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Series Preface

Our goal in creating the Dermatology: Clinical & Basic Science Series is to present
the insights of experts on emerging applied and experimental techniques and
theoretical concepts that are, or will be, at the vanguard of dermatology. These
books cover new and exciting multidisciplinary areas of cutaneous research; and
we want them to be the books every physician will use to become acquainted with
new methodologies in skin research. These books can be given to graduate students
and postdoctoral fellows when they are looking for guidance to start a new line
of research.

The series consists of books that are edited by experts and that consist of chapters
written by the leaders in a particular field. The books are richly illustrated and contain
comprehensive bibliographies. Each chapter provides substantial background mate-
rial relevant to the particular subject. These books contain detailed tricks of the trade
and information regarding where the methods presented can be safely applied. In
addition, information on where to buy equipment and helpful web sites for solving
both practical and theoretical problems are included.

We are working with these goals in mind. As the books become available,
the efforts put in by the publisher, the book editors, and the individual authors
will contribute to the further development of dermatology research and clinical
practice. The extent to which we achieve this goal will be determined by the
utility of these books.

Howard 1. Maibach, M.D.
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Preface

The skin plays an important role in maintaining the integrity of the living organism
while allowing the interaction of the organism with its environment. To fulfill these
functions, mechanical stability is as important as flexibility. The mechanical prop-
erties of skin are very diverse depending on the anatomical location, and they evolve
throughout life from the fetus to old age. Both genetic and acquired skin diseases
modify skin biomechanics, as do intrinsic and photoaging. Since aging is so closely
linked with changes of skin mechanical properties that lead to wrinkles and furrows,
the desire for eternal youth leads to attempts to modify skin mechanics by a variety
of interventions, including cosmeceuticals, peeling, and laser treatments.

It is within this wide scope of interests that this book gathers up-to-date infor-
mation on the noninvasive assessment of skin biomechanics by modern bioengineer-
ing technology. The editors are grateful that leading investigators have shared their
experiences in the development and use of standard and new techniques. their
applications in dermatology, and in the testing of pharmaceutical, cosmetic, and
nonfood products for safety and efficacy. The editors are indebted to all authors for
the knowledge and effort they have invested in this project. At the same time, we
would like to thank Ms. Barbara Norwitz and Ms. Tiffany Lane of CRC Press, Boca
Raton, for their help in the publishing process.

We sincerely hope that this book will provide valuable advice to our readers and
that it will stimulate them to apply bioengineering techniques skillfully in their
professional settings.

Jena/Pavia/Hamburg/San Francisco, May 2001
Peter Elsner, M.D.

Enzo Berardesca, M.D.

Klaus-P. Wilhelm, M.D.

Howard 1. Maibach, M.D.
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1 Mechanical Properties
of Human Skin:
Biochemical Aspects

Aarne Oikarinen and Anina Knuutinen

CONTENTS
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Alterations in the Synthesis of Collagen and Elastin during Aging ..

Degradation of Collagen and Elastin ..........c.cccoovvvrvrniarisnnessirenens

Function and Alteration of the Basement Membrane
CommentS v
R N B S i s L o T e R e R S R R S e R T e

INTRODUCTION

The mechanical properties of skin are due to the thickness and qualitative properties
of epidermis, dermis, and subcutis. There are marked variations in these parameters in
different parts of the body. During aging and in many diseases, qualitative and quan-
titative changes occur in epidermis and dermis. Since collagen and elastin are the major
components of skin, this overview focuses on these proteins, emphasizing the synthesis,
degradation, and genetic alterations that take place in them. Furthermore, certain
physiological phenomena and diseases are illustrated that affect the quantity or quality
of collagen and elastin and lead to alterations in the physical parameters and appearance
of skin.

Human skin is composed of epidermal and dermal layers, each of which has its own
functional importance. Epidermis consists mainly of keratinocytes and, to a lesser
extent, melanocytes, Langerhans cells, Merkel cells, and unmyelinated axons.
Dermis consists of eccrine and apocrine glands, hair follicles, veins, nerves, and a
fine network of collagen fibers, elastic fibers, and other components of the extracel-
lular matrix (ECM). ECM consists primarily of proteins and complex sugars, which
form fibrillar networks and a ground substance. Collagen is an important structural
component of skin connective tissue and provides the tensile strength of skin.

0-8493-7521-5/02/50.00+5 1.50 ) ) 3
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4 Bioengineering of the Skin: Skin Biomechanics

Approximately 70 to 80% of the dry weight of skin consists of collagen. The most
abundant collagen types in skin are types I and III; the former accounts for 80% of
the total collagen content of skin and the latter for approximately 15%." The other
collagen types present in skin include type IV collagen, which is abundant in the
basement membrane (BM); type V collagen, which is located pericellularly; type
VI collagen, which plays a role in matrix assembly and is present as microfibrils
between collagen fibers: and type VII collagen. which is a structural component of
anchoring fibrils.2 Elastin accounts for only about 1 to 2% of the dry weight of skin
but is important for the maintenance of skin elasticity and resilience. Glycosami-
noglycans are of central importance for the maintenance of a water balance in skin,
even though the quantities in ECM are small (0.1 to 0.3% of the dry weight of
skin).** The BM of skin is a flexible sheetlike structure, which contains multiple
different molecules.” Mutations in various BM components may cause variable
clinical diseases, such as epidermolysis bullosa, in which the mechanical resistance
of the BM is reduced.

In this overview, the synthesis and organization of collagen, elastin, and BM are
elucidated. Furthermore, alterations in collagen and elastin are discussed in relation
to changes in the mechanical characteristics of skin.

COLLAGEN

A characteristic feature of the collagen molecule is a triple-helical conformation of
three o chains, which can be similar or dissimilar polypeptide chains. Type III
collagen, for example, consists of three identical ot1(I1I) chains encoded by a single
gene, whereas type I collagen is composed of two identical ¢t1(I) chains, which are
synthesized from the same gene, and an o2(I) chain, which is synthesized from
another gene.® Each of the polypeptide chains forms a leftward helix, and the three
helical chains wrap around each other to form a right-handed superhelix. which is
stabilized in the extracellular space by cross-linking between chains and molecules
(Figure 1.1). The triple-helical conformation of a collagen molecule requires the
presence of glycine as every third amino acid in the polypeptide chains, which results
in a series of Gly-X-Y, where X and Y can be any amino acid except glycine. The
other amino acids essential for the triple-helical structure are proline and 4-hydroxy-
proline. Formation of 4-hydroxyproline and C-terminal disulfide bonds is crucial
for the formation of the triple helix. Lysine is an amino acid also commonly found
in the Y position, and it serves as a site for sugar attachment when converted into
hydroxylysine by a specific enzyme.'-"

Skin collagen synthesis takes place mainly in fibroblasts. The synthesis of
collagen has an intracellular and an extracellular phase, both of which involve post-
translational modifications crucial for the formation of stable triple-helical collagen
molecules, with appropriate cross-links (Figure 1.2). Intracellular modifications
include hydroxylation of proline residues in the Y position into 4-hydroxyproline
and of some proline residues in the X position into 3-hydroxyproline as well as
hydroxylation of lysine residues in the Y position into hydroxylysine.” The reactions
are catalyzed by specific enzymes, prolyl-4-hydroxylase, prolyl-3-hydroxylase, and
lysyl hydroxylase, respectivedyp sy the/peaseneerofidic™. oxygen, 2-oxoglutarate, and
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FIGURE 1.1 Schematic presentation of the structure of collagen. (I) The collagen fibers
in tissues demonstrate repetitive periodicity when examined by electron microscopy. (1) The
fibers consist of individual collagen molecules aligned in a quarter-stagger arrangement.
(IIT) Each collagen molecule is approximately 300 nm long. (IV) The collagen molecules
consist of three individual polypeptides, a-chains, which are twisted around each other in a
right-handed, triple-helical conformation. (V) Each oi-chain has a primary sequence of amino
acids in a repetitive X-Y-Gly sequence. As indicated, the X position is frequently occupied
by a prolyl residue and the Y position by a 4-hydroxyproline residue. The individual ci-chains
have a left-handed helical secondary structure with a pitch of 0.95 nm. (Modified from
Prockop, D.J. and Guzman, N.A., Collagen diseases and the biosynthesis of collagen, Hosp.
Pract., 12, 61-68, 1977.)

ascorbate. Ascorbate is essential for the biosynthesis of collagen and acts as a
cofactor in the hydroxylation of proline and lysine.’

Glycosylation of hydroxylysine and asparagine residues also takes place intra-
cellularly. Both hydroxylation and glycosylation continue until the triple-helical
conformation of the developing molecule is achieved. The procollagen molecules
synthesized intracellularly are excreted into the extracellular space, where the large
aminoterminal and carboxyterminal propeptides of the procollagens are cleaved
en block by specific endoproteinases.'” This cleavage of propeptides enables the
initiation of fibril formation.'' The molecular weights of the aminoterminal propep-
tides of type 1 and III procollagens (PINP and PIIINP) are 35,000 and 45,000,
respectively.'® Since procollagens and mature collagens are synthesized in a ratio of

1:1, the amount of procollagen propeptides in serum and interstitial fluid reflects
Copyrighted Material



6 Bioengineering of the Skin: Skin Biomechanics

— Procollagen

Cleavage of
propeptides

Fibril formation

FIGURE 1.2  The intracellular and extracellular steps of the synthesis of fibrillar collagen.

the rate of ongoing collagen synthesis."'*!1* In adult human skin. the ratio of type I
to type III collagen is approximately 5:1 to 6:1,' but there may be a tendency toward
an increased relative amount of type I1I collagen in the skin of elderly individuals.'
In living tissues, the existing collagen fibers gradually undergo chemical reac-
tions that lead to the formation of covalent bonds between adjacent polypeptide
chains, which make the fibers less soluble and more resistant to proteolytic enzymes.
The first step in this reaction sequence is enzymatic, involving oxidation of the
g-amino groups of lysine or hydroxylysine residues by the lysyl oxidase enzyme,
which results in the formation of aldehydes derived from the corresponding amino
acids. Two such aldehydes may, consequently, react with one another or one aldehyde
may bind to another €-amino group. Either way, cross-links connecting two polypep-
tide chains, i.e., bivalent cross-links, are formed. The number of bivalent cross-links
peaks at some point, after which their number begins to decline, as they develop
into more-complicated structures connecting three or more polypeptide chains.'®
Diseases with disturbed collagen metabolism include acquired diseases, such as
scleroderma and scleredema, in which accumulation of collagen leads to thickening
and stiffening of skin,'®!” diabetic thick skin, presenting as thickening of skin, and
keloids composed of excessive amounts of collagen (Table 1.1). In scleroderma and
scleredema, increased synthesis of collagen results in thickening of skin.'”'§ In
diabetic thick skin, nonenzymatic glycosylation of collagen is the most likely cause
of the changes observed in skin."” A reduced amount of collagen can be found in
skin atrophy, which may be a result of normal aging, or may be induced by topical
or systemic glucocorticoids, or may be caused by genetic factors, such as focal
dermal hypoplasia. In steroid-induced skin atrophy, the reduced amounts of collagen
mRNA and the consequently reduced synthesis of collagen induce thinning of skin,

as shown in Figure 1.3.% Copyrighted Material
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TABLE 1.1

Mechanical Properties of Skin in Various Genetic and Acquired Diseases

Resulting from Changes in Collagen

Disease Characteristics of Skin
Steroid-induced atrophy Thinning of skin
Age-related atrophy Thinning of skin
Striae Bluish /livid red lesions of

variable size and shape
Focal dermal hypoplasia Thinning of the dermis
Ehlers-Danlos syndrome (ED);  Hyperextensible skin
includes at least ten different Thinning of skin
subtypes Fragility of skin
Osteogenesis imperfecta Thin, fragile skin
Scleroderma Thickening and stiffening of
skin
Keloids Tumorlike thickening of
skin
Diabetic thick skin Thickening and tautness of
skin

Basic Biochemical Etiology

Reduced synthesis of type I and 111
collagens

Reduced synthesis of type [ and 111
collagens

Not known, reduced collagen
synthesis in steroid-induced striae

Not known

Mutations in types [ and V collagen,
genes in type [ and 11 ED, mutations
in type III collagen gene in type [V
ED, mutations in lysyl hydroxylase
gene in type VI ED, defect in
conversions of procollagen 1o
collagen in type VII ED, defect in
lysyl oxidase ir= type IX ED

In most cases, mutations in type [
collagen

Generally increased deposition of
collagen

Increased deposition of collagen

Increase in nonenzymatic
glycosylation of collagen

P2

e T

FIGURE 1.3  Skin atrophy after topical glucocorticoid treatment. Skin thickness was 0.65
mm in a steroid-treated dorsum of the hand. whereas skin thickness in age-matched controls

was 1.3 mm.

Copyrighted Material



8 Bioengineering of the Skin: Skin Biomechanics

Changes in collagen are also found in various hereditary conditions. These include
osteogenesis imperfecta, which involves changes in tissues rich in type I collagen,
such as bones, ligaments, and skin, and Ehlers—Danlos (ED) syndrome, which has a
wide variety of clinical manifestations, depending on the underlying defect in collagen
metabolism.”?22 Several gene defects associated with collagen-related diseases have
been elucidated. For example, defects in the genes encoding the proo.1(I) or proo2(I)
chain of type I procollagen are commonly found in osteogenesis imperfecta, mutations
in types [ and V collagen genes have been found in ED types I and I1.”> and mutations
in type 1II procollagen occurs in ED type IV.5% The clinical picture in ED can vary
from hyperextensible skin, as illustrated in Figure 1.4, due to abnormal fibrillogenesis
of collagen, to thinning of the skin, as in ED type IV (Figure 1.5). This patient
presented with a markedly reduced synthesis rate of type III collagen in the skin.?

ELASTIN

Elastic fibers are composed of an amorphous material, elastin, which accounts for
90% of the mature fibers, and of a microfibrillar component, which consists of
microfibrils, 10 to 12 nm in size, primarily located around elastin, but partly also
interspersed within it.>> Microfibrils contain several glycoproteins; of these, fibrillin
has been studied in most detail.?® Elastic fibers are assembled in dermis as a three-
dimensional net. Oxytalan fibers occur perpendicular to epidermis and are connected
to elaunin fibers, which run parallel to epidermis.?

Elastin synthesis takes place in embryonic and rapidly growing tissues and in
cells derived from these. Elastin is a polypeptide approximately 70 kDa in size,
which is encoded by a single copy gene found in chromosome 7.77?® The elastin
gene encodes tropoelastin, a precursor protein for elastin. Tropoelastin is synthesized
intracellularly and then excreted into the extracellular space, where cross-linking
takes place.”® A high degree of cross-linking is characteristic of elastin, and the
formation of desmosines is unique to it. A copper-dependent enzyme, lysyl oxidase,
is involved in the cross-linking of both collagen and elastin.?® In the cross-links of
elastin, the lysine residues present as pairs in polyalanine sequences in such a way
that there are always two or three amino acids, usually alanines, between two lysine
residues, thus forming sequences of Lys-Ala-Ala-Lys or Lys-Ala-Ala-Ala-Lys. These
alanine-rich cross-linking domains have an o-helical conformation. In addition to
the cross-linking domains, elastin has hydrophobic domains containing glycine,
proline, and valine residues. The mechanisms of elastic fiber assembly are not well
known, but microfibrils become visible first, after which elastin appears as an
amorphous material that then coalesces and forms the core of the fiber. Most
microfibrils are transferred to the outer aspect of the fiber, where they remain in
mature tissue.***” Abnormalities in elastic fiber morphology and assembly are seen
in a number of congenital skin diseases, and specific gene defects behind genoder-
matosis have recently been found. Cutis laxa is a skin disease that presents in mild
cases as predominant wrinkling and in severe genetic cases as widespread elastic
fiber damage in skin and internal organs® (Table 1.2). Disturbed elastin cross-
linking, due to defects in the copper metabolism and/or function of lysyl oxidase,

has been suggested to cause %b%?%m‘?%‘:ﬁ‘ﬁ defect in the fibrillinl gene is
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found in Marfan syndrome.?”? In pseudoxanthoma elasticum, abnormal elastin
fibrillogenesis occurs by an unknown cause and results in a lax and wrinkled
appearance of the skin. Anetoderma involves local degradation of elastic fibers,
causing sacklike protrusions.* In elastoderma, conversely, local accumulation of
abnormal elastic fibers leads to delayed recoil and elasticity of the skin (Figure 1.6).%

e — e

FIGURE 1.4  The skin of a patient with ED type I is hyperextensible.

=T=="" e =y = (1]

FIGURE 1.5  The skin of a 20-year-old male with ED type IV is translucent with readily
visible blood vessels. The concentration of type III collagen propeptide (PITINP) was 32.5
ug/L in the suction blisters of the patient, whereas the mean value in the controls was 106
pg/L, indicating markedly reduced synthesis of type III collagen in the patient’s skin fibro-
blasts. Skin thickness was markedly reduced: 0.82 mm in the forearm of the patient and 1.49
mm in the controls.
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TABLE 1.2
Skin Properties in Diseases Affecting Elastin

Disease Characteristic of the Skin Biochemical Alterations
Cutis laxa Loose, sagging skin Decreased amount of elastin
Anetoderma Sacklike lesions Local degradation of elastic fibers
Pseudoxanthoma elasticum Lax and wrinkled skin Accumulation of abnormal elastin
Actinic elastosis Diffuse thickening and Accumulation of abnormal elastin

wrinkling of sun-exposed skin in dermis; elevated levels of

MMPs; decrease in collagen
synthesis, increase in elastin
synthesis

Marfan syndrome Hyperextensible skin, striae Mutations in fibrillin gene

FIGURE 1.6  The right arm of a patient with elastoderma, demonstrating the laxity (A)
and incomplete and delayed recoil (B) of skin. Histopathology revealed only a few normal-
appearing fibers (the white arrow) and abnormal elastic structures (the black arrows) in the
lower dermis (C) (Verhoeff-van Gieson stain). Modified from Kornberg, R.L. et al.,
Elastoderma—disease of elastin accumulation within the skin, New Engl. J. Med., 312,
771-774, 1985. With permission.

ALTERATIONS IN THE SYNTHESIS OF COLLAGEN
AND ELASTIN DURING AGING

Along with increasing age, skin wrinkling gradually becomes evident, especially in
sun-exposed areas, such as the face. Several distinct histological features have been
observed within wrinkles, including reduction of oxytalan fibers in the dermis under
wrinkles, profound collagen atrophy, and decreased amounts of type IV and VII
collagens af the dermoepidermal junction as well as decreased amounts of dermal
chondroitine sulfates, which are essential for balanced skin hydration.*

Skin collagen synthesis declines with aging and as the result of such external
factors as long-term sun exposure and medications, for example, p-penicillamine
and topical corticosteroids.”*7 In aging skin, collagen fibers become thicker and
less soluble and the synthesis of collagen declines.® Skin thickness remains quite
constant between 10 and 70 years of age, after which a marked decrease in skin

thickness occurs.” Precursors of both t 1 v, S 4
Eopyr?g}?[}ea)]ﬁ%a rear?é‘i‘r III collagens also decrease in
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photodamaged skin, and the degree of reduction in collagen production correlates
with the amount of photodamage.*

The elastic properties of skin are also affected by aging. Along with increasing
age, dermal elastic fibers become thicker and fragmented and oxytalan fibers appear
fragmented and shortened.* Disintegration of elastic fibers is already seen in a
minority of fibers between ages 30 and 70, but the changes become more profound
after the age of 70 years, affecting a majority of the fibers.> As a result of the
decreased number of elastic fibers in aged skin, the elastic recovery of skin decreases
in elderly people.* Flattening of the dermo-epidermal junction is seen in both sun-
exposed and sun-protected skin in elderly people.*? Epidermal thickness declines
with age in sun-protected areas, whereas sun-exposed regions develop an irregular
epidermis with both thickened and atrophic regions.*? A distinct feature of photoaged
skin is a decrease in the ultrasound echogenicity of the upper dermis, which causes
a subepidermal low-echogenic band.*+46

The ultraviolet (UV) radiation reaching the earth surface consists of UVA (320
to 400 nm) and UVB (280 to 320 nm) radiation. Shortwave UVC does not pass
through the atmosphere.*” UVA penetrates deep into tissues and has direct effects
on dermal cells, including fibroblasts. UVB, on the other hand, has indirect effects
on the ECM turnover by inducing the production of certain lymphokines and cyto-
kines.'*#¥ In actinic elastosis, the number of abnormal elastic fibers increases in the
dermis, and the amount of collagen is reduced. /n vitro studies have shown that the
life spans of dermal fibroblasts and keratinocytes are shorter than normal in sun-
exposed skin specimens.**5? It has also been demonstrated that elastin mRNA levels
are elevated in photoaged skin, indicating transcriptional upregulation of the gene
that codes elastin.”' Reactive oxygen species activated by UV radiation are thought
to play an important role in UV-induced DNA damage, cellular senescence, and
aging.*” Upon aging, the capacity to repair DNA decreases, thus increasing the risk
of malignant transformations.>?

DEGRADATION OF COLLAGEN AND ELASTIN

Three major families of proteases degrade components of the extracellular matrix.
These protease families are called serine, cysteine, and metalloproteinases, and they
are important in the wound healing process and in tumor invasion and metastasis.>
Matrix metalloproteinases (MMPs) and tissue inhibitors of matrix metalloprotein-
ases (TIMPs) regulate the degradation of collagen, elastin, and other components of
ECM.* It has been suggested that matrix metalloproteinases could have a crucial
role in the degradation of collagen in actinic elastosis, since UV radiation has been
shown to rapidly induce MMPs in skin and cell cultures. MMP-1, MMP-8, and
MMP-13 (collagenases 1, 2, and 3) are the principal MMPs capable of initiating the
degradation of fibrillar collagens I, 11, III, and V. MMP-2 and MMP-9 are important
in the final degradation of fibrillar collagens. MMP-2, MMP-3, MMP-7, MMP-9,
MMP-10, and MMP-12 are capable of degrading elastin.’* MMP-1 degrades type
IIT collagen at a faster rate than types I and II, whereas MMP-8 degrades type I
collagen at a rate much faster than type III and, unlike MMP-1, is also important
in the cleavage of type Il collagen, which is abundant in cartilage.”® The expression
Copyrighted Material
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of collagenase (MMP-1), 92-kDa gelatinase (MMP-9), and stromelysin has been
shown to increase after a single exposure to UV radiation, and the activity of MMP-1
and MMP-9 remained maximally elevated for 7 days after four UV exposures at
2-day intervals. Topical tretinoin inhibited UV-induced MMP activity but did not
counteract the induction of TIMPs.”” Abundant evidence supports the use of topical
tretinoin in the treatment of early signs of actinic damage.?74857-60

FUNCTION AND ALTERATION
OF THE BASEMENT MEMBRANE

Epithelial or endothelial cells and mesenchymal connective tissue are separated by
a basement membrane (BM) or basal lamina, which is a flexible sheetlike structure
approximately 50 to 100 nm thick.” Structurally, the BM consists of two layers:
lamina lucida, which is adjacent to the basal plasma membrane of epithelial cells,
and lamina densa, which is just below the lamina lucida. In skin, BM separates the
epidermis from the dermis and forms a dermal—epidermal junction (DEJ). Depending
on the type of tissue, the BM determines cell polarity, influences cell metabolism,
organizes the proteins in adjacent plasma membranes, induces cell differentiation,
and guides cell migration. The major components of BM are type IV collagen, a
large heparin sulfate proteoglycan perlecan, and the glycoproteins laminin-1 and
nidogen/entactin. Laminins are large flexible cross-shaped glycoproteins composed
of three polypeptide chains. They bind to type IV collagen, heparan sulfate, nidogen,
and cell surface laminin receptor proteins. Type IV collagen forms a network that
is important in the maintenance of the mechanical stability of BM. The binding of
another independent network, formed by laminin-1 on this network, is stabilized by
nidogen-1 and nidogen-2. BM acts as a selective barrier to the movements of cells.
BM beneath an epithelial layer prevents the fibroblasts in the underlying connective
tissue from contacting the epithelial cells. The epithelial cells are linked to BM by
integrins. In addition, the DEJ contains plaquelike hemidesmosomes at the surface
of epithelial cells. Hemidesmosomes contain plectin, bullous pemphigoid antigen
I (BPAGI), collagen XVII, and integrin a6p4. They link the keratin cytoskeleton
to laminin-5 in lamina lucida. Laminin-5 is linked to type VII collagen in lamina
densa. Type VII collagen forms anchoring fibrils that firmly bind to the underlying
connective tissue.®'?

