = 1.06. fiepn Was
determined by comparing the confocal thickness of a NIST polystyrene standard film
with its true thickness. Therefore, the film was placed onto the CaF, window with an
additional water contact layer of approx. 5 um and the Raman signal of polystyrene
between 3040 and 3076 cm-1 was followed in steps of 0.5 um. The true thickness of the
polystyrene film was determined to be 52.7 um as calculated from the infrared
transmission interference pattern in the 3200 to 3600 cm’' wavenumber region

(refractive index npolystyrene = 1.59).

3D Laser Scanning Confocal Microscopy

The surface morphology of polyvinylsiloxane (Profil novo light type 3, Heraeus
Kulzer GmbH, Hanau, Germany) skin replicas was observed by means of a 3D Laser
Scanning Confocal Microscope, model VK-X250 (Keyence, Osaka, Japan), using a

violet laser with a wavelength of 408 nm (maximum laser power: 0.95 mW).
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4.2.2. Measurements

The single-person pilot study was performed on a healthy, left-handed Caucasian
woman aged 26 with a BMI of 21. For at least 48 hours before the measurements, the
skin was not treated with moisturizers and heavy exercises were avoided. All
measurements were performed on the left arm. For simplicity, the skin before
water/humidity exposure is termed “dry”, whereas the skin exposed to an external
source of water is termed “hydrated”. After exposure to water/humidity, the forearm
was immediately placed on the CaF, acquisition window of the Raman instrument and
maintained in this position throughout the entire measurement. After each depth profile,
the lateral position of the laser was changed between 0.2 and 2.0 mm and another depth
profile was collected. The measurements, consisting of 10 depth profiles collected at 10
different positions on the volar forearm, were repeated three times for each exposure

time/set of conditions.

Influence of water on skin hydration

Hydration levels of skin under atmospheric conditions were measured at four
different points that were equally distributed along a line from about 7 cm from the
wrist up to the elbow (Figure 4.1a). Then the defined measuring points were exposed to
water using patch-test chambers (Van der Bend, Brielle, the Netherlands) filled with 20
ul of distilled water. Exposure time was varied from 2 to 60 minutes. After unsticking

the patch, excess water was removed with a paper towel.

Figure 4. 1. (a) Forearm exposed to water with the use of patch test chambers. (b) Forearm inside the

humidity box.
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Influence of water vapor on skin hydration

Hydration levels of skin under atmospheric conditions as well as after exposure
to air at a defined humidity were measured midway between the wrist and the elbow. To
expose skin to an atmosphere at a specified humidity, the left arm was placed in a
purpose-built PMMA humidity chamber with the dimensions of 60 x 50 x 30 cm for one
hour (Figure 4.1b). Saturated NaCl solution or a travel air humidifier, both assisted by a
fan to homogenize the air inside the chamber, were used in order to obtain a relative

humidity of 70 or 90%, respectively [338, 339].

Surface morphology

Polyvinylsiloxane replicas of the skin taken before and after 2-60 minutes of
exposure to water (according to the same procedures as explained above) were prepared
in triplicate. The change in surface morphology due to exposure to water was
investigated by means of a 3D laser scanning confocal microscope. Each replica was

analyzed in three different spots using the 20 x objective lens.

4.2.3. Data processing

Hydration level

Hydration levels of skin were automatically determined from the Raman spectra
using Skin Tools 2.0 software (RiverD, Rotterdam, the Netherlands), where the water
content is calculated relative to keratin, based on the integrals of OH-vibration signals
(W) in the range of 3350 to 3550 cm™ and the integrals of the relevant CH-vibration
signals (2910-2966 cm™), P) [113, 321, 335, 340], using the relation

w/p
e * 100%

hydration level (%) =
according to Caspers et al [113], where R’ = 2 is a proportionality constant that was
obtained by calibrating against protein solutions. To determine the integrals /¥ and P,
Raman spectra were baseline corrected with a first-order polynomial fitted through the

spectral regions 2580 to 2620 and 3780 to 3820 cm™, see also Figure 4.2.
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Both the absolute hydration level and the water uptake, understood as the
difference between the hydration level before and after exposure to water, were taken

into consideration in further investigations.

Biexponential fitting was applied to the data of time-dependent change in hydration

level of superficial stratum corneum according to
hi(t) = hly + hfy X [1 — e PA%] + hfy X [1 — e~ DPBx]
where hl(t) and hl, are the respective hydration levels at time ¢ and at # = 0 min. The

variables /f and D are the hydration factor in % and the hydration rate coefficient in

min™' for the two exponential functions A and B, see also Figure 4.3.

Contact area

We propose a new non-invasive in vivo method to measure the influence of
hydration on the contact area between skin and other objects. For each spectrum, an
image of the contact between the skin and the CaF, acquisition window of the SCA was
taken. Based on the images corresponding to each spectrum, the contact area could be

calculated by means of CorelDRAW X6 software, supported with the Getarea macro.

Thickness of the stratum corneum

As proposed by Crowther, the thickness of the SC can be determined from each
water profile by fitting with a Weibull curve [87, 321, 335]. This was performed with
Matlab (The Mathworks, Natick, MA, U.S.A).

Surface morphology

Surface-roughness parameters: Sa, Sz, and the characteristic dimension of the
profiles were extracted with VK-HIXME: VK-X Al-Analyzer Software, each
measurement being the average of three profiles with the interval of 20 um of replicas.
Each image was inverted and artefacts as well as characteristic features, such as sweat

glands, hair follicles etc. were not considered in further data processing.
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4.3. Results

4.3.1. Raman spectra of the stratum corneum and viable epidermis before and after

exposure to water

(@) ——————— (b)

69 %
64 %

66 %

29 %

area normalized intensity / a.u.
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Raman shift / cm™ Raman shift / cm™

Figure 4. 2. Typical base line corrected Raman spectra and hydration levels of the superficial stratum
corneum at 0 um (a) and of the viable epidermis at 40 um (b) captured before (dry, red) and after 1 h
exposure to water (wet, blue). Hydration levels were determined based on the ratio of protein and water
vibrations (shaded areas). The difference of 3 % in (b) reflects the uncertainty of skin hydration due to

local variation of the hydration level.