There are several diseases, mostly inherited, in the epidermolysis bullosa (EB)
disease group that affect the BM zone.**% EB can be divided into four types, in
which blister formation occurs at different levels. In EB simplex. the blistering is
due to mutations in the keratins 5 and 14. As a consequence, keratinocytes are easily
detached from each other, and blistering occurs within the epidermis.®® In EB types
where blistering occurs within the hemidesmosomes or between the basement mem-
brane and the cell membranes, mutations may occur in type XVII collagen, plectin,
or 06 or 34 integrins. In junctional EB, the blistering takes place within lamina
lucida, and mutations have been found in genes that code laminin 5. In dystrophic
EB, the blistering takes place under BM and is due to mutations in type VII collagen.
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COMMENTS

Collagen and elastin are important for the structural integrity of skin. Thus, alter-
ations in the quantity or quality of these proteins may cause changes in the mechan-
ical properties of skin. Diseases involving a reduced collagen content of skin are
characterized by atrophic skin, readily visible blood vessels, and easy bruising, which
may result in paperlike scars. In contrast, if the quantity of collagen increases, skin
becomes thick and taut and skin elasticity is limited, if not completely nonexistent.
There are various genetic diseases in which collagen genes or enzymes participating
in collagen biosynthesis are mutated. As a result, a wide range of diseases affecting
skin and blood vessels may develop. Skin may, for example, be fragile, thin, or
hyperextensible. Similarly, changes in the quantity or quality of elastin cause changes
in the elastic properties of skin. If elastic fibers are fragmented or reduced in quantity,
skin looks old and sags. If the quantity of elastin is increased, as in pseudoxanthoma
elasticum or solar damage, skin may be thickened and inelastic.

There are several methods available to elucidate various aspects of collagen and
elastin. Skin biopsies are useful in the assessment of collagen quantity, different
types of collagen, and the rate of collagen synthesis. Histology, immunohistochem-
istry, and electron microscopy (EM) can be used to investigate changes in collagen
fibers. Elastin can be studied by histological analysis and EM. Gene defects are best
characterized by white blood cells, from which specific gene deletions and other
mutations can be analyzed.

Similarly, the integrity of the BM zone can be studied by histological, immu-
nohistochemical, and EM methods. If one wants to look at specific mutations of the
BM components, there are several methods available to characterize the mutations
in most of the proteins contributing to the integrity of BM.
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INTRODUCTION

A significant question is whether animal models are suitable to predict mechanical
properties in human skin. Can the results of animal studies be extrapolated to human
skin, and are the basic approaches the same? Several attempts have been performed
to describe the mechanical properties of skin by mathematical models (Ridge and
Wright, 1964, 1965, 1966: Harkness, 1968, 1971; Hirsch and Sonnerup, 1968;
Jamison et al., 1968; Viidik, 1968, 1969, 1973a.,b, 1978, 1979: Frisén et al., 1969a,b;
Veronda and Westman, 1970; Danielson, 1973; Soong and Huang, 1973; Wilkes
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etal., 1973; Jenkins and Little, 1974; Lanir and Fung, 1974; Vogel. 1976, 1986;
Barbanel and Evans, 1977; Barbanel et al., 1978; Lanir, 1979: Barbanel and Payne,
1981; Burlin, 1980, 1981; Fung, 1981; Sanjeevi, 1982; Potts and Breuer, 1983).
Most of these authors used models derived from studies in polymers (Ferry, 1970).
The simplest mechanical model analogous to a viscoelastic system is a spring
combined with a dashpot, either in series (Maxwell element) or in parallel (Voigt
or Kelvin element). Combinations of these elements were used to explain the
mechanical phenomena in connective tissue, such as stress-strain behavior, relaxation
and mechanical recovery, hysteresis, and creep phenomena (Jamison et al.. 1968;
Frisén et al., 1969a,b; Hirsch and Sonnerup, 1968; Vogel, 1976a, 1993a,b; Riedl and
Nemetscheck, 1977; Vogel and Hilgner, 1979a; Viidik, 1968, 1969, 1973, 1978,
1979). Larrabee (1986), Larrabee and Sutton (1986), and Larrabee and Galt (1986)
reviewed the theoretical and experimental mechanics of skin and soft tissue and
proposed a mathematical model of skin deformation based on the finite-element
method. A finite-element-based method to determine the properties of planar soft
tissue was also described by Flynn et al. (1998). Unfortunately none of these models
has been found sufficient to describe all properties of human and animal skin
including the mechanical history before measurement and the time dependence
during measurement. There is no comprehensive and unequivocally accepted model
to describe completely the biorheology of skin.

Therefore, it is necessary to use several methods providing insight into clearly
defined physical properties of skin.

STUDIES IN VITRO (EX VIVO)
PREPARATION OF SAMPLES

Subject animals, mostly rats, are sacrificed in anesthesia. The back skin is shaved
and a flap of 5 x 5 cm removed. Subcutaneous fat is removed from the skin flaps
and the sample placed between two pieces of plastic material with known thickness.
In this way, skin thickness can be measured reliably with calipers to an accuracy of
0.1 mm. Perpendicular to the body axis two dumbbell-shaped specimens with a
width of 4 mm in the middle of the sample are punched out (Vogel, 1969, 1970,
1989, 1993a). The samples are kept at room temperature on filter paper soaked with
saline solution in petri dishes until testing. The specimens are fixed between the
clamps of an INSTRON® instrument at a gauge length of 3 cm. All measurements
are carried out within at least 1 hr. For long-lasting test procedures, such as relaxation

or cyclic loading, the samples are wrapped with saline-soaked filter paper (Vogel,
1976a,b, 1989, 1993a.b).

STRess—STRAIN Curves in ViTrRO

After fixation of the specimens between the clamps of an INSTRON® instrument

allowing a gauge length of 30 mm, stress—strain curves are registered at an extension

rate of 5 cm/min; the curves show a characteristic shape (Figure 2.1). Durine low
=

strain values, with a gradual Hgﬁ?{i}?gﬁ}ggﬁa}gﬁg}n‘ve has a concave section. The
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stress—strain curve ascends according to an exponential function (Vogel and Hilgner,
1977). Afterward an almost straight section is reached indicating dependence on
Hook’s law. At this section, the ultimate modulus of elasticity (Young’s modulus)
can be calculated (increase of load divided by the cross-sectional area). Then. the
curve yields somewhat, ending in a sudden break of the specimen. At this point,
ultimate strain and ultimate load can be measured. From ultimate load divided by
the cross-sectional area (specimen width times original skin thickness measured at
the beginning of the experiment), tensile strength can be calculated.

The parameters skin thickness,
ultimate strain, ultimate load, tensile
strength, and modulus of elasticity are ~ kp
influenced by many factors. /

Several studies on age depen- 20} ;’f
dence of mechanical parameters in rat strain ;’! -
skin were performed at age 2 weeks /
and 1, 4, 12, and 24 months. The
period up to 4 months can be regarded
as maturation, and the period between
12 and 24 months as senescence. Skin
thickness increases to a maximum at
12 months of age and decreases there-
after. The ultimate strain values fol-
low another shape. A small increase
is found during puberty, a maximum
after 4 months, and a decrease there- // Calculation
after. Ultimate load, tensile strength, jof modulus

i 1 of elasticity
and modulus of elasticity show a very ;,‘
sharp increase during puberty, a max- ' MW
imum at 12 months, and a slight 20 40 60 %
decrease thereafter (Vogel et al., elongation
1970; Vogel, 1976b. 1978a, 1983a,
1988a, 1989, 1993a). Similar changes
were found in human skin (Holzmann
etal., 1971; Vogel, 1987a,b).

These parameters are also influenced by hormones and desmotropic drugs. The
most-pronounced changes are seen after glucocorticosteroids, following both sys-
temic and local application. Clinical experience unequivocally shows a decrease of
skin thickness after long-term systemic or local treatment with corticosteroids. In rats,
repeated administration of cortisol acetate in doses between 10 and 100 mg/kg cortisol
acetate or 2 and 20 mg/kg prednisolone acetate induces a sharp dose-dependent
increase of ultimate load and tensile strength up to 5 days. A continuous decrease of
skin thickness and a decrease of ultimate load is noted up to 2 months. Ultimate load
falls below controls, but tensile strength does not (Vogel, 1969, 1970a, 1974). From
the increase of tensile strength after short-term administration, dose-response
curves can be established for various corticosteroids vs. standard cortisol, allowing

Iculati f potency ratios with confidence limits. The test can be used for
TG EalIiEICn org J Copyrighted Material
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evaluation of topical corticosteroids (Schréder et al., 1974; Alpermann et al., 1982;
Vogel and Petri, 1985). Similarly, Tépert et al. (1990) measured skin atrophy and
tensile strength of skin after 30 days of local administration of corticosteroids in
rats. Van den Hoven et al. (1991) and Woodbury and Kligman (1992) recommended
the hairless mouse model for assaying the atrophogenicity of topical corticosteroids.
Oxlund and Manthorpe (1982) found after long-term glucocorticoid treatment of
rats an increase of strength and a decrease of extensibility of skin strips. In agreement
with studies by Vogel (1974b, 1978a), these results were explained by a change in
collagen cross-linking pattern.

Jprgensen et al. (1989) found a dose-dependent increase of mechanical strength
in intact rat skin after treatment with biosynthetic human growth hormone. Andreassen
et al. (1981) studied the biomechanical properties of skin in rats with streptozotocin-
induced diabetes. An increased stiffness and strength were found: maximal stiffness
was increased by 20% and the strain rate at maximum stress was decreased by 10%.
Oxlund et al. (1980) found that the stiffness of rat skin was increased in the early
postpartum period. This increase was also found in adrenalectomized animals. Other
hormones, such as ACTH, thyroid hormones, androgens, estrogens, and gestagens,
influence the mechanical parameters of rat skin to a lesser degree.

Among desmotropic drugs, lathyrogenic compounds, such as amino-acetonitrile,
and p-penicillamine decrease ultimate load and tensile strength without major influ-
ence on skin thickness (Vogel, 1971a, 1972a, 1974a). A decrease of the strength of
skin strips in rats after treatment with p-penicillamine was also found by Oxlund
etal. (1984). A dose-dependent increase of tensile strength in skin after treatment
was found with nonsteroidal anti-inflammatory drugs (Vogel, 1977a). Strain rate
influences the values of ultimate load, tensile strength, and modulus of elasticity,
but not the effects of age and corticosteroids (Vogel, 1972b). Changes in tensile
strength are correlated with the content of insoluble collagen (Vogel, 1974b).

The mechanical parameters skin thickness, ultimate strain, ultimate load, tensile
strength, and modulus of elasticity were used to evaluate the effects of ultraviolet
(UV-irradiation) and the prevention of skin damage in hairless mice (Alpermann
and Vogel, 1978; Vogel et al., 1981).

Fry et al. (1964) prepared skin rings from the lower part of the leg in rats and
studied the age dependence of the mechanical properties. Nimni et al. (1966)
measured tensile strength of excised skin samples in rabbits during aging. Pan
etal. (1998) studied ultrasound and viscoelastic and mechanical properties in
rabbit skin, including stress relaxation, creep, and Young’s modulus as a function
of strain. Lofstrom et al. (1973) described circadian variations of tensile strength
in the skin of two inbred strains of mice. The effect of radiation therapy on
mechanical properties of skin was studied in mice by Hutton et al. (1977) and by
Spittle et al. (1980).

Schneider et al. (1988) measured tensiometric properties in guinea pig skin from
flaps of normal dorsal skin and after implantation of an ovoid tissue expander filled
for 4 days with saline. Belkoff et al. (1995) studied the mechanical properties of
skin in pigs after subcutaneous implantation and inflation of silicone tissue expand-
ers. Mustoe et al. (1989) compared the effects of a conventional tissue expansion
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regimen of 6 weeks with the effects of an accelerated regimen of 2 weeks in a model
in dogs; the study measured skin thickness, elasticity, creep, and stress relaxation.

ANISOTROPY OF SKIN

As is the case with human skin indicated by Langer’s lines (Langer, 1861; Gibson
et al., 1969; Wright, 1971; Stark et al., 1977; Daly, 1982), the skin of rats exhibits
directional differences (Hussein, 1972, 1973; Vogel and Hilgner, 1979ab; Vogel,
1981a, 1983a, 1985a,b, 1988b; Belkoff and Haut, 1991). Stress—strain curves of rat
skin displayed a different shape when excised perpendicularly vs. longitudinally to
the body axis. At low loads, extension is higher in the longitudinal than in the
perpendicular direction. The situation is reversed at medium and high stress values.
Ultimate extension shows remarkable differences between longitudinal and perpen-
dicular samples. Specimens obtained perpendicular to the body axis showed an
increase during maturation, a maximum at 4 months of age, and a decrease during
further aging. The behavior of samples obtained longitudinal to the body axis was
quite different. After an initial rise, a maximum was found at 3 weeks. Afterwards
a slight decrease was noted. Between | and 4 weeks all values of ultimate extension
were significantly higher in samples punched out longitudinally to the body axis;
between 4 and 12 months they were considerably lower (Vogel, 1981a). Analysis of
the low sections of the stress—strain curve revealed a “step"-phenomenon (Vogel
and Hilgner, 1977, 1979a,b; Vogel, 1988b). If samples obtained perpendicular to the
body axis are extended, a gradual increase of load is observed at low degrees of
extension, which is suddenly interrupted by a decrease of the registered curve. Then
the curve increases again, and is interrupted by a second or third step. The phenom-
enon can be explained by the different orientation of collagen fibers in the dermis
and by the presence of a muscular layer in rat skin. The muscular fibers are in a
longitudinal direction to the body axis. If samples are obtained perpendicular to the
body axis, the muscle bundles are cut transversally. In further studies the muscle
layer was removed in one specimen and compared with a control with the muscle
layer intact. Investigation of the directional variation showed that the step phenom-
enon is mainly due to the muscular layer oriented longitudinal to the body axis and
the connective tissue between the muscle bundles, whereas the anisotropic behavior
of extensibility and ultimate strain is caused by the directional variation of the
collagenous bundles in the dermis.

Directional variations of the stress—strain curves were also described in the skin
of tight-skin mutant mice (Menton et al., 1978).

HysTERESIS EXPERIMENTS

In hysteresis experiments not only the elastic but also the viscous properties of skin
are measured (Vogel, 1978b, 1983b). Using the INSTRON instrument, the samples
are stretched to a given extension degree (e.g., 20%) with an extension rate of
20 mm/min. When the given extension is achieved, the crosshead is immediately
returned to the starting position with the same velocity. From the upward curve the
stress and the modulus of elasticity at the end of the loading phase at the given strain
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can be measured. When the sample is unstretched, the unloading curve sl?ows a
different pattern, reaching the baseline much earlier than the curve left it durl.ng the
upward phase. From this point, the residual extension can be measured. P]ar.umetry
of the area below the upward curve, and of the area between the hysteresis loop,
allows the calculation of the energy input and the energy dissipation, respectively,
as well as the ratio between energy dissipation and energy input at each hysteresis
cycle (Figure 2.2). Immediately after the first hysteresis cycle, the experiment is
repeated to an extension degree of 30%. then to 40 and 50%, and finally to 60%.
In rat skin, a maximum of the ratio between energy dissipation and energy input
was found at 30 to 40% extension. This ratio is influenced by age. At low extension
degrees, there is an increase with age. whereas at high extension degrees an age-
dependent decrease is noted. The ratio of dissipation to input was slightly decreased
by prednisolone, but definitively increased by p-penicillamine (Vogel, 1993b).

RELAXATION EXPERIMENTS

In the relaxation experiment, viscous properties of skin are measured (Vogel, 1973,
1976a, 1983b, 1985a, 1993b). Skin strips were fastened between the clamps of an
INSTRON instrument and extended with the high strain rate of 1000 mm/min to
20% extension. This extension was kept constant for 5 min. The chart speed was
initially 1000 mm/min, then 10 mm/min. In this way, the initial tension and the stress
values at 0.001, 0.01, 0.1, 1, and 5 min could be measured. As a result of relaxation,
the stress values drop roughly with the logarithm of time. For each sample, the
relaxation was calculated according to the formula:

o(t)=A, +A, xlog 1

resulting in two constants (A, and A,) for each sample, where A, is the stress at t = 0
and A, the slope of the relaxation curve.

The ratio between the constants A, and A, must be considered the most charac-
teristic parameter of the relaxation experiment. Furthermore, the residual stress after
the 5-min relaxation period is measured and calculated as a percentage of the original
stress. After 5 min the sample is returned to 90% of the original strain, for example,
from 20 to 18%. The stress following such unloading is recorded and again calculated
as percentage of the original stress. Immediately after unloading, the measured stress
values rise again spontaneously, which is called mechanical recovery (Figure 2.3).
Mechanical recovery is calculated as a percentage of initial tension and as a percent-
age of stress after unloading. The relaxation experiment is repeated with increasing
degrees of extension of 40, 60, 80%, and eventually 100% until the specimen breaks.

In studies of age dependence in rat skin, a definitive decrease of the ratio of
A,toA, is found at 40 and 60% extension degrees, indicating a decrease of plasticity
with age. Mechanical recovery. as an indicator of secondary elasticity, at medium
extension degrees is better in old animals than in young individuals. Stress relax-
ation is decreased after corticosteroids and increased after thyroid hormones and
p-penicillamine (Vogel, 1973, 1993a.b).

Purslow et al. (1998) suggested that relaxation processes within the collagen fibers
or at the fiber-matrix interfacergybigrepadiidblefist/the viscoelastic behavior of skin.
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Energy input
FIGURE 2.2  Original curve
of the hysteresis experiment. A,
Stress at the end of the loading
phase; B, strain (%); C, line for
calculation of the modulus of
elasticity; D, residual extension.
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FIGURE 2.3  Original recording of the relaxation experiment.

IsorHEOLOGICAL BEHAVIOR

Buss et al. (1976) demonstrated that the isorheological point is a valuable parameter
for the mechanics of connective tissue. This method has been modified and elabo-
rated for the skin strips of rats (Vogel, 1984, 1985b, 1987¢). After fastening between
the clamps of an INSTRON instrument, the specimen was expanded rapidly to 2 N
and the corresponding strain measured. Keeping this strain constant, the load decay
(relaxation) was measured for 5 min. Then the sample was again loaded to 2 N and
a second relaxation period of 5 min was evaluated. In the third cycle, the sample
was unloaded to 50% of the load observed after the 5-min relaxation period in the
second cycle. The phenomenon of mechanical recovery was observed. With the
crosshead driven up and down, the point was sought where neither immediate
relaxation nor mechanical recovery could be observed. The load and strain at this
point define the isorheological point, which is the point, under isometric conditions,

that the measured load is cog%grynié%rg%'ﬁ/r’zgré]}}g}nes. Increasing and decreasing
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the load by 10% produced a sawtooth-shaped curve from which the modulus of
elasticity at the isorheological point could be calculated (Figure 2.4). The same
procedure was performed at higher initial loads such as 10 and 50 N. The product
of percentage of strain multiplied by stress at the isorheological point indicates
energy density. These values showed a decrease during maturation, a minimum at
12 months, and an increase during senescence. In studies with desmotropic com-
pounds, the decreased viscosity after treatment with prednisolone acetate was more
evident at the isorheological points than at the ultimate values. Similarly, the higher
extensibility after treatment with p-penicillamine was indicated more clearly by the
isorheological points than by the ultimate strain.

REPEATED STRAIN

The method using repeated strain also measures mainly the viscous properties of
skin (Vogel and Hilgner, 1978; Vogel, 1987b). Skin specimens are fastened between
the clamps of an INSTRON instrument, extended with a strain rate of 100 mm/min
up to 20% extension, and immediately unloaded; this procedure is followed by
further cycles with the same strain rate and extension degree. The peak of the second
cycle is considerably lower than the first, followed by a further decrease in the next
cycles. The number of cycles are counted until the stress value is only one half that
of the first cycle. Immediately afterward, the degree of extension is increased to
30%. Again, the number of cycles is counted until the stress value is only one half
that of the first cycle. In this way, the number of cycles indicating the half-life of
tension due to relaxation is counted at each step of 20, 30, 40, 50, 60, 70, 80, 90%,
and eventually 100% extension. The number of cycles decreases from the first step
(20%) to the third step (40%) and increases continuously until the last step. This
increase is almost an exponential function of the number of steps. The parameters
measured with this method are influenced by several factors. An increase is noted
from an age of 1 month to an age of 24 months. The values are decreased by
p-penicillamine and increased by prednisolone treatment. Again, this method showed
that plasticity of skin is decreased by age and by corticosteroids and increased by
p-penicillamine.

CReer EXPERIMENTS

In creep experiments, viscous behavior of skin is studied under constant load (Vogel,
1977b, 1987b). In a special apparatus, skin specimens are suddenly loaded with 100,
200, or 500 g and the extension degree measured. An immediate extension occurs,
which is followed by a slow and almost continuous creep (Figure 2.5) that is mea-
sured as the ultimate extension rate. In addition, the extension achieved after 1 h is
registered. An age-dependent decrease of these parameters was found in rat and
human specimens indicating a decrease of viscosity or plasticity with maturation
and age. Ultimate extension rate was decreased by prednisolone and increased by
p-penicillamine.
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FIGURE 2.4 Repeated relaxation and determination of the isorheological point. 1, Loading
to 2 N; 2, relaxation; 3, unloading; 4, mechanical recovery; 5, determination of the isorheo-
logical point; 7, sawtooth curve.
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FIGURE 2.5 Creep experiment in skin.

Stupies IN SkiIN WounNDs

The healing of skin wounds is a multiphasic process. The effect of drugs on the
healing process was studied by measuring the mechanical strength at various time
intervals after incision of the skin (Vogel, 1970b). Male Sprague-Dawley rats weigh-
ing 120 + 5 g were anesthetized with ether. After shaving of the dorsal skin, an
approximately 3-cm-long incision was made down to the fascia in a craniocaudal
direction in the dorsolumbar region. Immediately afterward, the wound was closed
with wound clips. The rats were treated subcutaneously with test drugs beginning
with the day of surgery. The clips were removed the day before the tensile strength
was tested or at the latest at day 10 postoperation.
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For the measurement of wound tensile strength, the rats were sacrificed on days
3, 6, 9, or 12 after surgery. Wound clips were fastened on each side of the incision
and connected by means of threads with the load cell and the crosshead of an
INSTRON instrument. Stress—strain curves were recorded at an extension rate of
5 em/min. Dehiscence of the wound resulted in a sudden drop of the registered load.
For experiments of 3-week duration, skin strips were punched and tensile strength
was tested as described for evaluation of tensile strength in normal skin.

Changes of tensile strength of skin wounds following treatment with drugs is
expressed as a percentage of vehicle-treated controls. The dose-dependent decrease
found after immediate postoperative treatment and the dose-dependent increase
found after treatment in prolonged experiments with corticosteroids serve as com-
parative parameters for new test compounds. A biphasic effect of corticosteroids on
wound healing in rats was also found by Oxlund et al. (1979).

Many authors measured tensile strength of skin wound to follow the course of
wound healing under various conditions. Most experiments were performed in rats
(Holm-Pedersen and Zederfeldt, 1971; Holm-Pedersen and Viidik, 1972a.,b; Andreas-
sen et al., 1977; Greenwald et al., 1993; Seyer-Hansen et al., 1993: Jyung et al., 1994;
Adamson et al., 1996; Quirinia and Viidik, 1998: Canturk et al., 1999), some of them
also using the INSTRON instrument (Phillips et al., 1993; Maxwell etal., 1998;
Jimenez and Rampy, 1999; Kim and Pomeranz, 1999). In addition, mice (Butler
etal., 1991; Celebi et al., 1994; Kashyap et al.. 1995; Vegesna et al., 1995; Gonul
et al., 1998; Matsuda et al., 1998), guinea pigs (Bernstein et al., 1991: Drucker et al.,
1998; Silverstein and Landsman, 1999), rabbits (Sandblom, 1957: Wu and Mustoe,
1995; Pandit et al., 1999), dogs (Howes et al., 1929; Scardino et al., 1999), or pigs
(Langrana et al., 1982; Higashiyama et al., 1992; Chang et al., 1998; Fung et al.,
1999) were used. In some studies polyvinyl alcohol sponges were simultaneously
implanted to determine collagen accumulation (Langrana et al., 1983; Albina et al.,
1993; Schaffer et al., 1996; Koshizuka et al., 1997; Bitar, 1998; DaCosta et al., 1998:
Witte et al., 1998).