Raman spectra of skin show characteristic features depending on the sampling
depth and the preconditioning of the skin (Figure 4.2). For dry skin the Raman spectrum
captured at the SSC (0 um depth) level shows strong CH-vibration signals that are
characteristic of proteins (2930 cm™) and lipids (2850 and 2880 cm™), as well as weak
OH-vibration signals (3350 to 3550 cm™) characteristic of water (Figure 4.2a). This is
in contrast to the spectrum captured in the VE (40 pm depth) (Figure 4.2b), where the
strong lipid signals are absent, and the OH- signals are stronger, corresponding to a
higher water content. After 1h exposure to water, the spectrum captured at the SSC
level shows a strong water peak (Figure 4.2a) while no such significant change was

observed in the VE-level spectrum (Figure 4.2b).
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4.3.2. Environmentally dependent changes in the structure and properties of
human skin

Hydration level of the stratum corneum

80
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Figure 4. 3. Change of hydration level of the superficial stratum corneum (SSC) caused by the water and

humidity exposure. The straight line shows the biexponential fit with hly = 26.2 %, the hydration factors

hfy = 18.8 % and hfy; = 494 %, and the fast and slow hydration rate coefficients D, = 0.31 min™ and Dy
= 0.52*107 min', R*=0.9998.

Figure 4.3 shows the influence of the environment on the hydration level at the
surface of the skin, at 0 um depth (SSC). It can be clearly seen that water exposure
influenced the hydration level of the SSC to a far higher extent than was observed for
relative humidity up to 90%. The level of hydration gradually increased from 26.2 +
3.4% to 60.2 +7.0% after 60 minutes of water exposure. The extent of the forced

hydration was significant, especially for short exposure time (up to 5 minutes).

Increase in relative humidity (RH) from 40% to 90% contributed towards an
increase in the hydration level of the SSC from 24.7 + 3.5% to 27.6 + 3.8% after 60
minutes. In comparison, a significantly higher hydration level (35.2 = 5.0 %) was

observed after just 2 minutes exposure to liquid water.
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Figure 4. 4. (a) Change of the depth profiles of water content in the SSC caused by water and humidity
exposure. (b) Time-dependent change in the hydration level at depths up to 10 um caused by water

exposure.

Consistent with the abovementioned phenomenon, it was also clear from the
depth profiles of water content (Figure 4.4a) that the hydration level in the SSC
increased most significantly after exposure to water. In addition to the results presented
on the Figure 3, the depth profiles show that the largest change in hydration level
caused by external factors could be observed within the first 10 um. The hydration level
of dry skin varied with depth from 26.2 + 3.4% in the SSC to 70.3 +2.9% in the VE ata
depth of 50 um. Depth profiles before and after exposure to the external source of
water coincide for deeper layers of the skin. In order to show this effect even more
clearly, the hydration level measured at different depths of the skin from 0 to 10 um
were plotted as a function of the exposure time to water (Figure 4.4b). As presented in
the graph, the influence of the exposure time to water on the hydration level was more
marked for the (initially drier) outer layers of the skin. Water uptake, being the
difference between the hydration level of the skin before and after water exposure for
different depths of the skin, is presented on Figure 4.5. Confirming the effect visible on
Figure 4.4, Figure 4.5 presents the uptake of water at different depths of the skin when
the skin was exposed to water for 2, 30 and 60 minutes. It is clearly visible that the
deeper the layer of skin that was investigated, the lower was the uptake of water. The
hydration rate also decreased with exposure time. Considering the surface of the skin,
the uptake of water after 2 minutes of exposure was 9.03 + 6.03 %, changing to 26.53 +
7.47 % after 30 minutes and 34.02 + 8.95 % after 60 minutes.
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Figure 4. 5. Total uptake of water at different depths of the skin after different times of water exposure.

The evolution of contact area

100 um

Figure 4. 6. Evolution of the skin/CaF; acquisition window contact area before (a) and after 2 (b), 30 (c)

and 60 (d) minutes of water exposure.
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The real contact area, which corresponds to direct contact between skin and the
CaF, acquisition window, can be recognized as dark areas in Figures 4.6a-d, which were
captured within the first few seconds after the forearm was placed on the CaF, window.
The rapid acquisition was necessary in order to avoid the influence of sweating and
relaxation process and to show the clear influence of the external source of water on the
contact area. Apparent contact area is defined as the area of the apparent contact

between the skin and the CaF, window, which itself had an area of 70 734 |,tm2.

From the very low real contact area values, it is clear that dry skin has little
direct contact area with the CaF, window values (Figure 4.6a). This is due to its
roughness and limited elasticity. After only 2 minutes exposure to water there was a
significant increase in real contact area (Figure 4.6b). Longer exposures, such as 30
(Figure 4.6¢) or 60 minutes (Figure 4.6d) did not lead to a significantly greater real

contact area value.
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Figure 4. 7. Change in the real/apparent contact area ratio caused by the water and humidity exposure

(a). Real/apparent contact area ratio as a function of the hydration level of the SSC (b).

The real/apparent contact area ratio for dry skin (hydration level: 26.2 + 3.4%, as
shown on Figure 4.2) had a value in the range of 36% (Figure 4.7a-b). Once the skin
was exposed to water, the contact area significantly increased and real/apparent contact
area ratio (hydration level 35.2 + 5.0 %) reached 73% after 2 minutes exposure. Values
of real contact area and real/apparent contact area ratio for skin exposed to water for 2-

60 minutes were comparable.