THERMOCONTRACTION

If collagenous material such as skin or tendon is heated in a water bath, thermocon-
traction occurs. This phenomenon was described decades ago by Wahlisch
(Wohlisch and du Mesnil de Rochemont, 1927; Wohlisch, 1932). Verzér and other
authors have used the phenomenon of thermocontraction of tendons and skin strips
extensively to study the aging process (Verzir ,1955, 1956, 1957, 1964: Lerch, 1951;
Rasmussen et al., 1964; Boros-Farkas and Everitt, 1967: Viidik 1969, 1973b, 1975,
1978, 1979ab: Vogel, 1969). With increasing temperature, a sudden increase of
isometric force is found, which is followed by a decrease. To evaluate this phenom-
enon, either the shrinkage temperature or the stress at and above the shrinkage
temperature can be measured. The decrease of sample strength can also be measured.

Joseph and Bose (1962) tested the shrinkage temperature of skin in newborn
rats, at 10 months and 2 years and found an increase from 51.2 to 61.1°C. Elden
(1970) found that the melting temperature in samples of rat tail skin did not con-

sistently change with age. However, t stress e -
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at 60°C relative to zero length at 50°C was greatly reduced with maturation and
age. When isometric elevation of force at 60°C relative to that at 50°C was plotted
against body weight, an increase was found. A decrease of percentage contraction
of skin collagen melted at 60°C relative to that melted at 50°C was found, depending
on age. Rupture stress of melted collagen fibers increased continuously with age.

Allain etal. (1977) tested pieces of dorsal skin of rats. The temperature of
maximum tension was decreased from birth to | month, and then very slowly
increased with age. A rapid relaxation was observed in young rats and in nonsenes-
cent adult rats. Rundgren (1976) found changes of thermal contractility in skin of
young and old female rats, as well as changes due to repeated pregnancies. Blackett
and Hall (1980) found an increase of thermal shrinkage temperature in two strains
of mice during the aging period.

Danielsen (1981) determined thermal stability measured as area shrinkage with-
out tension during heating for membranes of collagen fibrils reconstituted from
solutions of highly purified rat skin collagen. Le Lous et al. (1982a) and Flandin
et al. (1984) applied the technique of differential scanning calorimetry to evaluate
the denaturation process of collagen in rat skin.

Allain et al. (1980) built a device that measures not only hydrothermal shrinking
but also swelling in rat skin. Le Lous etal. (1982b, 1983) studied hydrothermal
isometric tension curves from rat and human skin and from different connective
tissues. The curves obtained during a linear rise in temperature from 37 to 100°C
at a rate of 1.15°C/min were classified into three major families, A, B, and C,
depending on whether these curves show an early maximum, two shoulders, or a
late maximum.

STUDIES IN VIVO
Stress—STRAIN Curves IN Vivo

In contrast to studies in humans, animal experiments allow measurement of mechan-
ical properties both in vivo in anesthesia and later on in vitro (ex vivo) at the same
site. This purpose required the development of special methods (Barbanel and Payne,
1981; Vogel, 1981b, 1982; Vogel and Denkel, 1982, 1985a; Denkel, 1983). The rats
were anesthetized with 60 mg/kg Nembutal® i.p. The back skin was shaved mechan-
ically. Skin thickness was measured by use of calipers on an elevated skin fold. Four
small (14 x 14 mm) metal plates bearing a hook were used as tabs and were glued
on the skin in both the longitudinal and perpendicular directions at a distance of
25 mm with a cyanoacrylate preparation. An operation table was mounted on the
crosshead of an INSTRON instrument and a triangle was attached to the load cell.
At the end of the triangle, threads were fastened that were conducted by reels and
hooked to the tabs. The crosshead was moved down manually until the threads were
stretched: however, no tension was yet measured. Then the crosshead was driven
downward with a rate of 50 cm/min, which means that the actual extension rate was
100 em/min. The load was measured only to limited values to prevent damage to
the skin. In each rat the stress—strain curve was recorded in both directions, where
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animal. In this way, the influence of the first extension on the results of the second
extension should be eliminated.

In spite of similar conditions, differences between the stress—strain curves from
in vitro and in vivo experiments were found. These findings confi rmed the statements
of other authors (Barbanel and Payne, 1981; Wijn, 1980) regarding the importance
of tab distance and tab geometry (Vogel, 1981c). Analysis of the data showed that
the higher the ratio of distance between the tabs to the area below the tabs, the
higher were the stress values. These findings can be explained: although skin consists
of several layers, only the upper layer (epidermis) is fastened to the tabs in the in
vivo experiment. The forces transmitted to the lower layers are transmitted by a
larger area if the area under the tabs is larger. The lower layer can slide over a larger
area and is therefore less extended, resulting in lower stress values. No sliding is
possible if the sample is fastened from both sides as it is in the in vitro experiments.
By taking all experimental conditions including the strain rate into account, the
in vivo results are comparable with those obtained in vitro. This holds true for the
age dependence as well as for the influence of desmotropic compounds (Vogel and
Denkel, 1985a).

Cook et al. (1977) compared tension/extension ratio curves in vivo and in vitro
in rats using the suction-cup method. Baker et al. (1988) described an apparatus
for testing mechanical properties of normal and irradiated pig skin in vivo. In their
system, the pads were attached to the skin of the pig rump with double-sided tape.
They were moved apart at a predetermined rate using a motorized unit. Force was
assessed using an S-shaped, center-point. double-beam load cell mounted on a
movable crosshead. Displacement of the pads was measured using a floating-core
linear variable displacement transducer. Using this system, Baker et al. (1989)
studied the effect of single doses of X rays on the mechanical properties of pig
skin in vivo.

RepEATED STRAIN IN ViIVO

A special method has been developed to study the mechanical properties of rat skin
after repeated strain in vivo and the course of recovery during different time intervals
(Denkel, 1983; Vogel and Denkel, 1985; Vogel, 1988c). Tabs were fastened on the
shaved back skin of anesthetized rats with a distance of 25 mm either perpendicular
or longitudinal to the body axis. With an extension rate of 100 mm/min, the skin
was extended 30 times for a 50% strain under anesthesia. Load was recorded and
stress calculated by dividing of load by skin thickness measured from a skin fold
obtained with calipers. Cycle 1. 5, 10, 20, 25, and 30 were recorded with more rapid
paper speed to facilitate the evaluation of modulus of elasticity and stress values.
The modulus of elasticity was calculated from the upper section of the stress—strain
curve. Stress values decreased after repeated loading approximately with the loga-
rithm of the number of cycles. The area under the curve of 30 cycles was evaluated
by computerized calculation according to Simpson’s formula (Hiirte, 1915; Denkel,
1983; Vogel, 1988c). Stress values and the area under the curve were higher per-
pendicular than longitudinal to the body axis, as found in other in vivo experiments
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for the direction vs. body axis. In longitudinal samples the stress values fell from 1
to 12 months and increased until 24 months. In perpendicular samples a decrease
of stress values was found followed by an increase at 12 months and a decrease until
24 months. During the experiment, the modulus of elasticity increased in both
directions from the first to the fifth cycle. This may be explained by the so-called
conditioning of connective tissue (Nemetscheck, 1980). From cycle 5 to 30, a decay
of the modulus of elasticity approximately with the logarithm of the number of
cycles was noted. Age dependence of the modulus of elasticity was similar to that
of stress values. In both directions a decrease during maturation was found. The
behavior between 12 and 24 months was different: in longitudinal samples an
increase was noted and in perpendicular samples a decrease was noted. The area
under the curve calculated from stress values closely resembled the pattern of initial
stress, indicating that this value dominates for the area under the curve and that the
decay is only of secondary importance. In the in vive experiments the values of
initial load, initial stress, the modulus of elasticity, and the area under the curve
show the same tendency during senescence: a decrease in the perpendicular and an
increase in the longitudinal direction. This indicates that the aging of the skin in
rats is different in the longitudinal vs. the perpendicular direction.

IN Vivo REcOVERY AFTER REPEATED STRAIN

A method was developed to study the in vive recovery of mechanical properties of
rat skin after repeated strain (Denkel, 1983; Vogel and Denkel, 1985b; Vogel, 1988c,
1993a, 1993c). Full recovery, i.e., restitutio ad integrum, can be observed only by
using in vive experiments, not by using in vitro experiments. As in the experiment
of repeated strain, tabs were fastened on the shaved back skin of anesthetized rats
with a distance of 25 mm either perpendicular or longitudinal to the body axis. With
an extension rate of 100 mm/min, the skin was extended 30 times for a 50% strain
under anesthesia. Load was recorded and stress calculated by dividing load by skin
thickness measured from a skin fold obtained with calipers. After the first run, the
animals were returned to their cages with the tabs still in position. A second run of
repeated strain was applied after different time intervals between 15 min and 16 h.
The stress values in the second run were definitively lower than in the first run.
When calculated as percentage of the first run, the differences diminished with
extended time intervals. With this in vivo method not only the mechanical recovery,
which also can be observed in vitro, but also the biological recovery, i.e., the restitutio
ad integrum, could be measured. Almost full recovery was found after 16 h.

The age dependence as well as the influence of systemic treatment with desmo-
tropic drugs on biological recovery was studied for both directions vs. body axis
(Vogel, 1988c, 1993c¢). The stress values in the first cycle of the second run were
calculated as a percentage of the first run. In both the longitudinal and perpendicular
directions, the values were less than 50% after 15 min and 1 h, but rose continuously
until 16 h, reaching or even exceeding 100% at this time. Apparently, the restoration
process starts immediately and is detectable after 1 h. In both directions, the lowest
values were for the youngest animals and the highest for 12-month-old rats. When

cycle 30 was evaluated in the same manner, expressing the values of the second run
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as a percentage of the first run, smaller differences were observed. The values of
the second run were between 70 and 80% of the first run after 15 min. These values
dropped further, reaching a minimum after 3 h, and rose thereafter to around 100%.
This may indicate that restoration of the skin has at least two components, one of
which appears immediately and is apparent after 1 h and a second in which the
damage reaches a maximum later and restoration starts later.

When the modulus of elasticity at the first cycle of the second run was expressed
as percentage of the corresponding value of the first run, the percentage values were
much higher than those for tension, indicating that the modulus of elasticity was
less affected. The changes were the highest in young animals and the lowest in
12-month-old rats in both directions. A minimum after 1 or 3 h was observed,
followed by an increase to almost normal values after 16 h. When the area under
the curve was compared, expressing the data of the second run as a percentage of
the first run, the values were between 60 and 70%. A decline until 3 h was observed,
followed by a steady increase. The time course for the modulus of elasticity and
the area under the curve indicated that several processes of damage and restoration
are involved.

Surprisingly, restitutio ad integrum was the most rapid in old animals. The ability
of the dermis to reconstitute the fibrous structure is apparently not negatively influ-
enced by age.

In another experimental series, the mechanical behavior of rat skin during
repeated strain in vivo and the restoration process thereafter were studied following
10-day treatment with desmotropic drugs (300 mg/kg p.o. p-penicillamine or
10 mg/kg s.c. prednisolone acetate). Repeated (30 times) elongations to 40% were
performed under anesthesia both longitudinally and perpendicularly to the body axis.
Evaluation of the first run of 30 cycles showed that stress values as well as moduli
of elasticity decreased after p-penicillamine, whereas they were greatly increased
after prednisolone treatment. The decay of stress values during repeated strain
revealed similar effects of treatment. The restoration process was evaluated by a
second run of 30 cycles after 1, 6, and 16 h. In the late phase of recovery. an even
better restitutio ad integrum was found in treated animals. In contrast to other
biomechanical parameters, the restoration process was found to be only slightly
influenced by treatment with desmotropic compounds.

CONCLUSIONS

Studies on mechanical properties in animal skin are more advantageous than studies
in human skin in several respects:

* They can be performed simultaneously in vitro and in vivo. Taking into
consideration the different experimental and anatomical conditions, the
results are comparable.

* Only in animal experiments can the biomechanical properties of the der-
mis at higher extension degrees be studied ex vivo or in vivo under
anesthesia; studies in humans are limited by pain threshold or to tests in
cadaver skin. Copyrighted Material
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* Studies on age dependence show a similar pattern for skin thickness,
ultimate load, tensile strength, ultimate extension, modulus of elasticity,
hysteresis, relaxation, creep behavior, and biochemical data both in animal
and human studies. Therefore, extrapolations from animal studies to
behavior of human skin are justified.

* With the methods reported in this chapter, primarily the mechanical prop-
erties of the dermis are measured. Because of anatomical conditions
(haired skin in animals), the biomechanics of the epidermis can be better
studied in human rather than in animal experiments.
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Elasticity Parameters
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INTRODUCTION

Biologically, the elasticity of the skin is a simple bimodal parameter with only two
major components: (1) the ability under the influence of stress to undergo distension
or strain and (2) the ability to subsequently retract or recover to the original state
(Figure 3.1).

Skin is composite and consists of layers with entirely different structures,
functions, and mechanical properties. The low-humidity stratum corneum with
densely packed keratin is thought to be quite resistant; the cellular stratum Malpighii
and the papillar dermis with high proliferation and high perfusion are thought to
be soft and pliable (albeit with a denser basement membrane zone interposed): and
the reticular dermis packed with collagen bundles and some elastic fibers is thought
to be highly mechanically resistant. Skin is mechanically a viscoelastic system, and
it shows major histological and microanatomical variation in different anatomical
sites, among individuals, and between men and women. Simple theories. developed
by mechanical engineers from studies of nonliving materials, cannot be applied
uncritically to a complex biological system such as full-thickness human skin.
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Elasticity parameters are manifold
and can be measured and expressed
in various ways in vive and ex vivo
depending on aims and usefulness.
This chapter mainly addresses the
background and aims related to useful-
ness in dermatology and cosmetology
in an attempt to simplify and outline
the essentials. Elasticity is considered
from many different angles, and read-
ers are referred to the chapters and the
references given in the Handbook of
Noninvasive Methods and the Skin.’

ESSENTIAL ELASTICITY
PARAMETERS

The essential parameters are, as men-
tioned, distensibility (or stress—strain)
and recovery (or elastic retraction).
These are both dependent on time, in
particular with respect to recovery fol-
lowing a stress, which is “remem-
bered” for quite a period (Figure 3.2).°
Repeated stress results in further dis-
tension, a phenomenon known as
creeping (or hysteresis); see Figure 3.1.
This functional memory is probably
a manifestation of the interstitial fluid
and fiber network interactions in live
skin, the expression of viscoelasticity
of a highly specialized biological
network.

In the past it was often postulated,
but never experimentally supported,
that distensibility is related to collagen
fibers and that retraction is related to
elastic fibers. It is, of course, not pos-
sible in a complex system such as the
skin to study isolated elements without
intruding into the system: and the
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FIGURE 3.1 Examples of skin mechan-

ics illustrating basic stress—strain func-
tions, recorded with the suction chamber
device Dermaflex A (Cortex Technology,
Hadsund, Denmark). At initial recording,
repeated suction results in further disten-
sion, so-called creeping or hysteresis.
Re-recording after 10 min at the same skin
site results in higher initial distension com-
pared with initial recording but with less
creeping. Recordings illustrate the func-
tional mechanical memory. Histamine
wheal and acute accumulation of water in
the dermis result in markedly increased
creeping. (From Serup, J. and Northeved,
A., J. Dermatol. (Tokyo), 12, 52-62, 1985.
With permission.)

beauty of simplicity ol opinion is no justification in itself in view of the present
understanding of the complex nature of skin elasticity.

Experimental stress of skin has been induced as monoaxial elongation, as biaxial
elongation (push, pull, and suction). by torsional maneuvers. and by elaborate testing
such as applying different vibagipgdbtess Material
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FIGURE 3.2  Elasticity of the skin in a man 68 years old (person on the left) contrasted to
that of a man 26 years old (person on the right). At rest (upper left), stretched (upper right),
immediately after release (lower left), and after 15 s (lower right). (From Lockhard, R.D.,
Ed., Living Anatomy, a Photographic Atlas of Muscles in Action and Surface Contours, 2nd
ed., Faber & Faber, London, 1962. With permission.)

The value of a measuring system can be related to its usefulness in biological
applications such as dermatology or cosmetology, and to its role in experimental
research. The biaxial and monoaxial elongation systems have a fundamental rationale
in biological situations and clinical states. Statements in the following sections
mainly relate to this group of methods.

MEASURING SKIN ELASTICITY

There is no general reference or standard for measuring the elasticity of live human
skin, and the state of the art is — despite engineering sophistication — chaotic.
There are no standard operating procedures regulating typical sources of variation
and error during measurement, such as joint position, skin hydration state (epidermal
and dermal), dermal perfusion and fluidity, intradermal texture, Langer line orien-
tation. underlying adipose panniculus, skin temperature, effect of drinking/sweating.
effect of stressful physical activity, etc. The state of the art is reflected by the range
of elastometers available in the market, used in variable settings and by operators
with variable educational backgrounds. Much activity is market-driven.

Most equipment operates on a suction-cup principle, where skin under a defined
circular area is pulled in under the influence of negative pressure applied and released
over a specific time (available systems typically have resistance in the pressure-
regulating system with unknown pressure-to-time conditions in the suction chamber,
and no tank with a negative-pressure reservoir). The circular area can vary from less
than 1 to about 10 mm in diameter. With a small opening, the deformation of the
skin is disproportionate; and only the epidermis and outer dermis can fold and
undergo strain. With a larger diameter. the full-thickness skin can elongate.

Another type of equipment, torsional devices, induce only a few degrees of

rotation and thereby typically only twist the very outer skin with a disproportionate
Copyrighted Material
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elongation. This is also the case with the gas-bearing electrodynamometer, which
exerts repetitive monoaxial vibrations parallel to the skin. Thus, some devices operate
with a suction pull exerted to a larger area and proportionate elongation of the full-
thickness skin, whereas others operate with a small area and a tangential deformation
with a disproportionate elongation especially of the outer skin. The devices and
principles are not directly comparable. The former type of recording is directed
toward dermatology and biology, the latter toward cosmetology.

Comparing healthy skin with abnormal skin involves a reference/baseline prob-
lem, which is difficult to solve. Aged skin is already sacked, elongated, and different
from young skin before the device is applied. Measurements resulting from applied
suction to these alterations are not directly comparable with measurements per-
formed in a young person, who does not have the same structural abnormality and
baseline. Measurement of aged vs. young skin typically demonstrates old skin to be
equally distensible to young skin (but with poorer recovery) despite a sacked and
obviously distended state on clinical inspection. The measured distensibility is tech-
nically correct, but experimentally not meaningful.

The structure/elasticity relationship of skin is complicated and seemingly very
dependent on the structure and fluid relationship in the skin as exemplified by findings
in scleroderma and histamine wheals. Interstitial fluid acts as oil between the fibers
(see Figure 3.1). The more water, the softer and more distensible the skin and the
easier the recovery following a strain. Skin turgor (from the Latin furgor, swelling) is
the water tension of skin. In medicine, turgor is known to reflect the intradermal and
general hydration state, as well as the fiber systems of the skin, particularly age-related
changes (see Figure 3.2). Intradermal water and structural texture interactions are
measured by ultrasound image analysis as low echogenic pixels with high precision.
Intradermal water accumulates in most conditions in the outer dermis under the epi-
dermis, rather than evenly throughout the skin. The skin is, among other tissues, a
water reservoir that is mobilized when the body water balance is negative.

It is surprising that skin elasticity (distensibility) is variably or poorly correlated
to thickness and that elasticity, even in normal skin (female vs. male, acral skin vs.
truncal), is inversely correlated to thickness. The thinner and more echodense skin
of extremities is less distensible compared with the thicker skin of the trunk. Females
with thinner and more echodense skin show decreased distensibility compared with
males. In addition, the thin skin of Pasini-Pierini atrophic morphoea is less disten-
sible. There is no expected gross difference in intradermal water content of thin skin
compared with thick skin in different sites and in different genders; and the men-
tioned differences are likely to be related to the dermal structures and the way the
fiber network is woven, rather than to total skin thickness.

MAIN FUNCTION OF SKIN AS AN ELASTIC INTEGUMENT

The important mechanical functions of the skin can be outlined as follows:

» To provide a protective and supporting cover of the body
» To remain tense but allow free motion of joints

= To counteract gmvm&%yrfghred Material
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* To be soft and pliable to allow effective contact with physical surfaces as
a basis for simple and complex sensory perceptions (touch including
stereological perception of objects, pain, heat, cold, and others)

The protective function is quite obvious. The skin must resist trauma and wounds
must be avoided. The skin must support the adnexa, vessels, etc. Reduction of
resistance related to connective tissue deficiency is seen in dermatosparaxis in cattle,
in skin fragility during penicillamine treatment, in corticostroid atrophy, and in aged
skin as traction wounds or tangential wounds in the outer, less-resistant dermis,
leaving pseudoscars.

The function in relation to joint motions (Figure 3.3) is vital in evolution and is
directly reflected in the Langer lines, which are oriented in directions that clearly
respect free motion of rotator joints and hinge joints. Langer systematically punc-
tured cadaver skin with a round trocar and noted the direction of the resulting
ellipsoid wounds. The lines represent the predominant direction of collagen and
other fibers of the dermis. The Langer experiment at the same time demonstrated
the variable pretension of the skin in different sites and directions, a pretension well
appreciated in surgery and taken into account when incisions are made. Lichenifi-
cation furrows in atopic dermatitis also follow the orientation of hinge joints. Fissures
in chronic dermatitis do the same. Joint motion in acroscleroderma may be hampered
by dermal sclerosis with excessive dermal collagen; conditions with loose connective
tissue such as Ehlers-Danlos syndrome and pseudoxanthoma elasticum are associ-
ated with increased joint and skin motility. Increased skin distensibility may occur
without altered joint motility.

Counteraction of gravitation is a function not well appreciated despite its fun-
damental significance. It has been known for decades that the giraffe, because of
the tight connective tissue anatomy of its legs, avoids the development of orthostatic
fluid accumulation despite its height. Valves of the veins have long been known to
function to carry the hydrostatic force, and defective valves may result in swollen
legs. In humans, it was clearly demonstrated in a study of 22 different body regions
that there is a vertical vector in skin distensibility with increased spontaneous

FIGURE 3.3 Elasticity of the skin relative to shoulder joint positions. Reproduced from
Lockhard, R.D., Ed., Living Anatomy, a Photographic Atlas of Muscles in Action and Surface

tours, 2nd ed., Faber & Faber, London. )
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pretension of the skin from the head toward the foot.2 This was confirmed in a study
by Gniadecka, who also found a deficient vertical vector in sufferers of venous leg
ulcers. Ultrasound image analysis of elderly persons shows an increase in low
echogenic pixels in the morning 2 h after standing up, indicating orthostatic fluid
accumulation in the legs. Recently, it was demonstrated that, in contrast, persons
tilted in a negative-gravity bed develop fluid accumulation in the head, explaining
the known phenomenon that astronauts develop significant head edema when they
are no longer under the influence of earth’s gravity. Russian astronauts applied cuffs
around their thighs to avoid this problem. Thus, the vertical vector of skin elasticity
in humans representing a systematic regional difference in the mechanical resistance
of skin is, together with tense muscle fascia and venous valves, oriented to direct
blood centrally, counteracting orthostatic pressure and gravity. It is a fundamental
trait arising from evolution that is needed for physical performance and survival
without swollen legs and leg ulcers at a young age.

A soft and pliable skin that can adjust to the surface of objects is a prerequisite
in sensory perception including the different sensory modalities but particularly
important for touch, which is sensed by Ruffini and Meissner end organs laid down
in the skin texture. Touch is a three-dimensional modality that can become acutely
sensitive as occurs in blindness, when touch replaces vision and may allow reading
of complicated texts formed with letters made of small raised dots. Further, touch
and the pressure exerted by pulses against an object are used as a “‘method” to assess
the elasticity of objects. Resultant stress—strain of the skin replicates stress—strain
of the object touched. Finally, touch combined with a tangential maneuver following
the surface of the object serves to assess the three-dimensional surface contour and
friction of objects. a highly developed function with central nervous system and
even psychological elements. Tangential touch (and surface friction) plays an impor-
tant role for feeling pleasure and for sexuality including sexual acts, well understood
but little studied in spite of its huge importance in human interrelations from birth
to death. Thus, surface, softness, pliability, and sensibility of the skin act together
with intellect and psyche in different neurosensory functions important for daily life.
In general, there is only a vague distinction between appreciation of stress—strain
mechanics and surface friction of the skin.