In agreement with other analyses, the influence of humidity on the contact area
was lower than it was measured for water. Real/apparent contact area ratio gradually

increased from 35% for 40% RH to 48% for 90% RH.
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Thickness of the stratum corneum

As presented above, hydration measurements showed that human skin absorbs
water from the environment. To confirm this phenomenon, measurements of the change

in structure and morphology of human skin were performed.

Figure 4.8 presents the influence of water absorption on the thickness of the SC.
When the skin was exposed to water, the thickness of the SC, determined based on the
Raman spectra, increased linearly with increasing exposure time. The SC thickness
increased from 17.5 + 2.5 pm measured for skin before water exposure to 21.2 + 3.0 um
after 60 minutes exposure to water. The SC thickness increase after 30 and 60 minutes
water exposure is statistically significant (accordingly p=4x10* and p=3x107).
Exposure to humidity influenced the SC thickness to a smaller extent, causing an
increase from 17.2 + 2.0 um for 40% RH to 18.5 2.4 um measured for the skin
exposed to 90% RH for 60 minutes.
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Figure 4. 8. SC thickness upon water and humidity exposure.
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Morphology of the skin
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Figure 4. 9. Appearance of human skin before (a: 3D topographical view, c: 2D topographical view) and
after 60 minutes exposure to water (b: 3D topographical view, d: 2D topographical view). Surface

roughness. Sa (e) and Sz (f) of human skin before (dry) and after 60 minutes water exposure (wet).

Figure 4.9 presents the surface roughness values; Sa (Figure 4.9¢) and Sz
(Figure 4.9f) as well as two- and three-dimensional micrographs of skin replicas of the
volar forearm before (Figure 4.9a, ¢) and after 60 minutes exposure to water (Figure

4.9b, d). It can be observed that water changed the appearance of human skin, making it



Hydration-incuded changes in human skin 93

smoother. The Sa parameter decreased from 6.7 &+ 0.7 pm measured for dry skin to 4.7 +
0.5 pum measured after 60 minutes water exposure, due to the smoothening effect water
uptake. Similarly, the value of the Sz parameter dropped from 84.3 + 24.1 um before to

53.6 = 9.9 um after exposure to water.

From the cross-section of the 3D microscopic pictures, surface profiles of dry
(Figure 4.10a) and wet (Figure 4.10b) skin were extracted, in order to investigate the
influence of exposure to water on the dimension of the clefts present on the skin. The
average width of the primary lines decreased from 112.6 + 30.7 um before to 57.7 +
16.0 um after 60 minutes water exposure (Figure 4.10c). The depth of the primary lines
also decreased, reducing from 44.5 + 9.8 pum for dry skin to 20.5 + 10.2 pm for skin
exposed to water (Figure 4.10d).
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Figure 4. 10. Surface profiles extraction from the 3D cross-section of the dry (a) and wet (b) skin replica.
Width (c) and depth (d) of the primary lines before (dry) and after 60 minutes water exposure (wet).
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4.4. Discussion

In the present study we were able to demonstrate how hydration conditions
influence human skin on several levels. Under dry conditions, human skin can be
considered as a rough material [35]. Dry SC is characterized by high values of Young’s
modulus, reaching into the GPa range [341-344]. Therefore, as a rough and not easily
deformable material, characterized by wide and deep primary lines [344], human skin in
a dry state shows limited real contact area with the CaF, window. The hydration level of
dry skin increased with the depth of the measurement, exhibiting the lowest value for
the SC, consisting of dead and shriveled corneocytes [314] and the highest value for VE
[87, 321, 336, 345]. The natural variation of the water content at different depths of the
skin is the explanation for a clear difference in the ratio between protein and water

peaks in Raman spectra for the SC and VE of the dry skin.

The hydration state has a major influence on the performance of the skin. As can
be seen in the Raman spectra, when the skin was exposed to water for 60 minutes, the
ratio between the protein and water peaks for the SSC changed drastically due to water
uptake. However, the exposure to water did not influence the VE [336]. Depth profiles
also confirmed that water can only influence the surface of the skin and showed that,
below a certain depth, there was no difference between dry and hydrated skin. This
behaviour can be explained by the barrier function of the SC, as the threshold depth
corresponds to the location of the lower SC, known to act as a barrier layer for water
[346-349]. Another threshold can be observed, suggesting that the skin was more
accessible to penetration of water, and that it occurred faster at depths of the first few
um of the SC. The time dependent change of the hydration level of the SSC (Figure 4.3)
fits well to a biexponential model with a fast and slow hydration rate coefficient Dp =
0.31 min™ and Dg = 0.52*10” min™'. This could indicate at least two different water
diffusion mechanisms as expressed in the literature by multi-layer or multi-
compartment skin models and the finding of true formation of water pools within the
SC [350-352]. This observation is consistent with a statement by Loth, that the
transport of water within the SC disjunctum takes place through spreading into the
intercellular space due to the capillary forces, whereas the much slower and less
straightforward water transport within the SC conjunctum is based only upon diffusion

[322, 353-355]. This also explains the observation that the closer to the surface of the
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skin, the faster and more significant is the water uptake as well as the fact that even a

short exposure to water (2 minutes) caused appreciable changes in the SSC.

As the SC becomes hydrated, it is no longer stiff and rough. Due to the
plasticizing effect of water, the Young’s modulus of the SC may decrease by as much as
three orders of magnitude [342, 344]. The dimensions of the primary lines decrease,
making the surface of the skin smoother. Softer and smoother skin results in a
significantly higher real contact area with the CaF, window. The uptake of water by
corneocytes not only makes the main furrows shallower, but also leads to an increasing
thickness of the SC [321, 336]. Water diffusion requires space and therefore leads to
physical expansion, i.e. swelling [351, 352]. For all investigated parameters, an increase
in relative humidity had a minor influence on the skin compared to direct contact with
water. Skin hydrated through the exposure to humid conditions followed the same
tendencies as the skin hydrated through direct exposure to water, but to a much lesser
extent. In the case of our experiments, humid conditions can be compared with the
amount of water in the air equal to 13,6 g/m’ for the RH=70% and 19,6 g/m’ for the
RH=90% [356-358].