USEFULNESS AND RELEVANCE
OF SKIN ELASTICITY PARAMETERS

Skin elasticity has no obvious, general, and direct user relevance except perhaps in
some selected clinical situations. Elasticity is not commonly appreciated in normal
life by healthy people or by patients. Aged people are more concerned about how
their wrinkled and sacked skin looks than about some altered stress—strain measure
when a piece of skin is pulled or twisted. A patient with scleroderma may be
primarily concerned about the hampered joint motion, the fingertip ulcers, and the
disability created by these than by the skin affliction itself. From this perspective,
there is often limited relevance of measuring skin elasticity with very high precision
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except perhaps in selected medical conditions to monitor disease course and the
effect of medication.

Elasticity measurement in humans has the added limitation that a measurement
is not very likely to be representative since normally only a small piece of skin is
evaluated, typically a few square centimeters, and the whole skin is some 10,000
times larger and shows gross local site variations. Thus, the role of measuring skin
elasticity mainly lies in experimental research when selected areas are treated or
handled in a way that can illustrate general phenomena, effect of treatments, etc.
that are due to a wider design perspective. However, extrapolation from observation
in a small piece of skin to some broad field must be done with great reservation.

Elasticity methods have been somewhat overused to document efficacy of cos-
metic products. This field is even more problematic because of the overlap in the
appreciation of skin surface friction and surficial skin mechanics as depicted with
a tangential movement by consumers spreading a cream or touching their skin
(normally involves no twisting or vertical pull or push). The Young's modulus, valid
for isotropic materials and widely used in engineering, does not appear meaningful
in the biomechanics of anisotrophic skin simply because the relation to thickness is
variable and thus follows no generally applicable equation for skin as outlined in
engineering texts.

There is a strong need for standardization in the field of skin elasticity measure-
ment. It is a difficult variable to measure, and there are obviously many limitations
and controversies related to instruments, experimental designs, preconditioning, data
handling, and data interpretation. Skin elasticity measurement suffers a low status
in the medical community and the techniques are generally not accepted by legal
bodies. To some degree methods have been miscredited following their misuse. There
are, nevertheless, a number of situations when elasticity measurements and proper
experiments handled with excellence should receive the recognition they deserve.
After decades of engineering and pragmatic use, it is time for bioengineers to review
the field critically and to agree upon a set of realistic standards. Application, inter-
pretation, and relevance must certainly be considered.
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INTRODUCTION

Previous studies on the tribology of human skin have attempted to demonstrate a
correlation between certain tactile sensations and the friction between the skin surface
and variety of probes.''” In addition, friction measurements have been used to provide
in vive information about the effects of age, hydration, dermatitis, and cosmetic
products'-'* on both the interfacial and bulk properties of skin. Most previous studies
on the friction of human skin, using sliding probes, have involved torque measure-
ments on disks or flat cones rotating at constant velocity. Typical instruments have
employed rotating wheels, oscillating disks, or adapted viscometers.

The physical nature of the forces involved during friction and the significance of
the change of friction properties after cosmetic application are not clearly established.

R L 49
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50 Bioengineering of the Skin: Skin Biomechanics

The current techniques that simultaneously measure the normal load F, between the
contacting surfaces and the friction force F, can be used to determine the skin friction
coefficient defined as i = F,/F,. The survey of the published literature on skin friction
shows a wide range of measured values of . These differences emphasize that the
assessment of the friction coefficient of skin is a highly complex problem. It involves
skin elasticity (Young’s modulus E = 10° to 107 Pa for the forearm),'*'® the anisotropy
and the range of skin furrows, the physicochemical nature of skin (free energy of the
skin 7y, = 38 mJ m2),'2! the hydrophobia of the sensor used, the normal load, speed,
and the mean frequency deformation during friction.

This chapter describes measurements of the static and dynamic friction force of
a spherical indentor on an inner human forearm. Through the results obtained by
means of original in vivo tribometer,?> which enables measurement of the compo-
nents of friction force in a wide range of pressure and sliding, this study demonstrates
the significance of the moisturization effect in terms of mechanical properties and
changes in friction forces.

FRICTION APPARATUS

PROCEDURE

The equipment used in this study employs a more conventional tribological config-
uration based on a linear sliding action® on an inner human forearm (Figure 4.1).
This system allows the control of the applied normal load, penetration depth, and
sliding velocity, coupled with an accurate measurement of the frictional response.
A smooth spherical indentor was selected as a probe to facilitate theoretical mod-
eling, and to aid comparison with extensive earlier results on friction and lubrication
of ball-elastomer contacts. During the friction test, the volar forearm axis was
perpendicular to the sliding direction. The measured friction force corresponds to
the friction of the probe on the skin, generating flexion of the two copper sheets.
This flexion was transduced in an electrical signal by the strain gauges. The output
signal was converted to digital data and collected by the computer, which displayed
strain gauge deformations in related forces (mN).

Fz

& Sliding direction

h Fx

FIGURE 4.1 Measurement of skin friction force by linear sliding of a spherical indentor.
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MEASUREMENTS OF THE FRICTION FORCE
Friction Force Measurements of Calibrated Steel Roughness Plate

The ability of the equipment used is studied by measuring the friction force of rough
steel, with different mean arithmetic roughness Ra = 1.6 to 50 pm. Tests were
performed using a normal load of 20 g. All curves represent the friction force vs.
displacement. The measured profiles indicated irregularities of the surface obtained
by manufacturing which produced changes in the frictional force measurements
(Figure 4.2).

Friction force (mN)

Length (mm)

Friction force (mN)

Cigi e N e s EE

= .;.-_eng__m'.(mmj

Friction force (mN)

25 Gho Gl 4

o) o5 G RS e
Length (mm)

FIGURE 4.2 Validation of the friction force measurement with calibrated steel rough-
ness plate.
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Friction Force of a Silicone

The friction forces vs. the normal load were measured on the polymeric material
at a low velocity (v = 0.27 mm s') (Figure 4.3). The static force, defined as the
critical force required to allow friction, was higher than friction force with an
observed relaxation.

07
S 06 /" e 100gr
‘é’ 0.5 / -
& 04 T r— e T0gr
) 0.3 e ~ Is0gr
LAY S 3

2 p2t- . Ogr
L .

0.1 20gr

0 05 1 15 2

Length (mm)

FIGURE 4.3 Friction force of silicone.

In Vivo Measurements of Skin Friction Force

Measurements were obtained in a room with a temperature of 20 to 25°C and relative
humidity of 40 to 50%. An example of the friction force measured on the volar
forearm of a 45-year-old woman is presented in Figure 4.4. The tests were performed
at normal load of 5 g and a low velocity of 0.27 mm s

0.3
Z 025 : =
2 02 ™ - ey
H i :
= 015
o /
T 01 »
i -~
0.05'/
0 T
0 1 2 3 4 5 6

Length (mm)

FIGURE 4.4 In vive friction force measurement of a 45-year-old woman.

MOISTURIZATION EFFECT IN MECHANICAL
AND FRICTIONAL PROPERTIES OF THE SKIN

Experiments were performed with 10 women aged between 40 and 49 years. All
participants were in good health. The insensitive moisturizing cream was applied to
the volar forearm for 2 weeks. All measurements were performed after the subjects
had been physically inactive for at least 15 min. Friction measurements were made
on the volar aspect of their forearms before and after the application of the cream.
The normal applied load used for mechanical and frictional properties was fixed at

50 mN. The contact was moved repeatedly along th ¥
Copynghfed xdafe?fé } e arm over a length of about
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6 mm, with imposed sliding velocity of 0.27 mm s™'. The mechanical and frictional
parameters were assessed with ten tests.

ErrFecT IN MECHANICAL PARAMETERS

During the first contact between the spherical indentor and skin surface under a normal
load F_, it was assumed that the skin deforms in an elastic manner. If the indentor
has radius R, the radius of the circle of contact formed under a load is given by*

i 3 l—\-"2
=2 rR
=R g

(4.1)

where v is Poisson’s coefficient and E is Young’s modulus of the skin. The Hertzian
theory?* gives the pressure p at any point distant r from the center as

F_ 3
p =§—‘[1—i;) 42)

2 2
211:&' a

The indentation depth, 8, as a function of load, indentor radius, and skin parameters,
is given by?* (Figure 4.5)

2 3

5 & ( 9 )m (1~\=2]2’ p .

R 16R E

In this first stage of contact, an approximate modulus can be evaluated by
introducing into Equation 4.3 the measured value of the indentation depth 8, the
radius of curvature of the indentor R, and the skin Poisson’s coefficient (v = 0.45).

The effect of moisturization in mechanical parameters is presented in Figure 4.6.
The results show an increase of the mean contact radius and the mean indentation
depth vs. the age group. On the basis of Equations 4.1 and 4.3, this increase in
contact parameters was the result of Young’s modulus reduction (Figure 4.7). The
reduction in the elastic modulus of the skin as the moisture content is increased has

Radius
of spherica _ Penetration
indentor < depth

Contact radius

FIGURE 4.5 Contact parameters during a static contact between the spherical indentor

d ski rface. ;
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Contact radius a (mm)

After

Indentation depth &(um)

FIGURE 4.6 Effect of moisturization in contact mechanics.

I e ——

Young’s m

Before

odulus E (Mpa)

After )

FIGURE 4.7 Effect of moisturization in elasticity of the skin surface.

been observed both in vitro® and in vivo. According to the literature,*® water reduces
the elastic modulus of skin in the range 2 to 2000. This study shows that after
2 weeks of application of an insensitive moisturizing cream, the factor of reduction
of Young’s modulus varies in the range of 4 to 7, depending on the age group.

ErrecT IN STATIC AND DYNAMIC FRICTIONAL PROPERTIES OF THE SKIN

When the contact is moved along the arm
over a length of about 6 mm with a slid-
ing velocity of about 0.25 mm/s, the fric-
tion force F, of the skin surface can be
characterized in three distinct phases
(Figure 4.8).

In phase I the lateral force increases
linearly to reach a maximum that corre-
sponds to the static limit friction force.
During this sliding resistance phase, the
slope of the linear curve corresponds to
the lateral stiffness of the skin K, and the
shear elastic modulus G.

pFt STICK-SLIP

—
3 SLIDING ZONE

L (mm)

FIGURE 4.8  The three regimes of the
skin friction force,

The slope change in the transition regime between the static and dynamic friction
corresponds to phase 11, which is controlled by the maximum of the lateral stress
and the creep of the skin relief during the contact.
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During the dynamic friction phase (phase III), an intermittent “stick-slip” motion
can be observed depending on the conditions. The slopes of the “stick™ phases of
the motion provide information about the local stiffness of the skin. Figure 4.9 shows
the result of the friction force before and after hydration over the course of 3 weeks.
The increase of the friction force was observed for all participants, as shown in
Figure 4.10. It is reasonable to conclude that the increase in friction force is due to
the increase in the real area of contact and the reduction of the elastic modulus.

0.25

o
R
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o
-
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FIGURE 4.9 Effect of moisturization in the total friction force.

03—

=§

Friction force (N)
(=]
1= -

o

 Before

FIGURE 4.10 The increase of the friction force of moisturized skin surface.

THE SKIN FRICTION MODEL

The total friction force, F,,,, may be given by the sum of two noninteracting terms — a
deformation term, F,,. and an interfacial adhesion term, F;,: thus.

Flcl = Fdef + Finl (44)

In general, the friction deformation term, Fy,, of viscoelastic material is explained
as a fraction of the frictional work done per unit sliding distance:

Fur = oW (4.5)

The parameter W describes the deformation work done; for example, per unit sliding
distance, and o the fraction dissipated.
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The interfacial adhesion term, F, , is the interface frictional work described by

me?

F, =5A (4.6)
where A is the real contact area and S is a parameter termed the interface shear
stress. This is the adhesion model of friction and it is supposed that the work is
transmitted to the surface layer by the action of adhesive forces operating at the area
of contact.

DerormaTION COMPONENT OF FRICTION

Friction may be usefully regarded as the F
energy dissipated per unit sliding distance.
For a deformable substrate, which is
expended at both the interface and in the
bulk of the material during friction, the
deformation component arises from the
work dissipated by the rigid indentor in
deforming the material. For viscoelastic
materials, such as skin, the deforma-
tion—recovery cycle is associated with
viscous energy losses. According to
the experimental work examined by
Greenwood and Tabor,” the deformation component over the front half of the circle
of contact (Figure 4.11) can be integrated over the annulus at constant point distance
r from the center. Then the pressure p will be the same at every point of each annulus.
The sum of the mean forces in the contact intervalue (0 to a) gives the total
deformation force in the direction of motion as

Pds.sin 0
Pds

FIGURE 4.11 The deformation com-
ponent of the friction force.

Fyp = (4.7)

16R

by replacing Expression 4.1 in Equation 4.5, the total deformation force is given by

B 9 213 l—"\v’z 13 i
% "“‘(@J (—E—] F; (4.8)

If the skin were ideally elastic, the skin behind the sphere would yield an identical
amount and no energy would be lost. If it is now assumed that, in fact, a constant

fraction o of the input elastic energy is lost as a result of elastic hysteresis in the
skin, the deformation force is given by

9 23 1 ‘—VZ 13 .
Foa = ‘l(m) (—E—] F, (4.9)

Copyrighted Material



Mechanical Properties of the Skin During Friction Assessment 57

where o is the viscoelastic hysteresis loss fraction. For sinusoidal-solicitation Sys-
tems, o is equivalent to mtan vy, where y is the loss tangent of the viscoelastic
substrate and is given by the ratio of the loss and storage modulus.

Some cyclic loading—unloading measurements similar to the normal indentation
test have shown that for rates of deformation the first cycle involved an energy loss
due to hysteresis, which varied in the range of o = 20 to 35% of the total elastic
energy deformation. On the basis of Equation 4.7, the deformation component was
determined for each subject before and after hydration. The result shows an increase
of the deformation component as a result of the change of Young’s modulus and
contact parameters after hydration (Figure 4.12).

0.2
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A
th

|

tion force (N)
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FIGURE 4.12 Effect of moisturization on skin deformation.

CONCLUSIONS

The present study describes the physical significance of the friction force in the static
and dynamic regimes by computing the functional parameters connected with the
intrinsic response of the skin surface. The equipment used employed a more con-
ventional tribological configuration based on a linear sliding of a rigid spherical
probe under a small load, on an inner human forearm. The large increase in friction
of moisturized skin is a result of moisture-dependent mechanical properties of the
stratum corneum. A better interpretation of the frictional property changes can be
achieved by taking into account the physicochemical properties of the skin area tested.
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INTRODUCTION

Complete determination of the mechanical properties of a material requires exposing
it to a stress that is as clearly defined as possible over a perfectly determined
geometry. The simplest example is in determination of the mechanical characteristics
of an isotropic material that can be simply deformed by elongation in a single
direction. The use of geometrically well-defined test assays then enables determi-
nation of all the intrinsic characteristics.

If the material is not homogeneous, anisotropic, and, like the skin, is subject to
natural stresses, the problem becomes particularly complex. It is necessary to conduct
a large number of tests under different configurations to stress the test specimen in
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64 Bioengineering of the Skin: Skin Biomechanics

all directions. Failing that, determination of the intrinsic parameters can only be
approximate. A structure consisting of a pile of layers, as is the case with the skin,
cannot be isotropic. At best, if the layers are isotropic, the structure will exhibit
transverse isotropism, necessitating determination of five elastic constants to char-
acterize it completely. A certain number of finite-element modeling procedures' have
shown that that degree of asymmetry is not sufficient to describe the behavior of
the skin, which is at least orthotropic (8 elastic constants) or even completely aniso-
tropic (21 elastic constants). It should also be noted that the skin is not elastic, but
viscoelastic, and so the viscous characteristics must also be determined to describe
completely the mechanical behavior of the skin. That approach, already highly
complex in vitro, on test assays well-defined, becomes even more difficult in vivo
when the material is attached to deep lying layers such as the adipose tissue. In
addition, measuring skin properties in vivo is further complicated because only one
surface of the sample is accessible.

It is thus clear that it is impossible to use simple means to characterize the skin
fully. The objective will thus be to determine its properties using a rheological model
that is as pertinent as possible, while clearly stating the set of measurement condi-
tions (geometry, stresses, stress mode, etc.).

Numerous methods have been proposed to resolve the problem of in vivo deter-
mination of the mechanical characteristics of the skin. Several modes of applying
stress have been proposed, such as uniaxial extensometry; in the plane? of the skin,
or perpendicular to that plane; as in ballistometry,® the propagation of mechanical
or sound waves,* and torque deformations.?

Concerning the most widely used methods, the general principles of determina-
tion are of two types: (1) constant-force stress and measurement of the deformation
(i.e., creep mode) or (2) deformation of imposed amplitude and measurement of the
stresses (i.e., relaxation mode). The stress or deformation may be imposed abruptly
or slowly. The rate of imposition will condition the accounting for, and hence the
determination of, the viscosity phenomena and the associated time constants.

The Twistometer and the Dermal Torque Meter (DTM), the latter a copy of the
former, thus attempt to resolve certain of the above problems. The deformations
are applied in the plane of the skin to minimize the contribution of the deep layers,
as Wlasbloom® has shown. The stresses are applied in rotation, hence with an axis
of symmetry. This solution does not eliminate the contribution of natural tensions,
but averages them and makes measurement independent of the orientation of the
imposed stress relative to the natural tension lines (Langer’s lines), in contrast to
uniaxial methods.® The general principle of the DTM is of the creep type, with an
abrupt rise in stress.

Torsion methods have been available for some time.” The development of
miniaturized electromechanical components enabled design of the Twistometer, then
the DTM. Those instruments are now portable and can be used on all body areas of
sufficient flatness and width (about 5 cm). The applications are in the fields of
cosmetics (determination of hydration of the stratum corneum,'? effects of sun,!12

effects of aging," and effects of photoaging'*) and dermatology (follow-up of disease
course'? and treatment effect monitoring).'®
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BASIC PRINCIPLE OF THE HARDWARE

THe PrROBE

The probe consists of a torque motor and an angle sensor (Figure 5.1). The torque
motor is rigidly locked to a flat disk at the probe head, which is referred to as the
“torque disk.” A ring, referred to as the “guard ring” or “torque ring,” surrounds the
disk. Both are glued onto the skin by means of two-sided adhesive tape. The torque
disk imposes the stress on the skin and the immobile guard ring limits the propagation
of the deformation.

The gap between the torque disk and the guard ring is the “operating gap” (OG).
Three torque rings are available; depending on the question asked and the problem
to be solved, a 1-, 3-, or 5S-mm ring may be selected. For assessment of the mechanical
properties of the skin surface, a 1-mm OG is required. For determination of deeper
mechanical properties, a 3- or 5-mm OG is required. It should be borne in mind
that the reproducibility of the measurements decreases as the OG width increases.

When the torque is applied for a given duration the torque disk moves to a
degree dependent on the suppleness and viscosity of the tissue, and the resulting
angular deformation is recorded. When the torque is switched off, the remaining
tensile strength of the skin moves the torque disk back toward the initial position,
and this phase of the response is recorded. During this phase, the skin is the only
source of the forces acting in opposition to the mechanical friction of the probe.
The deformation angle recording stops when the equilibrium between the two
opposing forces is reached, so the remaining deformation is not simply a pure
characteristic of the skin.

A two-way switch on the body of the probe enables one to zero the torque motor
before measurement, and the second position of the switch applies the torque. The

A

CONTROL
UNIT

current
supply

A

P.C.

|F.F‘. l G 1,3, or5mm
PRINTER D

FIGURE 5.1 Diagrammatic representation of the DTM; C = rotational sensor, M = torque
motor, D = torque disk, G = torque ring, D = operating gap.
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period when the torque is applied is referred as the “torque-on™ phase, and when
the torque is removed is referred to as the “torque-off” phase. A complete measure-
ment consists of these two phases.

The ConTtrOL UNIT

The control unit (see Figure 5.1) contains all the electronic circuits necessary to power
the torque motor, the amplifier, the rotating sensor, and for relaying data to and from
the computer. A foot pedal connected to the control unit enables the operator to
initiate the measurements. The probe cable is also connected to the control unit. Thus,
all the instructions and characteristics of the measurement or the set of determinations
are controlled by computer via the control unit.

CompuTirs, PRINTERS, AND PLOTTERS

The DTM is connected to the serial port of a computer (see Figure 5.1), which
cannot be used in stand-alone mode. Rather, a PC with a printer or a plotter to print
the results or curves is required. The setup enables a standard computer to be used
with no change in hardware. The user-friendly program contains all the functions
commonly used to collect, store, and analyze the response curve of the skin submitted
to the torque. The program is window-based and consists of various menus for the
main functions. g

All the measurement parameters (torque value, duration of the torque-on phase,
duration of the torque-off phase) are defined and activated by the computer. The
response curve is divided into two sections; torque-on and torque-off, which are
analyzed separately on the basis of a rheological model. The essential parameters
are extracted from each of the curves and stored.

Basic MEecHANICAL PRINCIPLE OF THE TWISTOMETER AND DTM

The two systems may be considered electromechanical oscillators connected to a
spring exhibiting a variable degree of viscous recoil in the skin. The oscillator has
its own inertia, friction, and viscosity characteristics, which may be added to those
of the skin or may oppose them (friction in the torque-off phase). The dynamic
response of the mobile equipment may be described by a differential equation of
the following type (harmonic oscillator-type response):

Jd*8/dt* + nd6ldt + KO = C,

where J is the moment of the inertia of the mobile component, C, the imposed

torque, K, the stiffness of the recoil spring (the skin), and 1) the coefficient of viscous
friction of the system skin plus mobile component.
The solution of this differential equation is given by

0(t) = C,/K, + A exp(-at) sin(bt + ¢)

where @ =1/2J and b = 'LJ(4K,J — 1n2)'2.
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In the creep direction (torque-on), there is an inertial system with a recoil torque
(skin). In the torque-off direction, there is an inertial system with no recoil torque
but with friction,

For very short time periods, the profile of the response thus depends on the ratio
between the values of the two parameters, J and 1. If damping is marked, relative
to the inertial moment, the response will have a continuous profile (Figure 5.2). If
the damping is very small, an oscillating response will occur with duration depending
on the ratio of the inertia to the damping. In a purely elastic material, the limit value
for a long time period is C,/K,. These considerations show that analysis of the signal
recorded by the DTM or Twistometer over very short time periods are conditioned
by the ratio between the inertia and damping. If damping is marked, the elastic
response, U,, can never be achieved; the response would pass continuously from
the elastic phase to the viscous one. For short time intervals, the determination is
related more to the apparatus and the viscous response of the skin and less to the
elastic component.

An illustration of the profile of the response recorded on skin using the Twist-
ometer is given in Figure 5.3. The recording was conducted at two different rates to
clearly image the dynamic section (176 ms) and the quasi-static section (5 s). The
recording was obtained at “critical” damping, yielding a single oscillation or incip-
ient oscillation for an amplitude of rotation, U, = 10.32° The dynamic phase is even
more clearly imaged in the torque-off section since the resisting forces are weak. In
the case of the skin, which is not a pure elastic material, the viscous deformation
takes over and is added to the elastic deformation, as can be observed in the curve
in Figure 5.3.

A u(t) - Low damping
Co
40 = - — — — — — - — — — e — = e
\
High damping
Time (s)
T T | | | T T | T >
0 10 20 30 40 50

FIGURE 5.2 Response profile for a harmonic oscillator with a force scale.
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FIGURE 5.3 Skin response profile recorded using the Twistometer (critical damping
mode) and parameters calculated using the rheological model of Equation 5.3.

INTERPRETING THE RESULTS
THe Various RHEoLoGICAL MODELS

Numerous analytical methods for the response of skin subjected to stress have been
proposed. Their aim is to extract the extrinsic parameters that characterize the
behavior of the tissue under study, based on the simplest rheological model possible,
but a model that describes all the properties of the skin. The oldest rheological model
consists in the following equation:

U = U, + U1 —exp(-t/1)) (5.1

The correspondences between the main parameters and their physical significance
are outlined in Figure 5.5b below.

This model, consisting of an immediate elastic response, U,, and a delayed
viscoelastic deformation, is not totally satisfactory. Comparison of the curves gen-
erated experimentally with the mathematical fit (Equation 5.1) shows that a bias is
present and the deviations between the two curves are not randomly distributed. The
model systematically overevaluates the values at the start and end of deformation
and underevaluates those in the middle (Figure 5.4). The bias is more marked the
greater the OG and/or the torque. ;

Another equation, proposed by Pichon et al.,'” and based on Burger’s rheo-
logical model with a non-Newtonian damper in series and hence corresponding
to Equation 5.2, yields a markedly superior fit between the experimental response
and the rheological model. Pichon et al.'” studied the response curve of the skin
using the finite-element method proposed by de Lacombe in 1939.'® The method
has the advantage of independence of immediate extensibility. Pichon et al.'” have
shown that the value of '/3, commonly known as Andrade’s constant,'® applies equally
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‘r Angle

—— FIT equation (2)
+ Experimental points
®  FIT equation (1)

FIGURE 5.4 Comparison of the rheological models for Equations 5.1 and 5.2 with the
experimental curve,

well to determinations of the mechanical properties of the dermis (OG = 3 or 5 mm)
and epidermis (OG = 1 mm) and that the value is a mean valid for all subjects.

U = U, + U1l - exp(-t/t)) + br'? (5.2)

The term U, is the elastic response, the term U, is the fast or transient creep, and
the term bt'/s is the stationary creep (Figure 5.5¢).

A diagrammatic representation of Burger’s model and the fit between the model
and the calculated parameters are given in Figure 5.6.

Another value for the time dependence of the stationary creep term has been
proposed by Sanders,” Wjin,* and Finlay,” who all assigned it the value of 1. This
becomes a Newtonian Burger model:

Ut) = U, + U,(1 — exp(-t/1)) + bt (5.3)

The model can be enhanced by adding Voight’s component to the Burger model.
Much more recently, another model was proposed by Salter et al.,?” based on
Weibull’s theory. The equation is as follows:

U(t) = A(l — exp(CH)") (5.4)

In this equation, it is much more difficult to provide a physical interpretation for
parameters A, C, and n. Wickett and Murray?' have shown that the equation does
not generate any additional information and is not totally satisfactory.

The publication presenting the model*” based on Weibull’s theory shows that it
is impossible to image and measure the component of elastic deformation denoted
U,. The impossibility is due only to the markedly damped response of the mobile
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component (see Figure 5.2). Thus, the model is only applicable under those condi-
tions and will not fit a system with little damping and with oscillations.

Fundamentally, the rheological models, as presented above (Equations 5.1
through 5.3), cannot take into account the dynamic part of the response and only
apply to static or quasi-static deformations. The analysis of the dynamic response,
skin plus mobile equipment, necessitates modeling the differential equation indicated
above and separating the specific contributions of the apparatus and the skin. Cur-
rently, no one has advanced in that direction.

Tre Data ProcessiNG MobDes Usep sy THe DTM
Two processing modes are available on the DTM:

1. The basic model tool
2. The Pexp curve fit tool

v ' ]

Angle ‘ CREEP : RECOVERY —
A Itransient !
i+ Stationary —-—:

bt¥

Uv (1-Exp (-th))

Ue

c

E
L4}
o

Angle

0 60"

FIGURE 5.5 The various parameters and their physical significance for each of the
rheological models covered.
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Those data processing modes can be run online or subsequently. The program
processes the torque-on and torque-off phases separately.

The Basic Model Tool

The determination of parameters U,, U,, U,, and U,/U, is conducted directly on the
curve recorded 50 ms after application or discontinuation of the torque (Figure 5.5a).
Normally the measurement times have been defined to minimize the influence of
the dynamic response.

The PEXP Curve-Fit Tool

The DTM uses the Equation 5.3 model (linear dependence over time for stationary
creep). To ensure the condition for static or quasi-static deformation, processing
does not take into account the first 100 ms in the torque-on or torque-off phases. It
is clear that, in the example given in Figure 5.3, in the torque-off phase, the dynamic
phase is not complete and the U, determination will be subject to error.

PRECAUTIONS AND REMARKS

It is important to note that the parameters determined, while they bear the same
name, do not all have the same significance. In fact, the basic model parameters, U,
and U,, may include some viscosity (Figure 5.5a). Parameters U, and U, are defor-
mation amplitude parameters determined for a given time period and are only
meaningful if the duration of torque application is specified. As is the case with all
mechanical properties, the results of the determinations depend on the geometric

K1
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Ko No(t)=rot"
BURGER MODEL — AMWWA____ "
Maxwell Model I

el
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MATHEMATICAL U (t) = Uo+aexp (-¥T)+bt'?

MODEL
-t_Kl o +1
RHEOLOGICAL  €(f) = -+ -2 [1-e™q; |+ 0t
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c
RHEOLOGICAL Ko = —°— =% ki=L%
PARAMETERS (Uo-a) Ue a
no=£=£ n1=tK1=T-—C—
3 b a

FIGURE 5.6 Burger’s model and the rheological parameters calculated from the mathe-
matical model, fitting the respehse) puiyated Material
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characteristics of the test assay, in this case the thickness of the skin and the width
of the OG. It is tempting to calculate the ratios between the various magnitudes
determined to obtain independent parameters for the thickness and/or without dimen-
sions. That is the case, for example, with U,/U, (elasticity).

In contrast, the parameters U,/U,, U,/U,, and U,/U, are not dimensionless
magnitudes and depend on time and the duration of torque application, if generated
using the basic model. Using those parameters, it is possible to calculate the intrinsic
magnitudes, taking into account the thickness of the skin. The latter should be
measured in all long-duration tests in which a variation in tissue thickness may be
suspected and in all tests in which differences in thickness exist (solar effect, age,
disease, etc.). The formulas enabling calculation of those intrinsic magnitudes (mod-
ulus of elasticity or Young’s modulus and shear modulus) are obtained by considering
the material to be isotropic (but that is an approximation).

For example, for elastic parameters and in the case of torque determination, the
formula for the shear modulus is given by

G = (1/r* = 1/R?) (C sin 0) /4me

where e is the thickness of the tissue, C the torque applied, 8 the angle of rotation,
and r and R the internal and external radii of the crown of skin.

Other parameters concerning the viscous phase may be calculated.?

In the measurement probe, mechanical friction is inevitable. For the torque-on
phase, friction normally remains negligible in view of the imposed torque. That does
not apply, however, in the torque-off phase, at the end of which the equilibrium
between the recoil force of the skin and mechanical friction restricts the return to
the initial position. During the torque-off phase the values of the residual deformation
and the viscous deformation phase are thus to be considered with caution.

STANDARD PRECAUTIONS

The stress applied to the skin is transmitted to it through the two-sided adhesive
tape used: thus, the tape must be capable of transmitting the torque. It is further
necessary to ensure that the adhesive forces are sufficient and that, in the case of
cosmetic or other formulation efficacy tests, the presence of product traces does not
interfere with or influence the measurement.

INFLUENCE OF PrOBE POSITION

As in all determinations, the probe must not interfere with the measurements. The
probe should be applied to the measurement zone with the weakest pressure possible,
thus allowing the skin to retain its natural plane. The influence of pressure (Table 5.1)
and an angle of inclination relative to the skin of the forearm are great (Figure 5.7).
The effects induced on the measurement results by positioning errors are more
marked, the greater the OG. An almost complete block may occur with a 1-mm OG.

The position of the measurement zone on the body must be clearly specified.

Numerous property gradiemsjejyj;&;jgmgmmmmjth the forearm (Figure 5.8). The
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same applies to the top and bottom of the back. Concerning determinations on the
forearm of athletic subjects, a laterality effect exists (Figure 5.8). The skin is nor-
mally subject to natural tensions. Muscle contraction induces variations (Figure 5.9),
which, as above, are a function of the OG.

TABLE 5.1

Influence of Probe Application Pressure
on the Skin during Determination
(relative to the no-pressure value)

Operating Gap

Applied Pressure, g/cm? 5-mm 1-mm
0 1 1

50 0.81 0.96

150 0.77 0.80

500 0.70 0.40
TS l_‘ IJ h"f‘_/
0.G.: 5 mm 1.07 1 1.45
0.G.: 1 mm 0.96 1 1.07

FIGURE 5.7 Influence of measurement probe angle of inclination (expressed relative to
the normal value).

H M L
Left 175+ 15 156 £ 7 10911
Right 15115 | 13515 120 £ 15

FIGURE 5.8 Influence of forearm measurement zone and laterality effect (OG =3 mm,

+ SEM, nine models). )
e . Copyrighted Material
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INFLUENCE OF PRECONDITIONING OR SERIAL STRESSES

The statement that the skin should be prestressed before recording and measuring
the mechanical characteristics is sometimes encountered. Some call the procedure
normalization. If the torque is applied serially several times, the profile of the curves
recorded complies with that in Figure 5.10. This type of test is conducted in mechan-
ics, when it is used as a fatigue test designed to determine the ability of a material
to withstand serial stresses. Under those conditions, parameter U, is no longer the
immediate extensibility but includes an increasing viscosity component. It will be
observed, using, for example, the model of Equation 5.2, that the sum, U, + U,
remains constant, but the U, value increases at the expense of the U, value.

A study (Table 5.2) was conducted on two groups of 12 models (mean age: 30
and 50 years, respectively). Torque duration was 10 s and each torque was separated
from the next by 1 min, without removing the probe from the skin (OG =3 mm).
The rheological model used was that of Equation 5.3. It is clear that repeated stresses
impair the mechanical properties, with the decrease in elasticity particularly marked
at high torque values. The mechanisms for transfer of viscosity toward extensibility
are different for low and high torque and are also a function of skin condition.

&7

9% 7 214 £18 185+ 21

FIGURE 5.9  Influence of forearm position: relaxed extended arm, arm bent 90° and relaxed,
arms and hands bent and muscles contracted (OG = 3 mm, mean + SEM, nine models).

—-—-- Torque 1
Torque 2
----- Torque 3

Ue

Time
T : ——
0 60" 120"

FIGURE 5.10 Diagrammatic representatjon of the influenc seri icati 3
g Sopyngf? 29 ft/l?a gena?me of serial application of torque.
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TABLE 5.2
Influence of Three Serial Applications of Torque
(relative to the initial value, mean + SEM)

“Young Population” “Old Population”
Applied Torque 2 / Torque 3 / Torque 2 / Torque 3 /
Torque Parameter Torque 1 Torque 1 Torque 1 Torque 1

Low torque, U, 1.11 £ 0.01 1.15 £ 0.02 1.12 = 0,02 1.15 £ 0.03
60 cm-cN u, 0.95 + 0.05 0.57 £ 0.07 0.64 + 0.2 0.43 +0.12
b 0.82 + 0.10 0.75 = 0.05 0.86 = 0.05 0.82 + 0.09

U, lu. 0.98 + 0.01 0.97 = 0.02 0.96 + 0.02 0.93 = 0.03

High torque, u, 1.17 £ 0.01 1.24 = 0.01 1.16 = 0.03 1.21 £ 0.03
90 cm-cN U, 0.71 = 0.04 0.75 = 0.06 0.81 £ 0.07 0.75 = 0.06
b 0.81 + 0.01 0.76 + 0.02 0.79 + 0.03 0.73 + 0.03

u.lu 0.91 = 0.01 0.87 = 0.02 0.92 % 0.01 0.90 + 0.01

CONCLUSIONS

Although the effect that incorrect handling may induce must be taken into account,
use of the DTM or Twistometer is relatively simple. The reproducibility of the
determinations is good and enables study of numerous phenomena, particularly in
the cosmetic field. Caution is nonetheless required with respect to comparing the
results derived by different methods, since a full understanding of the meaning of
the parameters and the stress modes is necessary. Interpretation of the results is not
always easy, and the researcher must exercise both caution and a precise understand-
ing of the phenomena and techniques involved.
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6 In Vivo Tensile Tests
on Human Skin:
The Extensometers

Paul Vescovo, D. Varchon, and Phillippe Humbert
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INTRODUCTION

Dermatologists conduct physical measurements on skin to diagnose and to follow
the development of pathologies. They also need, as do cosmetologists, to measure
the efficacy of the treatments they apply to skin. The measurement of skin mechanical
properties can offer a wealth of information to this field but, at the present time,
studies are too often carried out in a qualitative way, which leads to relatively
subjective assessments. It is essential to quantify precisely the evolution of at least
one mechanical parameter of skin representative of its state. When studies are
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conducted in hospitals or in research laboratories, the means used can be sophisti-
cated, whereas the methods must be rather simple when they are intended to be used
by practitioners in their offices.

MECHANICAL PROPERTIES MEASUREMENTS

The mechanical behavior of a material is defined by rheological equations linking
loadings, deformations, and such external or internal parameters as temperature,
hygrometry, material constituents, etc. In the simplest case the behavior is considered
linear elastic. In many applications and to simplify the equations, it is possible to
assume that the state of stress is plane; then the behavior can be modeled as follows:

G, Cy Ch O € € Sy S 0 g,
G | T |Cp Cpp O e | O e | = [Sa S O o, | 61
66 0 0 Cﬁﬁ €q €g 0 0 S(!O Uf\

Terms of rigidity C; and suppleness S are often written according to elastic constants
that characterize material in an elastic range. An isotropic material is completely
defined by two constants called Young’s modulus E and Poisson’s ratio v, with

1
Su:S:z=E;Su=Sn=—

s =1.5-_EFE
86 =5+ G = 50y (6.2)

In the case of an anisotropic material, the number of independent constants is
higher, nine for an orthotropic material.! Experimental determination of the constants
requires that the number of independent experiences equal the number of parameters
to be determined. When the behavior is more complex (viscous, for example), the
types of tests are identical but the loadings to implement are different (creep exper-
iment, stress relaxation, etc.). Human skin is a material that can be considered
isotropic or transverse isotropic. In its plane, two Young’s moduli E, E,, one Pois-
son’s ratio v ,, and one shear modulus G,, can be calculated.

IN VITRO AND IN VIVO TESTS

Skin studied by in vitro tests comes from cadaver or plastic surgery; the number of
experiments, the variety of skins which can be tested. and the variety of their original
localizations on the body are thus very limited. In contrast, with in vivo experiments
it is easy to conduct a great number of tests on various kinds of skin anywhere on
the body. From a mechanical point of view, experimental conditions are better during
in vitro tests than during in vivo. Because of the specimens used, it is possible to
have homogeneous stress fields on large surfaces, which allow accurate measure-
ments of mechanical properties. However, human skin does not lend itself at all well
to these kinds of experiences because it is very difficult to obtain samples of good
Copyrighted Material
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quality. Indeed, skin used for experiment comes from cadavers or plastic surgery.
In the first case, the mechanical behavior of the skin may have been modified by
time; in the second, the skin is often greatly damaged by stretch marks and may
exhibit behavior close to that of pathological skin. Several research teams have
focused on that subject: Schneider et al.” even carried out biaxial tensile tests with
a good instrumentation. Vescovo et al.* brought to the fore the difficulties involved
in obtaining specimens that would allow proper measurements and interpretation of
results, because the initial conditions of the skin specimens are different from those
of skin in vive. The main problems with in vivo tests are the poor experimental
conditions, which make analysis very complex. Despite their disadvantages, in vivo
tests can certainly bring a better understanding of skin mechanical behavior than
in vitro experiments can provide.

Several kinds of apparatus have been designed in the past; few have been
marketed. One of the most-developed devices is the Cutometer. It is a suction
apparatus marketed by Courage and Khazaka (Cologne, Germany); results are
analyzed by a developed software. However, it is unfortunate that results are not
provided via intrinsic parameters like Young’s modulus by means of a simple mod-
eling as are those proposed by Vescovo et al.? or Diridolou et al.> Another interesting
apparatus is the Twistometer, which has not been as important as the Cutometer.
However, it is quite easy to measure the coulomb modulus in the skin plane with
the Twistometer. These two devices have the same disadvantage: they cannot provide
information about the anisotropy of skin. Therefore, it is necessary to use another
type of apparatus to measure this important feature of skin.

MEASUREMENT OF MECHANICAL PROPERTIES
OF SKIN WITH AN EXTENSOMETER

The principle of the test is simple: either two pads fixed on skin are moved with
respect to each other and forces applied on them are measured, or the forces are
applied on pads and the displacements between them are measured. The test seems
easy, but reduction of the results is rather complicated. Indeed, the specimen bound-
ary conditions are not well defined and the test is not a pure uniaxial tensile test.
However, it is a directional test, which allows measurements in the plane of skin
and thus a quantification of anisotropy. This feature makes the extensometer very
different from the other devices, and is the reason this process is especially interesting
and is analyzed more thoroughly later in this chapter.

EXTENSOMETERS: EXAMPLES

Extensometers are not used commonly at the present time; however, several research
teams have taken an interest in this technique in the past. The technologies used did
not allow a large enough optimization of the apparatus and the process was partially
abandoned. A few examples of devices that seem to be more representative and
accomplished are presented here.
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THe PortAaBLE HAND-HELD EXTENSOMETER

The extensometer was built by Gunner et al.® in 1978; it is a development of a device
reported previously.” It can apply a uniform extension rate to skin invivo. Its
functioning principle is relatively simple (Figure 6.1). Two arms, one fixed. the other
movable by means of a motor-driven lead screw, have at their ends rectangular pads
that are stuck to the skin surface by means of double-sided adhesive tape. Strain
gauges attached at the reduced section on each arm and a linear variable differential
transformer sensor (LVDT) measure the forces applied to the pads and their dis-
placements. The force—displacement curve can be worked out easily.

The main advantage of that apparatus is its simplicity, which makes it very easy
to use: its disavantages are its size. weight. and significant dissymmetry. which can
disrupt the results because of interference forces. The main features of this apparatus
are listed in Table 6.1.

The device can conduct tests with loadings at an imposed extension rate with
subsequent relaxation. To analyze the recovery appearing after the end of the loading
the same authors propose a device that can measure the return of skin to its initial
state.® This apparatus consists of two pads: one is fixed to the device body. the other
is free on a slide rail and has an LVDT sensor attached on it to measure the
displacement (Figure 6.2). It can be used alone: the displacement of the mobile pad
is then applied manually or with the extensometer described previously. It is then
possible to record loading, relaxation, and recovery (Figure 6.3). The simplicity of
this apparatus, its light weight (50 g), and the fact that it can be used without being
held by the experimenter or placed on a stand are its main advantages. Friction is
certainly a disadvantage for its proper functioning.

These two apparatuses allowed their designers to conduct many tests on various
zones of the human body. Their experiences allowed the designers, for example, to
propose a rheological model identified on normal and pathological skin and to
measure the effect of treatments on the mechanical behavior of human skin.

LEAD SCREW AND CARRIER

LV.D.T. TRANSDUCER

STRAIN GAUGES

1CM.

FIGURE 6.1 Schematic diagram of the extensometer designed by Gunner et al.® (From
Gunner, C.W. etal., Br J. Dermatol.. 100, 161, 1979. With permission of Blackwell
Science.)
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MAGNETIC EXTENSOMETER

This apparatus was described in 1979 by Wijn et al.” and was used in 1986 by
Manschot et al.'"" Two pads are stuck to the skin surface by means of double-sided
adhesive tape or cyanoacrilate adhesive: the force producing the displacement of the
movable pad is obtained with a magnet situated inside a coil. The force applied is
then proportional to the electric current, and the displacement is measured with an
LVDT-type transducer (Figure 6.4).

The principal advantage of the device is its operating mode. which allows creep
tests to be conducted because it works by imposing force. Its disadvantages are due
to its large weight, which requires fixing the apparatus on a table. Thus, it is not
possible to carry out tests on all locations on the body. Tests are mostly performed
on arms and legs. Friction may disrupt the measurements.

TABLE 6.1
Features of the Various Presented Extensometers
Study Gunner
(extensometer’s Gunner et al.,® 1979 Manschot Baker Vescovo,'’
name) et al," 1979  (Recoil apparatus) et al.,'"" 1986 etal," 1988 1998 (Cutech)
Pads anchorage Double-sided Double-sided Cyanoacry late Double-sided Double-sided
on skin adhesive tape adhesive lape adhesive tape adhesive tape
Portable Yes Yes No s Yes
Initial tab 10 10 3-20 4 6
distance (mm)
Tab size 25% 7 2 10 % 10 102 20 17.8 % 10
(length = width)
{mm)
Maximum strain 40 30 Up to 50 50 40
(5%)
Maximum force 6 10 12 5 3
(N}
Loading Unifarm Manually or with the  Sawtooth-shaped — Uniform Uniform
extension rate extensometer used force loading extension rate extension rate
(.35 mm/s) by Gunner et al.”in (0.05 or (0.1 or
1979 0.33 mm/s) 0.33 mm/s)
PTFE. CARRIER BLOCK
/ LV.D.T. TRANSDUCER
ﬂ_L-A / o] I
:'.‘.fz»f 5 #E----------------‘-- o el .":."4
g £ .‘“\.___ 3s
kﬂ_ .\\\\
S0
1CM, * ADJUSTABLE SCREW STOP
SECTION AA pietiab e

FIGURE 6.2  Schematic drawing of the in vive recoil apparatus designed by Gunner etal®
(From Gunner, C.W. etal., Med. Biol. Eng. Comput., 17. 142, 1979. With permission of

[EE Publishing.) Copyrighted Material
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FIGURE 6.3 (a) Comparison of extensometer outputs obtained from skin severely affected
by steroid atrophy and adjacent normal skin near axilla. Tests were carried out with the exten-
someter designed by Gunner et al.® (From Gunner, C.W. et al., Bx: J. Dermatol., 100, 161, 1979.
With permission of Blackwell Science.) (h) Recoil characteristics obtained from adjacent sites
on the forearm of a normal subject with the recoil apparatus designed by Gunner et al.® (From
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FIGURE 6.4  Schematic drawing of the uniaxial strain apparatus.' (From Manschot, J.EM,
and Brakkee, A M., J. Biomech., 19, 511, 1986. With permission of Elsevier Science.)

ExTensOMETER OF BAker, BADER, AND HoOPEWELL

This apparatus was built and used in 1988 by Baker et al.'" Here, again, there is a
screw and bolt system with an LVDT sensor. But force measurement is performed
differently by means of a load cell placed between the movable pad and the apparatus
body (Figure 6.5). This device has been used to carry out stiffness measurements in
parallel with A scan ultrasonic tests to study irradiated pig skin. It is heavy and has
not been optimized.

THe CutecH EXTENSOMETER

Two 10 x 18 mm pads are adhered to skin 6 or 9 mm apart. The pads are moved
closer together (tension test) or farther apart (compression test) at a constant but
adjustable speed (from 3 to 10 mm/s). The arms supporting the pads have gauges
attached to them that make it possible to measure the applied load (4 N max.)
(Figures 6.6 and 6.7). The apparatus can be used with or without a support plate,
which is a plate with a rectangular hole in it through which the pads are adhered to
skin surface. This support plate is fixed to the device body and is also adhered to
skin by means of double-sided adhesive tape. When the support plate is used. skin
around the investigated zone is fixed to the apparatus. The apparatus can carry out
loading followed by creep and recovery: with analog recording. This device was
marketed by Cutech and the Stiefiel Laboratories about 10 years ago, but is no longer
available. Its design is similar to that of the Gunner et al. apparatus, but with
improved performance.

This apparatus was used by Asserin'’ to investigate the anisotropic properties
of human skin. His study was carried out in vivo on arms, by means of a finite-
element model whose meshing used the natural patterns of skin. He was able to
prove that an isotropic model does not properly represent the elastic behavior of
skin. Analysis of deformations in every direction allows optimization of skin
mechanical constants when modeled as an isotropic material. Vescovo'' completely
validated this extensometer through tests carried out on materials whose mechanical
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FIGURE 6.5  Diagrammatic representation of the transducer in plane and side view.'' (From
Baker, M.R. et al., Bioene. Skin. 4. 87. 1988, With permission of Kluwer Academic Publishers.)

FIGURE 6.6 View of the Cutech extensometer.

Copyrighted Material



In Vivo Tensile Tests on Human Skin: The Extensometers 85

Frame

Fixed arm

E Motor

Strain gauge Mobile

\‘I arm =
T

Pad

_ Skin

FIGURE 6.7 Schematic diagram of the Cutech extensometer.

behaviors are simpler and easier to work out by means of standard tensile tests. He
showed the performance limits of this apparatus and highlighted operating instruc-
tions leading to quality results.

The main features of the extensometers presented here are summarized in
Table 6.1. The devices and the research conducted with them are similar because
designers used the same-generation technologies.