The observed effects caused by water on the skin are summarized in Figure 4.11.
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Figure 4. 11. The summary of observed changes in the structure and properties of skin caused by 60-

minutes exposure to water.
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4.5. Conclusions

In conclusion, although still consisting of the same cells and chemical
components, hydrated skin can be perceived as a material with significantly different

properties than skin in its usual dry state.

Our study shows that as a result of exposure to water, corneocytes take up the
liquid, resulting not only in increased hydration on the SC, but also, due to swelling, in
an increased SC thickness and a smoother surface. Moreover, plasticized SC exhibits a
lower modulus, i.e. is more easily deformable, leading to a higher real contact area with
the CaF, window and presumably other objects. This will clearly have tribological

consequences.

Improved understanding of the influence of environmental conditions on the
properties of human skin is important for various research areas. Barrier function of
human skin is the focus of research useful for the drug delivery [359]. It was proven that
hydration of the skin (and, consequently, environmental conditions) has a major impact
on dermatological issues. Proper hydration is a requirement for the flawless wound
healing process [360]. Various skin diseases are caused by skin dryness. Dermatological
treatment of, example giving, Xerosis cutis or eczema, could be supported with
monitoring and modification of the hydration level of skin [361]. Hydration of skin
plays a key role also in ageing prevention [362]. Presented knowledge can be also
useful for developing skin models or understanding skin-friction mechanisms, as skin
friction is directly related to the skin hydration and environmental conditions and, as a
consequence, skin roughness and real contact area with counter surfaces [11]. This
could also contribute in the prevention of the decubitus ulcers, as the creation of ulcers

depends on the friction between skin and the bedsheet [363].
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Chapter 5

A Water-Responsive, Gelatine-Based Human
Skin Model

Previous chapters have shown how strong the influence of water is on human
skin properties and that the interaction with water is likely to be an important aspect of
any accurate skin model that is to mimic the frictional behaviour of human skin under

both dry and hydrated conditions.

Chapter 5 presents the development and characterization of a water-responsive,
gelatine-based physical human skin model to mimic frictional behaviour of human skin
under both dry and hydrated conditions. Section 5.1 presents the introduction and
motivation for developing a water-responsive human skin model. Section 5.2 describes
materials and methods used in order to develop and characterize gelatine-based skin
model. Results are collected and discussed in section 5.3. Section 5.4 presents the

conclusions of this study.

Chapter 5 is based on my contribution, under the supervision of F.Spano, G.M.
Rotaru, R.M.Rossi and N.D. Spencer, to Ref. [21]
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5.1. Motivation

In everyday life, human skin continuously interacts with contacting materials,
such as clothes, household items, sports equipment, medical devices, tools and
instruments. Therefore, friction between human skin and other objects is a relevant
topic of investigations that may not only lead to better ergonomics of these objects but

also to the prevention of friction-related injuries, skin disorders or wear [4-6].

Methods to investigate the interaction between the skin and other objects can be
divided into two main categories: in vivo and in vitro measurements. In vivo
measurements, requiring the involvement of volunteers, can be challenging to perform,
expensive and need many test repetitions for statistical significance [20, 364]. In vitro
measurements involve the use of the skin models. There is a wide variety of biological
or artificial skin models available that could be used in many kinds of investigations,
such as cosmetology, drug delivery, biology, and medicine, as well as ballistic, optical
or thermal analysis [4]. Among all possible materials, only a few can be considered to
be skin models that mimic the frictional behaviour and friction-related properties of
human skin [4, 126, 202, 203]. Some materials, such as the artificial leather Lorica®,
polyurethanes or silicones were found to mimic the frictional behaviour of human skin
under specific conditions [5, 123, 125, 126, 261, 365]. However, the existing models
show clear limitations. Therefore, there is still a need for a skin model that simulates the
frictional behaviour of human skin against everyday materials over a wide range of
applied normal load and water amount, providing reliable and accurate results and at the

same time being inexpensive and convenient to use and store.

The frictional behaviour of human skin depends on many factors, including
factors such as age, gender, health conditions, anatomical region or hydration level [4,
28, 35]. The roughness as well as mechanical and other properties of the countersurface
are also very important [35]. In addition, the frictional behaviour of human skin is
strongly influenced by the amount of water in the tribosystem [11, 20]. Skin is a
multilayer system with a horny upper layer (stratum corneum) that can be considered as
a rough and stiff material under normal atmospheric conditions [35, 366]. However,
hydration of this layer leads to smoothening and softening of the skin, with an
associated increase of the real contact area between the skin and other objects, resulting
in higher friction coefficient values [5, 11, 20, 367]. A realistic skin model simulating

the frictional behaviour of human skin should respond to water in a similar way.
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Gelatine, a proteinaceous product derived from collagen, is known to function as
a skin model for many applications. Physical properties of gelatine, such as density,
stiffness, sound speed, ballistic performance, energy dissipation, coincide with those of
human skin [368-370]. Moreover, it can be made to absorb water without dissolving
thanks to a facile crosslinking process [4, 371, 372]. The structure of skin itself served
as the inspiration for the proposed physical model, the collagen and elastin fibers of the
natural material being mimicked by a cotton-based textile, while the gelatine simulated

the function of other components of the extracellular matrix [373, 374].