USE OF AN EXTENSOMETER

In the case of physical measurements, environmental influences cannot be com-
pletely suppressed. No matter the apparatus. the material. or the experimenter,
environmental influences always disrupt the measurements. The best device is the
one yielding results closest to reality, while being accessible to all practitioners.
Whatever their differences, the devices presented here all have a very important
mission. The main problems can be overcome or, at least, they can be taken into
account in the results analysis.

BoND wiTH SKIN

Measurements are correct only if the pad displacements represent those of the skin.
This is valid for every type of device (including the Cutometer, Twistometer, and
so forth) and is possible only if the pads are properly anchored on skin. Because
tests are carried out in vive, invasive techniques are not acceptable and most of the
time double-sided adhesive tape is simply used. However, this process is not com-
pletely satisfactory if the forces applied are large. Especially during creep tests. the
measured displacements are incorrect because of adhesive coat creep. So it is nec-
essary to check the bonding quality before carrying out experiments. Other tech-
niques are being studied at the present time but the results are not yet final; however,
a rapid improvement in this fundamental issue can be anticipated.
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MOVEMENTS AND INTERFERENCE VIBRATIONS

Except for the device designed by Gunner et al.® (recoil apparatus), the extensometers
presented here have to be held by the experimenter or fixed to a stand during the
tests. When the device is held during the tests, low-amplitude movements and
vibrations are created between the device and the skin area tested, which significantly
disrupt the force measurements. When the apparatus is fixed to a stand, if the patient
is put in a good position (which is in practice difficult to achieve; indeed, it requires
a system suitable for every body type), interference vibrations are very low but the
body areas that can be tested are few.

The future lies either in sufficiently miniaturized and lightweight devices that
do not have to be held or in devices fixed to a stand via a mechanical system allowing
tests to be carried out on a very large number of body zones.

Typres oF Test ConpucTteDp AND Precision OfF ResuLts

Apparatus designed in the past allowed either loading with imposed forces or
displacements, but no one device could do both. Moreover, for most extensometers,
loading is not programmable (except, for example, the device used by Manschot
et al.'""), which significantly restricts the number of feasible tests (for example, the
device used by Baker et al.'' can have constant extension rates of only 0.05 or
0.33 mm/s). Conducting combined tests, such as creep and relaxation tests, is of
great interest to identify the parameters of skin rheological equations. With the aid
of current technological means it seems possible to design high-performance devices
allowing every type of loading.

User aims are of two types:

1. Conducting simple tests that allow a qualitative assessment of skin
mechanical behavior during pathology or medical or cosmological treat-
ment. If experimental conditions are always identical, result comparison
is possible and sufficient.

Working out intrinsic mechanical constants essential to identify models
which can greatly help to understand biological phenomena, forecast
pathology evolution, or optimize surgery. It is then necessary to carry out
tests with high precision on the loading applied and the measurements
performed. Because of the viscoelastic behavior of skin, the apparatus
must be able to perform tests with a closed-loop servo on force or dis-
placement; only those having these advanced technologies are suitable.

I

RueorocicaL EQuATioNs

Because rheological equations are solved at the level of the representative volume
element, it is necessary to know all stresses and deformations at work. These
constants are tensorial-type constants; in the case of skin it is often possible, to
simplify, to model the state of stress as a plane one. The equation between stresses
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and deformations in the elastic range is then written as Equation 6.1. It is, of course,
necessary to know the three stresses and the three deformations to calculate the
elastic constants.

In the case of an in vitro tensile test, because of the experimental conditions,
the state of stress is sufficiently homogeneous to have tensile stress alone in the
investigated zone. It is possible to work out stresses and strains applied to a volume
element from the forces and displacements applied to the specimen. Under these
conditions, it is possible to work out the engineering constants directly.

F = ES % = o, = Eg, (6.3)

where F = tensile force, E = Young's modulus, S = specimen section, Al = elongation,
| = initial length, & = stress, € = strain.

For a test carried out in vivo with an extensometer, the area of skin that is loaded
depends on the test geometry and cannot be defined easily. The specimen is very
different from that used in a standard tensile test, and movement of the pads creates
a state of strain (stress) between them that stretches the whole skin area. The strain
(stress) decreases when the distance from central zone increases and theoretically
becomes zero to infinity. In practice, as was shown by Vescovo et al.,* the loaded
zone can be modeled as finite,but even so it is not easy to work out the stress level
from the force applied to the pads.

A skin sample was modeled with the software Ansys 5.5 (Figure 6.8). The skin
was taken as a pure elastic material with a Young's modulus E of 1 MPa. In many
studies, the authors consider that only the area of skin between pads is loaded, which
means that they model the test as a standard tensile test (specimen width = pad
width, specimen length = distance between pads). With this model there is only a
longitudinal stress, which is constant in the specimen and is equal to 0.87 MPa. Tt
can be seen with the finite-element modeling that the longitudinal stress is not
constant and that its maximum level is about 0.5 MPa. which is far less than the
value calculated previously with the simple model. Moreover, finite-element mod-
eling shows that there are shear and cross stresses. With an optical method to measure
the strain field and finite-element modeling, it is possible to work out mechanical
constants correctly. Finite-element modeling of an in vivo extensometer test presents
many problems that are due to the specific mechanical behavior of skin. For most
standard materials, it is acceptable to consider that their elastic behavior is identical
in tension and compression. This hypothesis is not true for skin. Indeed, when skin
undergoes compression loading, it creases; its effective stiffness is very low. Skin
has a mechanical behavior similar in a way to that of a tissue. Retel et al.!* have
taken that particular feature into account to model the state of stress around a scar
with ablation. Few experimenters take into account the state of heterogeneous stress
when calculating skin mechanical constants (Asserin'?).

Rigorous study of the extensometer test shows that it can provide information
about skin anisotropy, but it shows as well that its analysis is tricky.
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FIGURE 6.8 Finite-element modeling of a skin zone undergoing a test by extensometer.
Each grayscale tone represents a longitudinal stress level.

ErFecT oF HYPODERMA

During a test with an extensometer in vivo, not only skin is loaded but also hypo-
derma. The problem is to work out skin mechanical constants from a test carried
out on a structure composed of two materials, skin and hypoderma, whose mechan-
ical behaviors are unknown. The hypothesis posed most of the time to solve that
problem is that hypoderma, during an extensometer test, is much less loaded than
skin and that its stiffness is much lower than that of skin.

Use oF A SupPoRT PLATE

A support plate can be used to define more precisely the skin area that is loaded.
This process must be used with care because it can be a source of error. For some
devices, the measurement of forces applied to the pads are calculated by means of
gauges on the two arms. This technique is appropriate when the test is symmetrical
(forces applied to the two pads are identical). which is not the case when only one
arm moves and when a support plate is used. Another problem with a support plate
that completely frames the tested area is that the compressed zone is situated behind
the pads, which can alter the force calculation. To avoid that, the support plate can
be open behind the pads.
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PROSPECTS

At the present time, extensometer tests are not commonly used. However, these
authors think that the extensometer can offer practitioners precious information,
especially on the anisotropic nature of human skin. To expand. this technique must
improve by offering easier-to-use devices with higher performance. An up-to-date
apparatus should meet the following requirements:

It should be miniaturized (present microtechnologies should allow great
improvements).

It should carry out force or displacement servo-controlled tests.

It should fit to an optical device that can analyze in real time the tested
zone in order to get the strain field.

[t should fit to an ultrasonic device.

It should be sufficiently simple and easy to use to allow common practi-
tioners to conduct comparative tests.

It should be a high-performance apparatus to allow researchers to study
and analyze precisely skin mechanical behavior,
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INTRODUCTION

The biomechanical properties of human skin are a complex combination of elastic
and viscous components. Elasticity correlates with the function of elastin fibers:
viscosity is controlled by the collagen fibers and the surrounding intercellular ground
substance, which consists primarily of water and proteoglycans.

The Cutometer allows the measurement of the viscoelastic properties of the skin
in vivo, which provides valuable information on physiological and pathological
changes of human dermis as well as on the efficacy of topical treatments. It is
recognized as a standard tool in dermatological and cosmetic research.

MEASURING PRINCIPLE

The measuring principle of the Cutometer is based on suction. A defined negative
air pressure is created and applied on the skin surface through the opening of a probe
drawing the skin into its aperture. The resulting vertical deformation of the skin
surface is measured by determining the depth of skin penetration into the probe.
This is achieved by a noncontact optical system that consists of a light transmitter
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and a light recipient. Two glass prisms project the light from transmitter to recipient,
where the diminution of the infrared light beam depending on the penetration depth
of the skin is measured (Figure 7.1).!

MEASURING DEVICE

The Cutometer consists of a hand-held probe that is connected to the main unit
through an air tube and an electric cable (Figure 7.2). The hand-held measuring probe
is a 3 x 10 cm cylinder with a weight of approximately 90 g. It contains the optical
measuring system and the evaluation electronics. The suction head is centered in the
probe shield. The diameter of its circular aperture measures 2 (standard), 4. 6, or
8 mm depending on the skin area and purpose of the examination. The probe is
applied perpendicularly to the skin under constant pressure with an elastic spring.

The main unit contains a vacuum pump. a pressure sensor, and an electronic
circuit controlling the pump and the analog/digital data conversion. The load of the
vacuum can be regulated between 20 and 500 mbar, and the rate of pressure increase
or decrease can be selected between 10 and 100 mbar/s. The suction interval (on-time)
as well as the relaxation interval (off-time) can be varied between 0.1 and 60 s,
Within one measurement cycle as many as 99 measurement repetitions are possible,
each with a duration limited to a maximum of 320 s.

The Cutometer is designed for operation with an IBM-compatible personal
computer (interface RS-232-C). The delivered standard software allows automatic
calculation and storage of measuring results. In addition, data concerning the vol-
unteer or patient, skin area, date and time of measurement, relative humidity, external
temperature, and other information can be entered. All data are saved on an ASCII
data file for external statistical evaluation. During the measurement process a cor-
responding curve is displayed showing the depth of the skin penetration into the
probe and its retraction as the skin recovers during the relaxation period.'

MEASURING MODES

Two measuring techniques are available, a stress—strain mode and a time—strain
mode. In the stress—strain mode, the vacuum is increased over a selected period of
time, and the deformation (in mm) is displayed as a function of negative pressure
(in mbar). In the time—strain mode, which is mostly used to study viscoelastic
properties of human skin, a selected vacuum is applied for a chosen time period.
The skin deformation is shown as a function of time. The Cutometer offers four
different measuring possibilities as the result of the choice of either immediate or
slow linear increase and decrease of the applied vacuum. Applying mode 1 (-_), the
skin is drawn into the probe with constant negative pressure, which is immediately
cut off after a certain time period. In mode 2 (A), deformation and retraction of the
skin are achieved by a linearly increasing and decreasing vacuum. Mode 3 (-\) begins
with a constant abrupt strain of the skin followed by a slow decrease of pressure,
and mode 4 (/_) combines a linear increase of vacuum and a sudden total release
of the skin.'
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FIGURE 7.1 Schematic view of the optical measuring system within the probe. (From
Courage and Khazaka Electronic GmbH, Cologne, Germany. With permission.)

FIGURE 7.2 Cutometer SEM 575. (From Courage and Khazaka Electronic GmbH,
Cologne, Germany. With permission.)
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MEASURING RESULTS

Figure 7.3 shows a typical curve obtained in the time-strain mode (mode 1). The
deformation curve is composed of rapid deformation representing a purely elastic
section, followed by a viscoelastic section, and finally by a purely viscous section.
The same elements can be differentiated in retraction of the tissue.”

Following the nomenclature proposed by Agache et al.,” the deformation param-
eters used in most viscoelastic studies on human skin are U,, U,, U, U,, and U,.
U, is defined as immediate deformation, or skin extensibility; U, as the delayed
distension reflecting the viscoelastic contribution of the skin; U, as the final skin
deformation; and U, as the immediate and U, as the final retraction after removal
of the vacuum. The Cutometer program offers a cursor mode for the measurement
of these parameters directly from the graphical display.

All these parameters are a function of skin thickness. Therefore, it is not mean-
ingful to compare their absolute values between test sites or subjects. Instead, the
experimental values should be standardized for skin thickness, which is preferably
determined by ultrasound. If data on skin thickness are not available, ratios of the
above parameters instead of the parameters themselves can be determined. Certain
ratios of these parameters are biologically meaningful, do not depend on skin thick-
ness, and can be compared between sites and subjects. U, /U, is the ratio between
delayed and immediate deformation and indicates the relative contributions of the
viscoelastic plus viscous and the elastic distension to the total deformation. The value
of this ratio increases with decreasing elasticity. U,/ U, is the ratio of total retraction
to total deformation, which is called gross elasticity. U,/U,, as the ratio of immediate
retraction to the total deformation, is called biological elasticity. The ratio U /U,,
proposed by Agache et al.,* closely resembles U, /U, and is also used as a measure
of elastic recovery. High values of these ratios — maximum = 1 (100%) — indicate
a high level of elasticity.

DERMATOLOGICAL AND COSMETIC APPLICATIONS

Age and anatomical region are important factors influencing the viscoelasticity of
human skin and have been studied extensively using the Cutometer. Biological as
well as actinic aging is accompanied by a decrease of the biological elasticity of the
skin indicated by the decreasing values of the U./U, and U, /U, ratios.*” On the
other hand, an increase in U, /U, , the ratio between viscoelastic and elastic extension,
indicates a greater contribution of the viscous part to the total extension with age.”®

Reflecting the differences in structure of the papillary and reticular dermis,
significant differences of the viscoelastic properties of skin of different anatomical
regions were found in various studies. Comparison of the biomechanical qualities
of vulvar and forearm skin, for example, showed that U, /U, and U./U, were both
significantly lower in vulvar than in forearm skin.>¢ Differences of the viscoelasticity
parameters of three different anatomical skin areas, i.c., eyelid, temple. and forearm,
are graphically shown in Figure 7.4. However, significant sex-dependent bio-
mechanical differences were not observed during the studies of physiological influ-

ences on skin elasticity. 37 Copyrighted Material
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FIGURE 7.3  Typical graphical registration of a strain—time curve obtained on vulvar skin.
2 mm probe, on-time 5 s, off-time 3 s, load 500 mbar. The parameters used to describe the
deformation are as follows: U, = instantaneous deviation length; U, = viscoelastic and viscous
deviation length (creep): U, = final deviation length; and U, = instantaneous recovery length.
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FIGURE 7.4 Three different curves of a 50-year-old person taken under the eye, at the
temple, and on the forearm (from top to bottom). Time-strain mode 1 (-_); probe arperture =
2 mm, load = 500 mbar, on-time = 2 s, off-time = 2 s. (From Courage and Khazaka Electronic
GmbH, Cologne, Germany. With permission.)
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In addition to the influence of physiological factors on the viscoelasticity of
human skin, pathological changes underlying various dermatological diseases have
been studied in recent years. Thus, the Cutometer has been used to study mechan-
ical properties of skin affected by, for example, psoriasis,” systemic sclerosis,'?-12
Ehlers-Danlos syndrome,'? striae distensae,'* and hypertroph scars.'” In addition,
objective and quantitative evaluation of the effectiveness of therapeutic strategies
has been made utilizing this bioengineering technique.

Furthermore, changes of biomechanical properties following the application of
ultraviolet radiation,'® laser treatment,'” reconstructive dermal substitutions,'® and
liposuction ' have been studied. Studies regarding the activity and safety of derma-
tocosmetics, such as emollients, moisturizers, chemical peelings, and antiaging
creams, are another important application.??!
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MEASURING PRINCIPLES

The Gas-Bearing Electrodynamometer (GBE'~) has been used for the last 20 years to
obtain sensitive measurements of the stratum commeum. The Linear Skin Rheometer
(LSR®) is a new instrument for measuring the mechanical properties of the stratum
corneum that incorporates all of the measurement principles of the GBE but none of
its components. A force-controlled miniature DC servo, gearing, and lead screw replace
the magnet/solenoid arrangement of the GBE. Error resulting from conversion of an
electrical signal to a mechanical force is automatically compensated for. Consequently,
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this control renders the need for a friction-free bearing redundant. The original Linear
Variable Differential Transformer (LVDT) has been replaced with a unit with a sensi-
tivity of 0.01% and force is now measured by a calibrated 100 g load beam. The
function generator, signal conditioner, and storage oscilloscope have been replaced by
user-friendly software run by a small portable computer. The new design offers greater
inherent accuracy than the GBE and requires minimal servicing. The new LSR instru-
ment has been shown to provide sensitive measurements of stratum corneum mechanics.
A simple case study is presented in which the LSR was used to measure the mechanical
responses of the stratum corneum to two topical moisturizing treatments of differing
relative hydration performance (as determined by impedance measurements using the
Nova® DPM9003). The relative performance of the two products as measured by the
LSR compared favorably with corresponding impedance data, indicating the ability of
the LSR to differentiate varying degrees of stratum corneum plasticization in response
to hydration.

In measuring subtle changes in the mechanical properties of human stratum corneum,
it is essential to use instrumentation that does not induce overly large surface
displacement (either parallel or perpendicular to the skin surface). Excessive surface
displacement will involve underlying tissue to an unacceptable degree, effectively
rendering the measurement void.

With this in mind, one of the instruments to have been most widely used over
the last 20 years to obtain sensitive measurements of the stratum corneum, is the
Gas Bearing Electrodynamometer (GBE'-). It is able to apply a sinusoidal loading
stress of less than 5 g parallel to the skin surface, with a resulting displacement of
less than 1 mm in each direction. These force/displacement values are, indeed,
sufficiently small to allow investigation of stratum corneum mechanics. This is
achieved by suspending an armature in a gas bearing to create near friction-free
movement. Changes in the magnetic field generated by a surrounding coil cause the
armature to oscillate at a known frequency and amplitude. The coil is activated by
a sinusoidal signal from a low-frequency function generator or from a suitable
software trigger. The armature of the instrument is typically attached to the skin
surface by a stiff wire probe bent to 90° at its free end. A small plastic stub is usually
cemented to the free end of the probe and used to attach the probe to the skin surface
using a circular piece of double-sided adhesive tape. Displacement of the armature
is measured by a sensitive LVDT, mounted coaxially with the coil. Coil and LVDT
outputs (force and displacement) are amplified and then supplied for analysis to
either a storage oscilloscope or a computer equipped with suitable software. Equip-
ment used in a “classic” GBE workstation is shown in Figure 8.1.

Results of force and displacement measurements of skin are typically displayed
as a hysteresis loop (Figure 8.2). Analysis of the gradient of the loop (force/displace-
ment or displacement/force) yields derivatives of the dynamic spring rate (DSR)
usually expressed as g/mm (a measure of the force required to stretch or compress
the skin per unit extension), mm/N or um/g (measures of stretching or compression
of the skin in response to a given applied force). Such analysis yields derivative
information about the elastic properties of the skin. Analysis of the phase lag between
force and displacement responses yields derivative information about the viscous

properties of the skin. Copyrighted Material
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FIGURE 8.1 Equipment used in a GBE workstation: (a) GBE probe, (b) storage oscil-
loscope, (c) function generator, (d) signal conditioner, (e) air compressor. (From Matts, P.J.
and Goodyer. E., J. Cosmet. Sci., 49, 321, 1998. With permission.)

More than 20 years of experi- Positicn
ence with the GBE within the

author’s laboratories has led to the
belief that the GBE measurement /
principle is still among the best  Force =]

available for measuring changes in y/
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human stratum corneum in vivo.
Subtle but important changes in
skin mechanics in response to the

application of moisturizing formu- FIGURE 8.2  Typical position vs. force hyster-
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have changes in skin “tightness

due to surfactant damage. The
author’s experience has, however, also highlighted the drawbacks of employing the
original Hargens GBE instrument in a modern laboratory. These are as follows:

1. Importantly, the instrument employs an “open-loop” method of control;
i.e., during calibration of the instrument, and in subsequent routine oper-
ation, one assumes that an applied current equals a given force. As the
GBE is calibrated on one point only (3 g), linearity is not guaranteed over
the whole measurement range of the GBE. In addition, calibration drift

over time is certain.
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2. The components needed to run the GBE are bulky and dated (function
generator, signal conditioner, storage oscilloscope, compressed gas/air).

3. The probe components are fragile and, in the author’s experience, break
easily and require excessive servicing when used routinely (for example,
the fine copper wires connecting the armature to the body of the probe).

4. The air bearing employed in the probe design is inherently susceptible to
misalignment, soiling, and malfunction.

In recent years, the cost of precision has improved greatly. It is now possible to
achieve using conventional technology what was achieved previously only through
Hargens'! considerable ingenuity. A new instrument has been designed and built
that retains and builds on all the principles of the original GBE, but contains none
of the components. This instrument, designated the Linear Skin Rheometer (LSR®),
is described in the following sections.

HARDWARE
INSTRUMENT HARDWARE AND CONTROL

A schematic diagram of the new instrument is shown in Figure 8.3. A force-controlled
miniature DC servo [Maxon Type 106328 (0.75 W, 9 V) by Maxon UK], gearing,
and lead screw now replace the GBE solenoid arrangement, and drive the LSR probe.
The original Schaevitz 050 HR LVDT in the GBE has been replaced with a unit of
linearity 0.3% (15 wm) and sensitivity 0.01% (0.5 wm) (Type DFg5 by Solartron
Metrology Ltd, U.K.). The force exerted on the probe is now measured directly by
a calibrated load beam (Type F301 by Novatech Ltd, U.K., rated 100 g) with an
overall repeatability of £0.03% (+£30 mg). The load beam is mounted vertically
within the instrument casing and acts horizontally in the direction of motion.

All components fit into one casing measuring 20.0 x 14.8 x 6.9 cm and the
whole unit weighs 1.7 kg. The probe housing itself is a lightweight machined perspex
chuck mounted on a low-friction swivel assembly allowing 360° movement (anal-
ogous to the GBE). This is protected from damage during routine usage by a metal
collar. The chuck contains wire grips to allow the wire probes to be inserted or
withdrawn by a simple, firm push or pull. A single lead connects the unit to a PC
via a 25-pin D-type connector. Power for the LSR unit is taken from the PC via the
connector. The unit can be seen in Figure 8.4.

An IBM (or compatible) PC is used to control the movement of the probe and
to log force and displacement data. Both force and displacement are monitored
continuously at a rate of 1 kHz using a 12-bit ADC plug-in card (National Instru-
ments MIO16). The motor is controlled with an analog output signal also generated
by the PC. The desired force/time cycle, which is normally a single sinusoid, is
calculated initially and then stored in memory as a table of values. The actual force
applied to the probe is compared with the desired value in the table 1000 times a
second. A feedback loop is used to control the motor, which moves the load cell in
a way that minimizes any discrepancy. The force applied thus follows the desired
force/time cycle extremely closely. The contro] loop uses an algorithm with -
tional and integral lerms.yw o%@gg EE’%@V@[‘%&%@JC&:) be variged, o
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FIGURE 8.3  Schematic diagram of the LSR sensing head: (a) miniature motor, (b) lead

screw, (c) load cell, (d) load cell sensing head, (e) LVDT, (f) probe, (g) skin surface. (From
Matts, P.J. and Goodyer, E., J. Cosmet. Sci., 49, 321, 1998. With permission.)
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FIGURE 8.4 The Linear Skin Rheometer. (From Matts, P.J. and Goodyer, E., J. Cosmet.
Sci., 49, 321, 1998. With permission.)

The PC logs all the force and displacement values over a complete measurement
cycle, which is usually set at 0.33 Hz, thus generating 3000 pairs of points over a
3-s cycle. Two waveform plots are then obtained (Figure 8.5). Three parameters may

be obtained from these curves:

F,. = the peak force that is applied to the skin surface
P the peak displacement occurring as a result of that force
g the phase shift between the two signals

The DSR of the stratum corneum is given simply by the formula F, /P, ..

Derivatives are calculated ané(;ﬁ%ﬁ?g&w;g%fnmm, and pm/g.
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Goodyer, E., J. Cosmet. Sci., 49, 321,
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The viscous component of the stratum corneum is often inferred by calculating
the area of the ellipse shown in Figure 8.2. A more rigorous approach is to perform
a regression on the original sinusoidal data in order to solve the equations:

F=F,_, sin(f) (8.1)
P=P, sin(t+T) (8.2)
where
F = instantaneous force, F,,, = peak force, = time for one complete cycle
in seconds
P = instantaneous displacement, P, = peak displacement, T = phase shift
in radians

Having solved for these equations, it is then a straightforward problem to solve
the integral over one cycle that represents the area of the ellipse:

o Frnay SIN(1) Py cOs (1 +T) (8.3)

The LSR software solves the above equations for both elastic and viscous compo-
nents of the data. These are subsequently displayed. directly after measurement.