The new physical skin model not only simulates the frictional behaviour of
human skin against a standard textile in dry and hydrated conditions over the entire
range of applied normal load (0.5-5 N), but it also mimics the skin-specific change in

the tensile Young’s modulus, surface roughness and thickness by caused water uptake.
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5.2. Materials and methods

5.2.1. Preparation of the skin model

Figure 5.1 shows schematically the preparation procedure of the gelatine-based
skin model. In a first step, with the use of a bar coater (Coatmaster 509 MC, Erichstein),
a 10 wt. % solution of gelatine (type A, bloom no 300, Sigma Aldrich) in distilled water
(prepared by continuous stirring at 60°C for 2 hours) was spread on top of knitted cotton
fabric in three layers of 300 um and left to dry for 24h at room temperature after the
application of each layer. The knitted cotton was selected to be the bottom layer after
preliminary tests, including six other textiles, as the skin model containing this substrate
displayed frictional behaviour closest to human skin. Gelatine characterized by bloom
no 300 was chosen after preliminary results, including lower bloom-numbered
gelatines, such as 110 and 175, to be the best one for this application. The resulting
composite material was then placed in 1 wt.% solution of glutaraldehyde (Sigma
Aldrich) in Dulbecco’s PBS buffer (DPBS, GIBCO) for 24 h at room temperature under
continuous gentle stirring (130 rpm) in order to crosslink the gelatine. In the next step,
the crosslinked skin model was rinsed with distilled water and slowly dried by wrapping
in paper towels and squeezing between two boards with the use of a 4 kg weight, in
order to avoid ripples caused by drying-related contraction. The paper towels were
changed every day and the skin model was considered to be dry after about 6 days, at

which point the mass had stabilized.

COTTON

GELATINE
SOLUTION

e

FILM CASTING

CROSSLINKING IN
GLUTARALDEHYDE/
PBS BATH

PRESSURE

 —

DRYING

Figure 5. 1. Preparation procedure of the gelatine-based physical skin model.
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5.2.2. Friction measurements

In order to determine whether the model mimics the frictional behaviour of
human skin, identical procedures were used for both in vivo and in vitro friction
measurements. Martindale test fabric (worsted wool cloth) was used as a reference
textile. Measurements were performed in three different moisture states: dry and two
hydrated conditions (moist and wet). In the case of dry conditions, samples were stored
under ambient environmental conditions at a temperature of approximately 20 °C
without any further addition of water. Moist conditions, simulating physiological sweat
accumulation, were achieved by distributing to 10 ul distilled water per 1 cm” [16]. Wet
conditions corresponded to the maximum water uptake of the textile (21.6 pl/cm® for the
Martindale fabric), measured as a weight difference between the sample of the
Martindale fabric before and after immersion in water. Besides these specific
conditions, friction coefficients of the skin and the skin model were investigated as a

function of the amount of water in the range of 0-100 pl/cm” in the reference textile.

5.2.2.1. In vivo friction measurements

The in vivo study was approved by the Ethics Committee of the Kanton St.
Gallen (EKSG 13/156/1B). All measurements were performed in an environmentally
controlled room at 23+1°C temperature and relative humidity of 50+2%. In vivo
measurements were performed on the volar forearm, which can also be considered as
representative also of certain other skin areas. Furthermore, it is located in a relatively
flat anatomical region, which makes measurements easier and provides better
reproducibility [35].

In vivo measurements of the friction coefficient of the skin against Martindale
fabric were performed as a function of the applied normal load on the right forearm of 6
healthy volunteers (3 men and 3 women with the average age of 27+4.5 years and with
the average Body Mass Index (BMI) of 23+2.8) [375]. Friction-coefficient
measurements were also performed against the Martindale reference textile as a
function of the amount of water on the right forearm of one healthy male volunteer aged
36 years with a BMI of 28. For each investigated condition, volunteers were asked to

rub their forearms against the reference textile at least ten times, consciously controlling
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and modulating the applied load. The textile was fixed on a three-axis force plate

(Kistler 9254) [5].

5.2.2.2. In vitro friction measurements

The frictional behaviour of the gelatine-based skin model against Martindale
fabric was investigated in an environmentally controlled room (20+1°C, 65+2% RH) by
means of a purpose-built textile friction analyzer (TFA) [6]. Measurements were carried
out with a frequency of 1.25 Hz over a distance of 50 mm for 350 cycles for each
applied load. Additional experiments, concerning running in (applied load: 0.5 N) were
performed under hydrated conditions until a stabilization of the friction coefficient was
observed. Three independent series of measurements were performed, in order to
calculate average values. Figure 5.2 shows representative results for the running-in

process.
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Figure 5. 2. Representative running in process for the skin model rubbed against Martindale under moist

conditions.

5.2.3. Determination of the Young’s modulus

The Young’s modulus of the dry and hydrated (immersed in distilled water for
20 s to 60 min) gelatine-based physical skin model was evaluated in an environmentally
controlled room (23£2 °C, 50+10 % RH) using a Zwick Roell Biaxial Testing Machine
(Zwick-Roell GmbH Ulm, Germany) with optical strain measurement. Dry and

hydrated samples with average dimensions of 40 x 5.5 x 0.45 mm were tested at a speed
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of 1 mm/min and a 0.5 N preload was applied. The value of Young’s modulus was
obtained from the slope of the measured stress-strain curve, up to 1 % strain. Three
independent series of measurements were performed. Figure 3 shows the nominal stress
as a function of nominal strain for a representative sample previously immersed in water

for 15 minutes.
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Figure 5. 3. Representative stress-strain curve for the skin model immersed in water for 15 minutes

before the measurement.

5.2.4. Structural and surface characterization

Microscopic techniques were used to investigate the structure, surface

morphology as well as the water response of the gelatine-based skin model.

The cross-section of the skin model was observed by means of scanning electron
microscopy (SEM) (Hitachi S-4800, Japan) at 10 mA beam current and 2 kV
accelerating voltage. Samples were plasma coated with a 5 nm Au/Pd layer before the

measurement (Leica Microsystems EM ACE 600, Germany).

The surface of the gelatine-based skin model was observed before and after 20
minutes immersion in distilled water by means of a 3D Laser Scanning Confocal
Microscope, model VK-X250 (Keyence, Osaka, Japan), equipped with a violet laser (A=
408 nm). Each sample was analyzed at three different spots using a 20x objective lens.
The surface roughness parameters Sa and Sz were extracted using VK-HIXME (VK-X
Al-Analyzer Software, Osaka, Japan). All artefacts and characteristic surface features

were avoided during subsequent data processing.
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The thickness of the skin-model samples was measured by means of the Tesa
Isomaster caliper with analogue indication. Measurements were performed for dry and
hydrated (immersed in water for 20 minutes) skin models and repeated 10 times for
each sample. Measurements were repeated on three independent samples both under dry
and hydrated conditions and the average value was calculated. Thickness measurements
were performed by a master’s student, Patryk Spera. Before the actual measurement
series, preliminary measurements indicating the immersion time for the maximum

change in thickness were performed.
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5.3. Results and discussion
5.3.1. Frictional behaviour of human skin and the skin model
Average friction coefficient (COF) values, calculated as the average values for

the whole range of the normal load (0.5-5 N), for skin and the skin model rubbed

against Martindale fabric in dry, moist and wet conditions, are given in Table 5.1.

Table 5. 1. Average friction coefficients for human skin and the skin model rubbed against Martindale

fabric in dry, moist and wet conditions.

Condit; COF COF
ondiions (human skin) | (skin model)
dry 0.47£0.07 | 0.68+0.30

moist 2.01+041 1.57+0.79
wet 2.27+0.52 | 2.25+0.89

Based on the results of in vivo measurements, it can be observed that the friction
coefficient values increased when water was applied at the interface between the skin
and the reference textile. This observation is consistent with the adhesion theory of
human skin friction [11, 367]. As skin is exposed to water, it becomes softer and easily
deformable, what causes a higher real contact area between the skin and counterfaces
[11, 366] . The value of the tensile Young’s modulus of the skin is strongly influenced
by the presence of water, which is evident for the stratum corneum, the tensile Young’s
modulus value falling in the range of GPa for RH=30% and decreasing into the range of
MPa when humidity increases to 100% RH [341, 342, 376-381]. In addition to
decreased Young’s modulus values, the plasticizing effect of water on human skin leads
to smaller surface roughness values [119, 367, 382]. The role of the textile in the
investigated system cannot be neglected. As cotton-based textiles frequently respond to
the presence of water by becoming swollen and plasticized, the effect of water will be
particularly strong in the skin/textile tribological system [383, 384]. Lower surface
roughness values and easier deformation for both the skin and the textile contribute to

an increased real contact area and thus increased friction coefficient [187].

Figure 5.4 shows the results of the friction measurements for human skin and the
skin model against Martindale fabric as a function of the applied load under dry (Figure
5.4a), moist (Figure 5.4b) and wet (Figure 5.4c) conditions.
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Figure 5. 4. COF of human skin (range of the values measured for the skin; shaded area) and the skin
model (markers) against Martindale fabric as a function of the normal load in dry (a), moist (b) and wet

(c) conditions.

As human skin is a very complex, anisotropic tissue with properties influenced
by many factors, such as age, gender, ethnicity, health, lifestyle or physiological
conditions, friction coefficient values of skin are given as a value range instead of the

single values due to high standard deviations [4, 35]. As presented by Adams et al.,
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2007 [11], the COF of dry skin, consistent with the conventional definition, can be
understood as a constant value. Our results can in general support this statement, at
normal loads below 1 N. The presence of water between skin and the counter-material
changes the interfacial conditions significantly. The COF values not only increase, as
mentioned above, but also depend on the normal load [11, 385-387]. The contact area of
skin is not directly proportional to the normal load, but increases as a function of the
normal load until it reaches a plateau. The COF decreases with increasing normal load,

reaching a plateau for normal load values of 5 N and higher [388-390].

Another view of the characteristic frictional behaviour of human skin is
presented in Figure 5.5. The average COF values for the entire range of applied load
(0.5-5 N) are plotted as a function of the amount of water applied between skin and the
textile and compared with corresponding COF values for the investigated gelatine-based

composite material.
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Figure 5. 5. COF of the gelatine-based skin model and of human skin against Martindale fabric as a
function of the amount of applied water. Friction coefficient values are averaged for the entire range of

normal load (0.5-5N).

As previously discussed by Derler et al., 2014 [158], the COF of human skin,

due to the hydration and capillary adhesion, initially increases as a function of the
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amount of water present in the system and decreases again after passing through a
maximum value, as excess water creates lubricated regions leading to lower COF

values.

The comparison between ranges of COF values obtained through in vivo
measurements performed on skin of the volar forearm and COF values obtained for the
gelatine-based composite material through in vitro measurements performed under
similar conditions (Figure 5.4, Figure 5.5) suggests that the studied material is suitable
as a physical skin model to simulate the frictional behaviour of human skin. The
gelatine-based skin model is able to mimic the frictional behaviour of human skin
against Martindale fabric over the entire range of investigated normal loads and in the
presence of various amounts of water in the system. The COF of the skin model
increases in the presence of a moderate amount of water (compared to dry conditions)
and decreases as a function of the normal load, following the general trend and values
reported for human skin (Fig. 4). When the influence of increasing amount of water on
the COF values is investigated, the gelatine-based skin model mimics human skin

according to general trends and COF values as well (Figure 5.5).

5.3.2. Tensile Young’s modulus

The change in the Young’s modulus of the gelatine-based skin model after up to

1 h water exposure was investigated (Figure 5.6).
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Figure 5. 6. Young’s modulus of the gelatine-based skin model before and after water exposure. Inset:

Influence of short water exposure (20-600s) on the Young’s modulus value.