Note: Units of pm/g (1/DSR, a measure of stretching or compression of the
stratum corneum in response to a given applied force) will be used as a convenient
expression of skin softness in the rest of this chapter.

CALIBRATION OF THE LSR

A simple calibration jig has been designed and built that allows rapid, absolute
calibration of actual force and displacement (Figure 8.6). Displacement is measured
by a 10 um resolution Digimatic Indicator [Mitutoyo (UK) Ltd, Warwick, U.K.]
traceable to NAMAS calibration standards. Force is measured by a 10 g load beam

(Maywood Load Beam type 68?73’%?%@%%%?%}1”“&“5 Ltd, Basingstoke, U.K.)
ea

with <10 mg accuracy, also tracéable to S calibration standards.
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The calibration factors are
expressed in terms of ADC input
units to achieve 1 g force, and
1 mm displacement. This method
means that the calibration factors
take account of the signal condi-
tioning and data acquisition elec-
tronics as well as the precision
transducer characteristics.

SOFTWARE

The LSR software runs on a stan-
dard IBM (or compatible) PC of at
least 386 33 MHz speed, and is
sourced in C programming lan-
guage. The closed-loop control
employed by the LSR is achieved as
follows. Because the LSR control
loop is a sampled data system, it is
essential that a fast real-time clock  FIGURE 8.6 LSR calibration fig. (From
be generated that triggers the mea-  ways, PJ. and Goodyer, E., J. Cosmet. Sci., 49,
surement of data samples and 321, 1998. With permission.)

updates the control signal output. All

IBM PCs have as standard a user interrupt (on interrupt vector Oxlc) called the
TIMER TICK, which is available for programmers to use as a regular timing source.
This timing signal is generated from the 4.192 MHz system clock via an Intel 8253
programmable interval timer. The BIOS presets this timer to its full scale of 65536
and, therefore, the TIMER TICK interrupt is normally 18.188 Hz. This is far too
slow for a sampled data system.

This problem is overcome by reprogramming the 8253 divider to give the
desired frequency during the measurement cycle, in this case 1 kHz. In order,
however, not to disrupt important internal functions such as monitoring disk drive
heads, the timing of interrupt 0x8 (the interrupt number actually triggered by the
8253 output) must be restored. This may be achieved by not using interrupt Oxlc,
but replacing the BIOS interrupt function at 0x8 with the control program itself.
The original timing is derived within the new interrupt 0x8 by installing a simple
counter and calling the BIOS interrupt at the correct interval. In this way, a fast
timer is generated that allows data sampling at |1 kHz but which does not harm
other internal PC operations.

TAKING AND INTERPRETING LSR MEASUREMENTS

RepPRODUCIBILITY AND MEASUREMENT SITE

For direct comparison with the GBE reproducibility data obtained by Maes et al.,’
the reproducibility of the LSRpayaigssdhidalasiathe same method. In the study,
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40 consecutive identical measurements were performed on the back of the hand of
a female volunteer. The resulting coefficient of variation for this measurement set
was only 2.9% (n = 40; mean = 281.8 um/g; SEM = 1.3 um/g). This demonstrates
the very good reproducibility of the measurement technique and compares very
favorably with the value of 3% obtained by Maes et al.? for the GBE.

The variation measured is almost certainly due to movement of the subject
during the probe cycle. This has always been the main source of error in these
types of sensitive measurements, and various means have been employed to min-
imize subject movement during readings (e.g.. use of a pre-cast plaster mold by
Maes et al.?). However, like Cooper et al..* the author has found that the use of no
restraint is preferable and employs a simple sloping table on which subjects rest
their hands.

LSR MeasuremMeNT CASE Stupy
Study Protocols

To determine the ability of the LSR to measure sensitive changes in stratum corneum
mechanics in response to simple hydration, the following study was performed. Two
moisturizing formulas of differing hydration performance (products A and B; hydra-
tion performance was determined by impedance measurements using a Nova Dermal
Phase Meter 9003, see below) were applied to the back of the hands of 13 female
subjects (aged 18 to 35). The dorsal surface of the hand was chosen for mechanical
measurements (1) to conform to previous measurement sites using the GBE® and
(2) because it is relatively simple to immobilize the hand effectively. The study was
performed in a controlled-environment chamber (temperature 20 = 1°C; relative
humidity 45 = 5%). The plastic stub on the end of the LSR wire probe was attached
to skin on the back of the hand via a circular piece of double-sided tape (5 mm
diameter). LSR measurements were then performed in triplicate. Baseline measure-
ments were performed before product application. Test products were then applied
at a rate of 2 pl/fem?® to the entire back of the hand according to a predetermined
randomization schedule. LSR measurements were performed at 1, 3, and 6 h after
product application. As the whole dorsal surface of each hand was used for product
treatment, inclusion of an untreated control was not possible. Results were, therefore,
expressed as mean difference from initial pretreatment baseline.

Hydration performance of products A and B was assessed by randomized appli-
cation at the same rate as above (2 pl/cm?) to 5 x 5 cm sites on the volar forearms
of 12 female subjects (aged 18 to 35); the volar forearm was chosen as the site for
hydration measurements because of its smooth, hairless morphology and its utility
as a standard in this type of testing.” Each forearm also contained an untreated
5% 5 cm control site. The study was performed within a controlled-environment
chamber (temperature 20 + 1°C; relative humidity 45 + 5%). Impedance measure-
ments were performed using a Nova Dermal Phase Meter 9003 with the standard
measuring probe DPM 9103 (Nova Instruments) at 1, 2, 4, and 6 h after application,
and results expressed as mean difference from untreated control.

Copyrighted Material
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Results and Interpretation

The results of the study using the Nova DPM 9003 to measure the hydration efficacy
of products A and B can be seen in Figure 8.7. Both products induced significant
increases (p < 0.05: paired t-test vs. untreated control) in apparent stratum corneum
hydration (as measured by impedance changes) up to, and including, 6 h after
application. Moreover, product A increased stratum corneum hydration significantly
more (p < 0.05; paired t-test) than product B at all time points up to and including
6 h after application. Water exerts considerable influence on the mechanical prop-
erties of the human stratum corneum because of its complex interactions with
keratin.®? This plasticization of the stratum corneum, an essentially viscoelastic
material, has been described as skin “softening.”2?* In the case of topical application
of a moisturizing formula, the extent of this softening effect is directly related to
the ability of the product to deliver and maintain increased water concentrations
within the stratum corneum. This is usually achieved by the delivery of humectant
compounds such as glycerol and/or use of occlusive lipidic films. Indeed, in the case
of products A and B, product A might be expected to leverage greater increase in
stratum corneum hydration as a result of its higher glycerol content (4% w/w glycerol
in A, in contrast to 3% w/w in B) and formulation (gel network, in contrast to a
simple oil-in-water emulsion in B). For products A and B, therefore, one would
expect to be able to measure (1) absolute significant increases in softness for both
treatments and (2) differing relative changes in skin softness for both treatments in
accordance with their apparent hydration performance.

Results of the study using the LSR to measure the effects of products A and B
on stratum corneum mechanics are presented in Figure 8.8. Both products induced
significant increases (p < 0.05; paired t-test vs. pretreatment baseline) in skin soft-
ness at all time points up to and including 6 h after application. Moreover, product
A induced greater increases in skin softness than product B throughout the time
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FIGURE 8.7 Relative hydration performance of products A and B (as measured by
impedance). (From Matts, P.J. and Goodyer, E., J. Cosmet. Sci., 49, 321, 1998. With

permission.)
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FIGURE 8.8 Relative performance of products A and B as measured by LSR. (From
Matts, P.J. and Goodyer, E.. J. Cosmet. Sci., 49, 321, 1998. With permission.)

course, significantly so (p < 0.05; paired t-test) at 6 h after application. These results
compare favorably with the relative hydration profiles of the two products
(Figure 8.7). The LSR is. thus, able to measure subtle changes in stratum corneum
mechanics in response to hydration and to distinguish between the effect of topical
application of moisturizing products with differing relative hydration performance.

DISCUSSION

The control system used for the LSR provides the instrument with an inherently
more accurate and reliable measurement capability because it employs closed-loop
(feedback) control. The GBE, in contrast, uses an open-loop method of control where
a predetermined current is applied to the solenoid and assumed to be transformed
into the desired force. Because no determination of the actual force generated is
made at the time of measurement, it is difficult to know with certainty the true force
applied to the skin. While open-loop techniques can be used successfully in perfectly
stable environments, no account can be taken of instantaneous fluctuations in such
asystem (notably, in this case, subject movement). With the LSR closed-loop system,
the true force applied to the skin is measured at a rate of 1 kHz and corrective action
taken within 1 ms to restore that measured force to the required value. This system
helps ensure that the test sequence is reliable, repeatable, and can dynamically adjust
for the inevitable variations that occur during in vive testing. Put another way,
because this system allows instantaneous compensation of error resulting from the
conversion of an electrical signal to a mechanical force, the need for the friction-
free gas-bearing arrangement of the GBE is eliminated. This allows the deployment
of a compact, efficient, and flexible new instrument.
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INTRODUCTION

The Dermaflex A (Figure 9.1) was originally developed as a prototype by the Depart-
ment of Dermatology, Rigshospital, Copenhagen, Denmark and the Institute of
Technical Engineering (ATV), Glostrup, Denmark. Its purpose is to measure objec-
tively the stiffness of the skin in scleroderma (Figure 9.2) in concert with other
methods for measurement of skin thickening and change of color in this disease.'?
It soon became applied to assessment of psoriasis and histamine wheals exemplifying
edematous states (Figure 9.3).3

MEASURING PRINCIPLE AND HARDWARE

The Dermaflex is a suction chamber device. The circular aperture of the chamber
is 10 mm in diameter, constructed with two sharp, concentric rings to avoid creeping
of skin during negative pressure and a surrounding flat bases prepared for the
application of a double-sided adhesive ring sealing the probe to the skin. A concave
electrode with an outlet tube to the suction system is located in the top of the chamber.
This electrode and the surface of the skin exposed in the suction chamber constitute
a capacitative system with the distance between skin surface and top electrode the

0-8493-7521-5/02/30.00+5 1,50 ) ) 11
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FIGURE 9.1 The Dermaflex A. (Courtesy of Cortex Technology, Hadsund, Denmark.)
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FIGURE 9.2  Stress—strain curves in
sclerotic plaque of morphea vs. regional
control of clinically uninvolved skin. The
distensibility (strain after first suction) is
decreased in all stages of the disease. In
early remission, the hysteresis or creeping
is increased due to some mucinous edema.
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FIGURE 9.3  Stress—strain curves in pso-
riasis vs. regional control of clinically unin-
volved skin. Increased hysteresis of a
histamine wheal raised in uninvolved skin
illustrates the influence of tissue water on
distensibility, particularly reflected in the
hysteresis.
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variable of the system. This is measured in millimeters with high precision on the
order of magnitude of about 0.05 mm. The suction outlet is connected to a negative-
pressure reservoir or tank, controlled by a vacuum pump. Because of the reservoir,
a preset negative pressure is immediately effected at the initiation of recording in
the suction chamber. There is some low resistance in the tube between the reservoir
and the probe chamber.

The negative pressure, the duration of suction, and the number of repetitions of
suction and release of pressure cycles can be selected. Suction pressure greater than
300 mbar may be unpleasant or painful. The electrical constants of the capacitative
measuring system were chosen so that the measured distance and elevation are not
dependent on the skin surface hydration state.

The circular opening of the chamber was chosen to standardize the start of
recording and to eliminate the influence of Langer line orientation on baseline
recording, albeit the elevated skin will show some ellipsoid deformation, which,
however, does not disturb the result and reproducibility. The Dermaflex automatically
sets the zero elevation immediately at the initiation of negative pressure.

PRECONDITIONING OF INDIVIDUALS
AND MEASUREMENT

Individuals should be placed comfortably in a position defined in the study protocol.
It is particularly important that the joint positioning be specified, and the measured
site located precisely within a few millimeters. Lanugo hairs do not interfere with
measurement, but terminal hairs may be a problem. It is important that the probe at
the initiation of measurement be positioned neutrally and vertically over the mea-
sured site, and that the probe is not supported but remains in position as a result of
its own weight. The reason is that the recorded elevation is a delta value, i.e., the
difference between the zero surface state and the same surface elevated under the
influence of suction.

THE PARAMETERS EXPRESSED BY THE DEVICE

The parameters expressed by the Dermaflex A are as follows:

« Distensibility, i.e., elevation in mm after the first suction. Resilient dis-
tensibility (not displayed) is the elevation in mm following the first suc-
tion, after the skin has retracted toward its original state.

» Elasticity, i.e., percentage retraction after one suction; 100% is full recov-
ery to zero state.

« Hysteresis or creeping, i.e., the delta distension after repeated suction cycles.

The Dermaflex A appears quite independent of subcutaneous binding. With constant
suction, the probe can be elevated millimeters or centimeters without disturbing

the distensibility reading. With no suction or a weak suction, even small maneuvers
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of the probe exert major variation of the displayed strain values, illustrating the
important and vulnerable zero state situation, which in the measurement requires
much attention and insight to standardize properly.

APPLICATIONS AND INTERPRETATION

The principle is that of a stress—strain exercise. Reduced distensibility is easily
understood as skin stiffening exemplified by scleroderma, and increased distensibil-
ity as softening exemplified by edematous skin conditions such as inflammation.
Poor elasticity percentage is understood as poor turgor, as exemplified by dehydrated
dermis, and/or reduced ability of the skin to recover to normal state following a
deformation, as exemplified by aged skin.

The reproducibility of the method, body site variations, and findings in sclero-
derma. Pierini atrophy of morphea, psoriasis, and histamine wheals are described
in the original publications.' Anatomical site differences in 22 sites, comparison
of genders, and the influence of gravity and diurnal changes were studied in various
studies that provide detailed information.>” Skin elasticity following tissue expan-
sion with expansion of the subcutaneous space was studied in relation to breast
cancer surgery.® Dr. G.B.E. Jemec and co-workers conducted systematic studies on
the Dermaflex A, its precision and variables, the effects of superficial hydration and
care products, and finally the use of the Dermaflex A in plastic surgery.®'3 (Also
see Chapter 17 of this book.)

It is noteworthy that there is a high degree of correlation between the different
elasticity parameters, and it appears that all essential information is given in the
distensibility and the elasticity percentage describing the essential clinical traits of
the skin, namely, the ability to stretch and retract to the original state. It should be
borne in mind that the first suction comes closest to illustrating the original skin
mechanics, and repeated suctions start with a zero drift because of the incomplete
recovery from the previous strain, i.e., the creeping dependent on the hydration state
of the viscoelastic skin tissue. Gniadecka and Serup'® have reviewed the Dermaflex A
in a recent book chapter.
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INTRODUCTION

The Dermal.ab (Figure 10.1) is a new suction chamber method for measurement of
skin elasticity developed by Cortex Technology, Hadsund, Denmark. The system
can be mounted with special probes to measure transepidermal water loss and skin
hydration as well. The elastometer device has been developed especially to overcome
the problem of baseline setting normally creating startup noise in the recording. The
system is designed to simplify and preset factors normally somewhat difficult to
measure with high precision and to measure factors that can be sensed technically
with high precison and to nominate the latter as measuring end points. Skin elevation
or distensibility is a fixed delta value of 1.5 mm, and the applied vacuum is also
fixed; however, the vacuum is not applied immediately but, rather, gradually built
up to a plateau over some 30 s. The Dermal.ab operates with controlled pretension
load before baseline setting followed by the 1.5 mm stress—strain exposure under
the influence of a standard pressure as described above. The device is mounted with
an especially lightweight measuring probe. The results are expressed by the manu-
facturer as an empirical Young’s modulus termed elast and as the time to achieve
the fixed skin elevation of 1.5 mm.
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FIGURE 10.1 The DermaLab skin elasticity measurer. The complete DermaLab system also
includes systems and probes for measurement of transepidermal water loss and epidermal
hydration. (Courtesy of Manufacturer Cortex Technology, Hadsund, Denmark.)

MEASURING PRINCIPLE AND EQUIPMENT

The probe consists of a polyethylene cylindrical suction chamber with height of
3.8 mm and a circular aperture of diameter 10 mm (Figure 10.2). The probe has a
flat 7.5-mm concentric base that is sealed on the skin surface with double-sided
adhesive tape. Diodes and a circular lens system for optical monitoring of skin
elevation are mounted in the probe cylinder wall at two fixed positions: level 1 at

FIGURE 10.2 The DermaLab suction chamber probe. The probe is especially lightweight,
10 g. The outer dimensions are height 15 mm and diameter 25 mm. The cylindrical suction
chamber is 10 mm in diameter and 3.8 mm in height, with optical sensors mounted in the
chamber 1.0 and 2.5 mm above the opening toward the skin.
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1.0 mm and level 2 at 2.5 mm above the base of the probe. The lens system focus
is in the middle of the axis of the cylindrical chamber. A continuous skin surface
elevation curve during suction is, thus, not measured. The main body of the equip-
ment includes a base and a display for settings of a number of repeated suctions
and relaxations. The suction period is displayed as a result, whereas the relaxation
time is a preset variable. Suction time read out as a result may in practice vary
between a few seconds in very soft skin and 1 to 5 min in stiff and sclerotic skin.

Results may be printed out or loaded into a computer. The display will show
the end vacuum pressure RES|1 in pascals and, of course, the main result, the *‘elast”
in megapascals (MPa). In its manual the manufacturer provides the following expla-
nation of the parameters displayed:

* ELAST. The calculated elasticity modulus for the actual measurement
sequence based on the first measurement cycle.

» RESI. Indicates the differential vacuum necessary to elevate the skin from
detection level | to detection level 2 in the first suction cycle. The unit
is Pa.

* N (upper in display). Indicates the differential vacuum necessary to elevate
the skin from detection level 1 to level 2 in the last actual suction cycle.
The unit is Pa.

» TIMI. The elevation time corresponding to the first suction cycle (RES1).

* N (lower in display). The elevation time corresponding to the last actual
suction cycle.

The device is specially constructed with resistance in the tube system to apply
the vacuum slowly over a period of perhaps 30 to 60 s until a plateau vacuum in
the chamber is maintained in equilibrium with the capacity of the pump. The
negative-pressure curve in the chamber is not known exactly and is supposed to be
nonlinear. The Dermalab has no vacuum tank and no barometric control of the
buildup of negative pressure. The pretension control bringing the skin from biological
baseline (in principle, there is no touching and no probe held against the surface)
to experimental baseline at level 1 at 1.0 mm above the probe base is thought to
unfold microanatomical foldings and to harmonize the orientation of the dermal
fiber networks at a level of negative pressure believed to be subclinical.

Skin elasticity E displayed as elast in MPa is, according to the manufacturer, a
calculated Young's modulus where

AX = deviation middle of surface, ¥ = elasticity constant for measured object
estimated from civil engineering, p = negative pressure, r = radius of surface mea-
sured, s = thickness of object measured.
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Constant ¥ is set by manufacturer to 0.5; r, defined by the chamber geometry, is
5 mm; s is set by manufacturer to standard skin thickness 1.0 mm. This leads to

Ap
E = 03125 =L
2 AX

The Young’s modulus originates from engineering of solid and isotropic materials
of some measurable thickness with well-defined mechanical properties, and the
modulus is normally not considered applicable to anisotropic materials such as skin.
Skin is a complex viscoelastic material with layers of different mechanical resistance.
The actual W and the actual thickness of the skin are not known and are not entered
as variables. Thus, the modulus given by the Dermal.ab is an empirical modulus in
conflict with prerequisites known in engineering.

MEASURING WITH THE DERMALAB

An advantage of the probe is its light weight. It is important that the probe be fixed
gently to the skin surface by double-sided adhesive tape and left undisturbed during
recording. As with any other elasticity method, the positioning of the test individual
must be carefully standardized with respect to joint position, etc. After a variable
suction period needed for the skin to elevate the fixed distance of 1.5 mm, the
equipment automatically stops recording and reads out the E and the time for
elevation to occur. Results may be printed or loaded into a computer. The equipment
is easy to operate, and the procedure is described in detail in manufacturer’s manual.

Range of operation: There is little experience with applications in cosmetology
and dermatology, and no publications have yet appeared. Obviously, very soft skin
will swiftly elevate, and stiff and sclerotic skin may never reach the elevation of
1.5 mm unless suction is applied for several minutes, which may lead to prominent
edema and even subepidermal blister formation. Thus, the DermaLab appears appli-
cable only to relatively normal skin within a reasonable average range so that
measurement can be concluded in about 30 s or less.

Obviously, a lengthy vacuum period results in water accumulation in the mea-
sured skin, seen as a wheal-like circular elevation above the surrounding skin, and
thus a major measurement artifact may be introduced; see below.

RESULTS AND THEIR INTERPRETATIONS

The manufacturer outlines the following measuring end points:

* The empirical modulus E as end point. The higher the modulus, the stiffer
is the skin; see equations. The limitations of this calculated modulus were
discussed above.

* Suction time as end point. This may work well if the suction period is
relatively short. The longer the suction time, the stiffer is the skin. It shall

be borne in mind that the vacuum is built up in the chamber slowl .
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a plateau is reached, following an unknown curve; linearity cannot be
expected. It should also be considered that water and edema will accu-
mulate in the skin under suction, thicken the skin, and contribute to its
elevation especially in stiffer skin requiring a longer time to reach the
fixed elevation of 1.5 mm. This is expected to influence mechanical skin
properties during suction and recording and to create an artifactual situ-
ation where the measured object undergoes a significant change as a result
of the recording procedure. This disturbance will influence all end points
registered with the DermaLab, as it will with other systems with longer
suction periods. To overcome the problems of prolonged suction in
sclerotic and stiff skin, the Dermal.ab may be delivered with a special
probe with reduced height between level 1 and level 2.

* Vacuum needed to elevate (RESI). This might only be meaningful with
very short suction times since after perhaps 30 s the RES1 will be constant
and will simply illustrate the suction capacity of the pump. The manometer
is mounted close to the pump, and not in the chamber.

Optional end point interpretation and nomenclature (proposed by the author of this
chapter):

o “Stiffness” expressed as E and given in arbitrary units. The value is higher
in sclerotic and stiff skin, which reaches the elevation of 1.5 mm only
following a higher vacuum and a longer suction period unless the optional
probe is used. It should not be called a modulus, and results should be
simply given in arbitrary units. The essential limitations are discussed
above.

« “Softness” expressed as reciprocal E (1/E) and expressed in arbitrary
units. The reciprocal E should be higher in soft skin; see above. This
end point might be especially interesting for uses in cosmetology. Units
are arbitrary.

Further studies on instrument validation, comparison with other instruments,
usefulness, and applications to practical situations should be conducted to finally
establish the value of the Dermalab in experimental and clinical research. The
DermalLab appears especially suited for the measurement of smoothing and softening
effects of cosmetic products on skin.
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SUMMARY

This chapter describes the testing of a novel device, the Dermagraph®, for measuring
the distensibility of normal and diseased skin by applying a vacuum onto the skin at
22 defined body areas. Intrarater testing resulted in an average weight of the vacuum
device of approximately 400 g with a reliability of 0.77 for the distensibility of normal
skin. Inrerrater reliability for the distensibility of normal skin in nearly 100 healthy
volunteers at 22 body locations was 0.55 and therefore comparable with the value
of the earlier used Sclerimeter® (0.57). The average intrarater reliability of the
Dermagraph in healthy volunteers was (.71 and therefore better than with the earlier
used prototype Sclerimeter with a mean value of 0.61.' There were statistically
significant differences between the values of distensibility among both genders,
showing higher values at 7 of 22 skin locations in women with the Dermagraph. The
interrater reliability in relevant skin locations in ten patients with systemic sclerosis
(hand, feet, and face at an early or intermediate stage) showed a mean value of 0.81.
The mean inirarater reliability of these three relevant skin locations in patients was
0.84, much better than the correspondent value of 0.33 with the Sclerimeter.

The Dermagraph has a standardized and validated weight of the vacuum probe,
is handier, and has the ability to produce a printout, comparable to an electrocar-
diography device. The Dermagraph is a simple and easy-to-use device for measuring
parameters of skin elasticity and can therefore be used for longitudinal measurements
in patients with systemic sclerosis. With respect to practicability and reliability the
Dermagraph can be compared with the Cutometer, except that the Cutometer mea-
sures much smaller areas of skin'® and to the authors’ knowledge has never been
validated in patients with early and intermediate stages of systemic sclerosis.