In analogy to human skin, hydration changed the stiffness of the investigated
skin model significantly. The Young’s modulus of the dry material reached a range
between 0.9 and 1.2 GPa, whereas following brief immersion in water (20 s) it dropped
to 78 = 42 MPa and decreased further to 15.8 = 1.8 MPa for longer (1 h) immersion
time, showing a decrease by three orders of magnitude. After around 100 s exposure
time there is no further clear influence of the increasing water content on Young’s

modulus values.
5.3.3. Structural and surface characterization

Figure 5.7 shows the cross-section micrographs of the gelatine-based skin model
measured by means of SEM with 200 x (Fig. 7a), 500 x (Fig. 7b) and 1000 x (Fig. 7¢)
magnification. The knitted cotton, used as a substrate, is hydrophobic (WCA: 131 £ 5°)
and hygroscopic, therefore it absorbs parts of the water-based gelatine solution during
the process of bar coating. SEM pictures of a cross-section of the prepared skin model

(Fig. 7) show that some cotton fibers are embedded in the gelatine coating. This leads to
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a high degree of cohesion and therefore results in a robust and non-delaminating

material.

Figure 5. 7. SEM images of a cross-section of the gelatine-based physical skin model at 200 x (a), 500 x
(b) and 1000 x (c) magnification.

Water acts as plasticizer in human skin, leading not only to a decrease in
stiffness, but also to a smoother surface. It was shown that the surface roughness of
human skin decreases significantly after exposure to water [19, 119, 367, 382]. In order
to compare the specific water response of human skin with the gelatine-based physical

skin model, a similar surface analysis was carried out.

The dry gelatine-based skin model is a stiff material with a ridged structure.
When exposed to water, as both crosslinked gelatine and cotton absorb water, it became
soft, flattened and smoothened, which was observed as a significant decrease in the
measured surface roughness parameters; Sa decreases from 2.3 + 0.3 pm for dry to 0.8 +
0.1 um for hydrated conditions (analogically, Sz decreased from 74.8 + 13.5 um to 8.6
+ 2.5 um). Figure 5.8 shows three-dimensional microscopic pictures of the skin model
before (Figure 5.8a) and after (Figure 5.8c) water exposure and the influence of the

water exposure on the surface roughness parameters Sa (Figure 5.8b) and Sz (Figure
5.8d).
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Figure 5. 8. Influence of water on the surface morphology of the gelatine-based physical skin model.
Three-dimensional optical microscopic images of the gelatine-based physical skin model in the dry (a)

and hydrated (c) state. Sa (b) and Sz (d) of the skin model in the dry and hydrated state.

Due to the water uptake and swelling, the stratum corneum thickness increases
after prolonged water exposure [18, 19, 112]. Our recent study [19] showed that the
maximum increase in the stratum corneum thickness was equal to 21% and was

observed after 60 minutes of one-sided water exposure.

The maximum increase in thickness of the gelatine-based skin model was
observed after 20 minutes of full immersion in water. Similarly to the stratum corneum,
the thickness of the skin model also increased by 21% (from 0.66 + 0.10 mm for dry
skin model to 0.79 + 0.11 after 20 minutes immersion in water). The measurement is
statistically significant (p=7x10°). Figure 5.9 shows the change in thickness of the

examined skin model after 20 minutes of water immersion.
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Figure 5. 9. Change in thickness of the gelatine-based skin model after 20-minutes immersion in water.
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5.4. Conclusions

A new gelatine-based physical skin model was prepared and characterized
regarding its frictional behaviour when in contact with a standard textile (Martindale
fabric, worsted wool cloth) under both dry and hydrated conditions as well as with
respect to the influence of water on the tensile Young’s modulus and surface
morphology. Friction coefficients for the skin model rubbed against Martindale fabric
lie within the range of the values measured for human skin (volar forearm) under
corresponding conditions over the entire range of investigated applied normal load. The
gelatine-based skin model shows a similar behaviour to human skin when exposed to
water, resulting in a significant decrease in the tensile Young’s modulus value (from the
GPa to the MPa range), surface smoothening and increase in thickness. All observed
phenomena were in accordance with literature reports [19, 342, 366]. The new physical
skin model mimics the general trends and values that are characteristic of the frictional
behaviour, Young’s modulus, change in thickness and surface morphology of human
skin. Therefore, this material can potentially be used as a substitute for, or supplement
to, conventional in vivo friction measurements, providing information concerning the

interaction between human skin and examined objects.
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Chapter 6

Conclusions and outlook

It has been demonstrated many times that nature usually provides scientists with
the best possible solutions, the most effective mechanisms and an excellent choice of
materials. No wonder, then, that recently, biomimetics is receiving more attention as an
area of research. This thesis can be seen as a part of the biomimetic trend. In order to be
able to develop a human skin model mimicking specific skin-water interactions and,
consequently, the frictional behaviour of human skin under dry and hydrated conditions,
skin properties had first to be characterised in detail, both based on a thorough
literature review and laboratory experiments. Then, mimicking the most important
characteristics of human skin, that are responsible for its friction properties, a water-

responsive, gelatine-based human skin model was proposed.
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Understanding the role of water in human skin functioning and properties

Skin properties, functioning and structure can be influenced by both internal
(e.g. ethnicity, gender, age, skin type, anatomical site or lifestyle and diseases) and
external (e.g. environmental conditions or contact with other materials and substances)

factors.

In everyday life, skin remains in constant interaction with other objects and
substances that are present in the environment. People wear clothes, use tools,
kitchenware, sports equipment or medical items and also apply various cosmetics, such
as moisturizers or sunscreen, as well as drugs, such as ointments, hormone or nicotine
patches etc. Moreover, a variety of allergens, pathogens, microorganisms or chemical
substances, which are present in the environment, can come into contact with human

skin, having an influence on both its health and its performance.

Among all of these substances, one can distinguish water, which is practically
always present on skin surface, either due to sweating or coming from the outside in the
form of, e.g., air humidity or rain. A molecule of water, being one of the smallest
molecules with a diameter of around 3 Angstrém, can easily penetrate through first few

um of the skin.

Figure 6.1 demonstrates how water can penetrate human skin and what are the
consequences of prolonged water exposure, and how the proposed gelatine-based skin

model relates to this specific skin-water interaction.
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There are three possible ways of passive diffusion within human skin (see Figure
6.1a): intercellular (between the cells of the stratum corneum), transcellular (with the
involvement of keratinocytes) and transappendageal (through appendages, such as
sweat and sebaceous glands and hair follicles). Even short water exposure, e.g. two
minutes of contact with water during daily routine, can modify skin properties

significantly.

Skin takes up water, which results in swelling and an increased hydration level

of the stratum corneum (see Figure 6.1Db).

Increase in skin hydration leads to a significant decrease in skin stiffness (the
tensile Young’s modulus of the stratum corneum drops from the GPa to the MPa range),
a decrease in the surface roughness and an increase in stratum corneum thickness and

real contact area with other objects (see Figure 6.1c¢).

As a result, the interaction between human skin and contacting objects may be
clearly changed (see Figure 6.1d). Up to a certain limit, the presence of additional water
on the skin surface leads to an increase in friction-coefficient values, which can lead to,
for example, an improved grip when using tools but also skin irritation, blisters or
mechanical damage after prolonged friction in the regime of high friction-coefficient
values. The effect of water can be explicitly seen when skin interacts with other water-
responsive materials, such as certain textiles. In this situation, water-dependent changes
in human skin properties are escalated with analogous changes observed for the counter

surface.

The main characteristics of the proposed gelatine-based, water-responsive
human skin model are presented in Figure 6.1e. Following the specific interaction
between human skin and water, the gelatine-based skin model responds to water, which
leads to lower stiffness, a decrease in the surface roughness and an increase in
thickness. All these modifications result in frictional behaviour that strongly depends on
the presence of water and follows both the general friction trends as well as the friction-

coefficient values observed for human skin.

Outlook: 4 tremendous number of possible interesting research areas related to
the barrier properties of human skin can be listed, such as the effectiveness of topical

moisturizers or the penetration abilities of various substances. Next to all these
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subjects, penetration of steam through skin and related steam burns seems to be a very
promising and still not very well-investigated direction. Skin permeability significantly
increases at elevated temperatures. Steam burns are a common issue among workers
exposed to high-humidity and high-temperature environments, such as firefighters. This
type of injuries can also happen due to accidents, such as pipe ruptures. Investigation
oriented to steam penetration and the mechanism of steam burns has already been
performed in our group and there is an upcoming manuscript in preparation (Why does
hot steam lead to severe skin burns?: in vitro Raman Spectroscopy of Porcine Skin after

Steam Exposure, Zhai L, Adlhart C, Spano F, Dgbrowska AK, Li J and Rossi RM).

A water-responsive, gelatine-based human skin model

In the first step of development of a new physical skin model to mimic frictional
behaviour of human skin, materials with similar properties to those of human skin were
processed and examined as potential skin models. Although the proposed skin models,
based on pebax, polyurethane, silicone or polyamide, could be used as skin models
mimicking the frictional behaviour of human skin under some certain conditions, they
did not respond to water in a similar way to skin. Preliminary results, supported by
experiments demonstrating the influence of water on human skin properties and

function, led to the idea of developing a gelatine-based, water-responsive skin model.

As a result, Chapter 5 presents a new bio-mimicking gelatine-based physical
skin model. The proposed skin model simulates the frictional behaviour of human skin
against a widely-used standard textile (Martindale worsted cloth) under both dry and
wet conditions. It follows similar trends and friction-coefficient values to those
observed for human skin over a broad range of applied normal load (0.5-5N) and
amount of water at the interface (0-100 pl/cm?). In addition, the tensile Young’s
modulus, thickness and surface roughness exhibit changes caused by prolonged contact

with water, that are similar to those of human skin.

Outlook: There are various possibilities to modify properties of the gelatine-
based human skin model in order to make it applicable for different tribosystems. After
preliminary results, three parameters influencing the frictional behaviour of the final

product were observed:
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e The choice of the substrate,
o The gel strength of the used gelatine;

o Variations in storage humidity.

Knitted cotton was chosen to be the best substrate for the described application,
in comparison to six other materials. The use of other substrates could allow developing
a model mimicking the frictional behaviour of human skin under different conditions or

rubbed against different counterfaces.

The same can be concluded about the choice of gelatine type. Bloom number
300 (high gel strength, average molecular mass of 50 000-100 000) provided the best

results for this application.

Preliminary results performed by my master’s student, Patryk Spera, have
shown a significant influence of storage conditions on the frictional behaviour of the
final product. Variation in storage humidity may modify the properties of the same
material in order to make it applicable as a human skin model for different

tribosystems.

In addition to optimizing the proposed gelatine-based skin model, more research
on its friction mechanism and similarities to the friction mechanism of human skin
would be an interesting research topic. Based on raw data from the tribometers,
comparable data distribution can be seen both for human skin and gelatine-based skin
model. This provides a hint that similar mechanisms of friction may be operating, but
this requires further investigation. Figure 6.2 shows the data distribution for human
skin (Figure 6.2a) and a skin model (Figure 6.2b) rubbed against a Martindale

reference textile under dry, moist and wet conditions.
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Figure 6. 2. Data distribution for human skin (a) and a skin model (b) rubbed against Martindale textile

under dry, moist and wet conditions.

Mechanical damage of the samples after friction measurements seems to
increase under hydrated conditions. This observation makes studies focused on the
wear of the gelatine-based skin model as well as human skin as a function of conditions
of friction measurements an interesting direction for further experiments. The
appearance of the gelatine-based skin model before and after friction measurements

under different conditions is presented in Figure 6.3.

s

e

MOIST FR!(ETTQN VS MARTINDALE WET FRICTION \_IS MARTINDALE

Figure 6. 3. Appearance of the gelatine-based skin model before and after friction measurements under

different conditions.
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