BACKGROUND
MEASURING MECHANICAL SKIN PROPERTIES IN HEALTH AND DISEASE

The thickening of skin combined with its decreased distensibility and tethering are
hallmarks of systemic sclerosis. Several skin parameters such as area of diseased
skin and decreased tethering, seem to correlate well with morbidity (risk of internal
organ disease) and rapid deterioration of the disease process and therefore can be
used as representative parameters®’* of disease activity and outcome in systemic
sclerosis.™

To date, the most often used clinical techniques for measuring skin tethering or
distensibility are manually performed skin scores, e.g., modified Rodnan total skin
thickness score. In various studies their variability was approximately 20%, even if
the examiners were carefully instructed on how to perform the manual skin mea-

surements. As a consequence, easier-to-use manual scores were suggested.’
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Measuring of skin elasticity goes back to the 1960s, when the first reports on
skin measurements by devices were published. But thus far no method or device
has been introduced in routine clinical practice for patients with systemic sclerosis,
mostly because the techniques were too complicated to use in a day-to-day setting
and no comparative trials with the manual scores or validation process of the device
itself had been undertaken.®**

Recently, devices that measure skin distensibility by applying a vacuum, com-
parable to manual skin testing, have been introduced in normal and diseased skin
and have also been validated with respect to reliability (interrater reliability; several
examiners measure the same patient) and precision (infrarater reliability; same
examiner, repeated measurements in same patient). Together with the Riietschi AG,
a company manufacturing medical high-precision products, the authors developed
a prototype of a device for measuring skin distensibility at the Department of Rheu-
matology and Physical Medicine at the University Hospital in Zurich and called it
the Sclerimeter.! Former studies of comparative testing against some published man-
ual skin scores of Harrison.*” Brennan,*® Pope,*® and Silman® showed better values
for intrarater as well as interrater reliability. In comparison with the published devices
with the highest reliabilities, such as the SEM 474 Cutometer®* the Sclerimeter
showed similar values. These facts stimulated further improvements in the handiness
and reliability of the first prototype “Sclerimeter,” which led to the *Dermagraph,”
a device that can easily be used in an inpatient (research) as well as an outpatient
setting (Dermatologist and Rheumatologist/Internist) in clinical routine.

Therefore, the objectives for this study were threefold:

1. Exploration of the most appropriate weight of the vacuum device in
normal and diseased (systemic sclerosis) skin with respect to measuring
precision by determination of the intrarater reliability.

2. Measuring the intra- and interrater reliability of the measuring process in
patients with systemic sclerosis by using the most appropriate weight of
the vacuum probe.

3. Finally, acquiring reference values for skin distensibility and relaxation in
a population of normal healthy people of both genders and different ages.

SYSTEMIC SCLEROSIS

Systemic sclerosis is a disease that affects the connective tissue of the locomotor
system and of internal organs. As a consequence, skin, joints, tendons, and internal
organs such as as lungs, intestines (e.g., esophagus), heart, and kidneys can be
damaged. Pathogenetically, the disease process leads to a generalized fibrosis and
sclerosis of the connective tissue, mediated by an increased synthesis of normal and
abnormal components of the connective tissue, mostly of collagen type I and III.
To date, systemic sclerosis has been classified according to manual measurement
of the area of diseased skin and other organ involvement (see classification criteria
of the American College of Rheumatology, ACR, 1980).* Only recently, workers
have tried to use other parameters of the disease process to classify systemic sclerosis

using other clinical, serologic, and genetic markers.’* There are published reports
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suggesting to classify patients with various disease severity and location into
subgroups, mainly in the form of limited vs. diffuse disease with significantly
different prognoses.’»%

Other research groups differentiate the disease according to the amount of
abnormal skin into a limited form (mostly sclerosis of the fingers), an “intermediate”
form (skin of proximal extremities is involved), and a “diffuse” form (extension of
skin involvement to the torso).*™ The classification of Clements et al.? with a
semiquantitative Skin-Score uses not only the area of affected skin but also its
semiquantitative grading of severity. All body areas are treated equally in terms of
severity and are summarized into a total skin score with a maximal score of 30.

MAaNUAL GRADING OF SKIN ELasTICITY IN PATIENTS
WITH SYSTEMIC SCLEROSIS

Two fingers of the examiners are used to evaluate the degree of tethering of the skin
by elevating the skin from its surface. According to the different authors the scale
ranges from zero (normal tethering) to three or four (maximally reduced tethering).
The examination is performed at defined areas of the skin (e.g., ten body areas used
by Clements) by adding the local score number to a total skin score.?#!-+

GRADING OF SKIN ELasticiTy UsiNG DiFFereNT MEASURING DEVICES

This has been reviewed earlier by the authors’ group, and the reader is referred to
Reference 1. Basically, there are methods to aspirate the skin from its surface®'® to
compress the skin toward the underlying resistance,'® or to extend the skin.2-%

METHODS
THe DERMAGRAPH

The Dermagraph device (Figure 11.1) is a further development of the first prototype,
the Sclerimeter.! There are no fundamental differences between the two devices: an
easier-to-handle vacuum probe (Figure 11.2) was manufactured, and a dot plot printer
was installed. The distensibility of the skin is measured by applying a constant
vacuum. The amount of aspirated skin is measured in millimeters with a measuring
device, which is situated within the aspirating probe. The measuring curve of the
distended and relaxed skin over time is printed on a 55-mm-wide paper strip. The
initiation of the vacuum is automatically induced as soon as the vacuum probe is in
tight contact with the skin, producing a vacuum. There is no need for a pedal as in
the Sclerimeter. The diameter of the vacuum probe is 20 mm. Because the precision
of the 5-mm vacuum probe for the skin of the fingers was suboptimal, further
evaluation of the 5-mm vacuum probe was halted.

MEASURING SKIN DISTENSIBILITY AND RELAXATION WITH THE DERMAGRAPH

The measuring process lasts for 10 seconds (s). During 6 s a constant vacuum, which

is shown on the printout, is appljsd-follawedbyedis/of skin relaxation (Figure 11.3).
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FIGURE 11.1 Dermagraph with vacuum probe in front.

FIGURE 11.2 Vacuum probe applied perpendicularly onto the ventral lower arm of a healthy
volunteer.
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The aspiration or tethering of the skin over time is not constant but, because of the
plasticity of the skin, it follows the mathematical equation of a hyperbole. After 6 s,
the vacuum is stopped, resulting in an initial phase of fast relaxation followed by a
slow phase (elastic retraction). The relaxation period has been set to 4 s.

The whole process (distention and relaxation process as well as vacuum over
time) is printed onto a paper strip (Figure 11.4). The following measuring parameters
have been taken from an earlier publication of Agache et al.** and are shown in units
of millimeters with a precision of a tenth of a millimeter (see Figure 11.3). The skin
distensibility after maximal vacuum (U,), the distention at a maximal vacuum for
65 (Up), and the residual distention, 4 s after stopping the vacuum (U,). The three
measuring parameters are printed immediately after the curve. Several body areas
can be measured without any delay, as the parameters are stored. As soon as the
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FIGURE 11.3 Schematic representation of measuring process with the Dermagraph. The
parameters initial skin distensibility U,, maximal distensibility U}, and residual distensibility
U, are defined and marked by arrows.
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FIGURE 11.4 The applied vacuum and skin distensibility over time are printed on a paper
strip. The absolute values of initial skin distensibility U/ . maximal distensibility U,, and
residual distensibility U, are printed onto the paper strip in millimeters with the precision of
a tenth of a millimeter.
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machine sends two beeps, the measuring process must be terminated and the next
skin area can be measured without delay.

According to the earlier publication' the precise localizations of the 20 measured
body areas are in concordance with the manually measured skin tethering published
by Clements etal.? They represent face, torso, abdomen, upper back, upper and
lower arms, hands, thighs, calves, and feet. The exact definition of the localizations
and the positioning of the patient have been published elsewhere.'

DEeTerRMINATION OF VAacuuM PrOBE IN HEALTHY VOLUNTEERS
AND PATIENTS WITH SYSTEMIC SCLEROSIS

To evaluate the most appropriate weight of the device in terms of optimal precision
of the measuring process, the intrarater reliability of this device was tested in ten
patients with systemic sclerosis at the Department of Rheumatology and Physical
Medicine in Zurich (eight women and two men, 37 to 74 years old), as well as in
ten healthy volunteers (six women and four men, 16 to 81 years old).

Five different weights of the vacuum probe were chosen to measure each of the
22 defined skin locations (see below): 88, 176, 225, 442, and 619 grams (g). With
the exception of the temperature, no other parameter was controlled for. All mea-
surements were done at an ambient temperature between 19 and 23°C. The usual
parameters at all 22 body areas as mentioned above were measured with respect to
intrarater reliability of the five different weights. In addition, all parameters were
calculated for the three most relevant measured body areas in patients with systemic
sclerosis (hand, foot, and face). After these tests were performed and the best, e.g.,
most reliable, weight of the vacuum probe was defined, all following examinations
were performed with this single best vacuum probe.

INTERRATER RELIABILITY IN PATIENTS WITH SYSTEMIC SCLEROSIS

Three raters measured ten patients in groups of three at all 22 body areas. The
selection of the raters with respect to their order of measuring the patients was
randomized. Two raters were experienced with the handling of the Dermagraph; for
the third rater the device was new except for a 15-minute training program before
the test. The vacuum probe used has been chosen according to the best results of
intrarater variability testing (442 g).

Rererence VALUES IN HEALTHY VOLUNTEERS

In 96 healthy volunteers (51 men, 45 women, 16 to 81 years of age), the same skin
parameters of distensibility, relaxation, and elasticity as mentioned above were
measured at all 22 body areas with the definitive vacuum probe of 442 g. Mean
values and standard deviation were calculated. P values were calculated for signif-
icant differences between volunteers and patients with systemic sclerosis as well as
for differences between the genders of the healthy volunteers.
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RESULTS

MEeaN INTRARATER ReuiaBiLITY WiTH Dirrerent WEIGHTS
ofF VAcuum ProBE

With respect to different weights of the vacuum probe of the Dermagraph, exami-
nations of intrarater reliability showed very good values for the maximal (U/,) and
initial (U,) distensibility irrespective of the weight. The mean value of the intrarater
reliability for U, of all measured body areas in ten patients with systemic sclerosis
was between 0.847 (with a vacuum probe weighing 225 g) and 0.745 (with 619 g).
The mean value for the three most relevant body areas in this disease, hand, feet,
and face, was between 0.872 (with 225 g) and 0.807 (with 619 g). With regard to
the ten healthy volunteers, the reliability was lower. The mean value of all 22
measured body areas was between 0.729 (with 619 g) and 0.609 (with 176 g); the
mean value of intrarater reliability of the three body areas (hand, feet. and face) was
between 0.654 (with 619 g) and 0.510 (with 176 g).

Values of intrarater reliability of U, (residual distention 4 s after stopping the
vacuum) showed a much higher dependency on the weight of the vacuum probe,
because reliability clearly dropped when using a probe weighing only 88 g. In
patients with systemic sclerosis, the mean value for infrarater reliability of all 22
body areas was between 0.837 (using 442 g) and 0.638 (with 88 g). The correspond-
ing values for the three most relevant body areas were between 0.720 (with 442 g)
and 0.312 (with 88 g). Even lower mean values could be shown in the ten healthy
volunteers: between 0.696 (with 225 g) and 0.369 (with 88 g) for all 22 body areas
and between 0.479 (with 619 g) and 0.239 (with 88 g) if only the three most relevant
areas were measured.

The corresponding mean reliability values for the different weights with respect
to the skin parameters “relaxation” (U,— U,) and “elasticity” according to the defi-
nition of Agache (U, /U,— U,) were between the excellent values for maximal skin
distension (U;) and the lowest values for U, (data not shown). To eventually define
the most appropriate, e.g., most reliable, weight of the vacuum probe, all values
were subject to a ranking order considering all mean reliability values of U;and U,
of all 22 body areas and the most relevant three body areas, hand, feet, and face.
This resulted in four different ranking orders of the five weights. Summarizing the
ranking orders, the weight of 442 g was clearly positioned best followed by 225 ¢
of the vacuum probe. Three out of four times the weight of 442 g ranked first.

INTERRATER RELIABILITY OF MAXIMAL SKIN DISTENSIBILITY IN PATIENTS
WITH SYSTEMIC SCLEROSIS

Interrater reliability for maximal skin distension U, in patients with systemic scle-
rosis showed better results if considering only the two experienced raters. Values
from all three raters were between 0.882 (right hand) and 0.033 (back left side)
(Figure 11.5). Of the 22 reliability values, 11 were over 0.5, 9 of them over 0.6, and
the rest lower than 0.5. Considering only the two raters familiar with the Dermagraph,
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Interrater reliability of maximal skin distensibility Ui
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FIGURE 11.5 [Interrater reliabilities of maximal skin distensibility U, at 11 body areas in
patients with systemic sclerosis (three raters) are shown in rank order.

interrater reliability was between 0.830 (right foot) and 0.170 (back, right side). Of
the 22 values, 19 were over 0.5, 14 over 0.6, the rest below 0.5.

The best interrater reliability values in patients with systemic sclerosis were
calculated from measurements at the three most relevant body areas, hands, feet,
and face. The corresponding excellent values were (all three raters) between 0.882
(right hand) and 0.741 (left hand). Four of the six values were over 0.8. Interestingly,
the familiarity of the rater with the Dermagraph was less important at these three
relevant body areas, because the variability values of the two experienced raters
were very similar to all three raters (between 0.888 and 0.690), and four out of the
six values were above 0.5.

RerereNcE VALUES IN HEALTHY MALE AND FEMALE VOLUNTEERS

The highest mean reference values for maximal skin distensibility U, (between right
and left side of the body) in healthy volunteers of both genders were between
6.06 mm (abdomen in men) and 6.38 mm (upper arms in women); values are shown
in Table 11.1. Mean standard deviation (between right and left side of the body) was
between 0.38 mm (calves in men) and 1.34 mm (hands in women) (Table 11.1).
There were significant differences (P value < 0.05) for maximal skin distensibility
in 12 of 22 body areas between the two genders (Table 11.1).

Mean reference values from healthy volunteers of both genders in terms of the
parameter relaxation (U,— U,) were between 2.19 mm (feet in men) and 4.64 mm
(abdomen in women); values are shown in Table 11.2. It was only possible to show
significant differences between the two genders at four skin locations, always show-
ing higher values in women than in men.
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TABLE 11.1
Reference Values of Maximal Skin Distensibility U, in 96 Healthy Volunteers
Body Areas Men Women Mean Diff. P Value
Face right 5.24 £ 0.89 5.04 + 0.80 +0.20 0.2629
Face left 5.05 £ 0.94 5.06 = 0.96 -0.01 0.9802
Upper arm right 5.79 + 0.96 6.50 = 1.24 -0.71 0.0023
Upper arm left 5.58 £ 1.06 6.25 % 1.11 -0.67 0.0033
Lower arm ventral right 4.59 = 0.69 5.45 = 0.88 -0.86 <0.0001
Lower arm ventral left 4.50 £ 0.49 518 £0.77 -0.68 <0.0001
Lower arm dorsal right 477 =043 5.13 = 0.58 -0.36 0.0008
Lower arm dorsal left 4.79 + 0.54 537+ 0.75 -0.59 <0.0001
Hand right 4,22 + 0.98 4.84 + 1.32 -0.62 0.0095
Hand left 4.51 +1.03 4.79 = 1.37 -0.28 0.2502
Upper torso right 5.66 = 0.61 6.26 + 0.93 -0.60 0.0003
Upper torso left 5.50 + 0.56 5.85 = 0.64 -0.35 0.0059
Abdomen right 6.12 £ 0.76 6.27 + 0.83 -0.15 0.3610
Abdomen left 6.01 £ 0.60 6.12 = 0.81 -0.11 0.4481
Thigh right 4.63 = 0.58 4.64 =043 -0.01 0.9197
Thigh left 4.61 = 0.58 4.63 = 0.44 -0.02 0.8889
Foot right 4,51 £0.70 4.63 = 1.06 -0.12 0.5072
Foot left 4.26 = 0.60 4.64 £ 099 -0.38 0.0233
Calf right 4.61 + 0.39 4.69 + 0.43 -0.08 0.3581
Calf left 448 + 037 4.54 £ 0.33 -0.07 0.3601
Back right 4.83 £ 0.54 5.12 £ 0.50 -0.29 0.0079
Back left 4.84 + 0.55 5.10 £ 0.52 -0.26 0.0211

Mean references values for the parameter “elasticity” according to the definition
of Agache (U,/U;,—U,) in healthy volunteers were between 1.37 (abdomen in
women) and 2.14 (foot in women). Mean low values, e.g., high elasticity (lower
than 1.6) were measured at the abdomen in women (1.44), at the back in men (1.50),
and at the back in women (1.52). High values, e.g., low elasticity, were measured
at the extremities (Table 11.3). Significant differences between the two genders were
seen at eight body areas. Importantly, all measurements with regard to maximal skin
distensibility, relaxation, and elasticity did not show any significant age dependency.

DISCUSSION

The Dermagraph seems to be very reliable for measuring skin distensibility, relax-
ation, and elasticity at body areas that are relevant for patients with systemic sclerosis,
namely, the face, hands, and feet, irrespective of being familiar with or especially
trained for this device, a fact that underlines the easy handling of the Dermagraph.
The reliability tests demonstrate relevant differences between the reliability values
of maximal skin distension between patients and healthy volunteers. One possible
explanation for this could be that the underlying area is neither homogeneous because

of extensor tendons nor exacl&yobm%lmﬁl}g}ya?asy positioning of the apparatus
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TABLE 11.2
Reference Values for Skin Relaxation U, - U, in 96 Healthy Volunteers
Body Areas Men Women Mean Diff. P Value
Face right 3.02+£0.75 293 £0.95 +0.08 0.6275
Face left 3.01 = 0.86 3.02 097 -0.01 0.9385
Upper arm right 320+ 0.98 3.63 x 1.44 -0.43 0.0889
Upper arm left 3.09 £ 1.10 335+ 1.10 -0.26 0.2561
Lower arm ventral right 253+£052 2.88 + 0.81 -0.35 0.0136
Lower arm ventral left 238 £ 0.41 2.53 £ 0.61 -0.15 0.1663
Lower arm dorsal right 2.48 = 0.44 2.65 + 0.61 -0.17 0.1261
Lower arm dorsal left 2.54 + 0.61 291 +0.89 -0.36 0.0206
Hand right 2.15+0.83 298 = 1.28 -0.83 0.0002
Hand left 2.51 £0.95 2,94 £ 1.30 -0.43 0.0639
Upper torso right 347+ 0.85 4.03 = 1.07 —0.56 0.0052
Upper torso left 320 +0.84 3.65 = 0.90 -0.44 0.0148
Abdomen right 4.34 + 0.96 472+ 1.16 -0.38 0.0831
Abdomen left 428 +0.76 4.56 = 1.07 -0.29 0.1328
Thigh right 2.90 = 0.59 2.68 = 0.57 +0.21 0.0778
Thigh left 2.86 + 0.60 2.66 £ 0.58 +0.20 0.1010
Foot right 223 +0.58 2.33 £ 097 -0.11 0.5146
Foot left 217071 235+0.84 -0.19 0.2417
Calf right 2.86 + 0.36 2.97 £ 0.61 -0.11 0.2672
Calf left 273 £0.37 280 + 043 -0.07 0.3910
Back right 331 £ 0.60 345+ 062 -0.14 0.2697
Back left 3.27 £ 0.60 345+ 1.90 -0.18 0.1581

in a perpendicular direction. In addition, patients sometimes have difficulties relaxing
their periorbital muscles when the Dermagraph is measuring skin distensibility at
the face. Because of the sclerosis of the skin, some of these difficulties are less
pronounced in patients with systemic sclerosis, which affects mostly both hands,
the face, and the feet. According to the reliability results it seems to be important
to provide precise instructions to examiners who are measuring normal or
little-affected skin.

With respect to gender differences, the values of maximal distensibility U, were
again higher in women with normal skin, as already shown in the earlier study testing
the first prototype Sclerimeter.! The same tendency could be shown for the parameter
relaxation Uy~ U,. In contrast, the parameter elasticity U /U, — U, did not show a
gender specific difference but a significant difference with respect to skin localization
in both genders, e.g., high elasticity at the torso and low elasticity at the extremities.

Surprisingly, a significant age dependency of measured skin parameters could
not be demonstrated with the Dermagraph in almost 100 healthy volunteers 16 to
81 years of age.

Comparing the actual data with the earlier published values of the Sclerimeter,
a clearly better average (of all 22 body areas) intrarater reliability of the Dermagraph

(0.71 vs. 0.61) is demonstrated. The mean interrater reliability was about the same
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TABLE 11.3
Reference Values for Elasticity According to the Definition of Agache
U;/U; - U, in 96 Healthy Volunteers

Body Areas Men Women Mean Diff. P Value
Face right 1.79 £ 0.32 1.83 + 0.44 -0.04 0.6176
Face left 1.76 + 0.33 1.80 + 0.50 -0.05 0.5787
Upper arm right 1.91 £ 0.39 1.95 = 0.46 —0.04 0.6538
Upper arm left 1.90 = 0.37 1.97 = 0.39 -0.07 0.3635
Lower arm ventral right 1.85 = 0.24 1.96 + 0.29 -0.11 0.0410
Lower arm ventral left 1.93 + 0.27 211 £032 -0.18 0.0043
Lower arm dorsal right 1.96 + 0.30 1.99 +0.29 -0.03 0.6376
Lower arm dorsal left 1.94 = 0.31 1.94 + 0.35 +0.01 0.9336
Hand right 210 £ 048 1.76 = 0.42 +0.34 0.0004
Hand left 1.94 £ 045 1.74 £ 0.37 +0.19 0.0239
Upper torso right 1.69 + 0.30 1.61 =024 +0.08 0.1544
Upper torso left 1.79 £ 0.32 1.66 + 0.28 +0.13 0.0440
Abdomen right 1.45+0.18 1.36 = 0.22 +0.09 0.0391
Abdomen left 1.43 = 0.19 1.38 = 0.19 +0.05 0.2145
Thigh right 1.62 + 0.19 1.78 £ 0.25 -0.17 0.0004
Thigh left 1.65 = 0.24 1.78 + 0.26 -0.14 0.0091
Foot right 211 £ 043 2,17 £ 0.54 -0.06 0.5392
Foot left 211 £ 0.54 210+ 048 +0.004 0.9722
Calf right 163 +0.19 1.61 £0.19 +0.02 0.5609
Calf left 1.67 £ 0.20 1.66 + 0.23 +0.01 0.8037
Back right 1.49 + 0.21 1.52 + 0.22 -0.03 0.5264
Back left 1.50 £ 0.18 1.51 £ 0.22 -0.01 0.8606

Note: The lowest possible value of | denotes highest elasticity.

(0.55 vs. 0.57), but the average value of 0.81 in the three most relevant body areas
in patients with systemic sclerosis, hand, foot, and face, was much higher than with
the earlier Sclerimeter (0.47). In summary, the Dermagraph shows a more reliable
measuring process of skin distensibility in the most relevant body areas, hand, foot,
and face, for patients with systemic sclerosis.

To the authors’ knowledge the only comparable device to measure skin disten-
sibility with a vacuum is the SEM 474 Cutometer, which measures immediate and
late distensibility as well as immediate and definite retraction of the skin.*¢ In 19
patients with a late form of systemic sclerosis Enomoto et al.** measured an excellent
intrarater reliability of 0.94 and an /nrerrater reliability of 0.94 for maximal skin
distensibility at 74 body areas. The study of Enomoto is not directly comparable to
this one because of the different patient population (only consideration of patients
with a late stage of systemic sclerosis). The Dermagraph has been developed to
examine the skin of patients with systemic sclerosis early on and prospectively over
time with the option to correlate early skin disease with disease outcome (potential
complications of internal organs). Therefore, of most interest were patients with an

early or intermediate stage of SPRUH N MR 6@ mination on interrater reliability)
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or healthy volunteers (half of people in examinations of intrarater reliability). To
compare the two devices directly, an examination with the Cutometer must be under-
taken in patients with early and intermediate stages of systemic sclerosis, as well.

The Dermagraph can be used in longitudinal studies in patients with systemic
sclerosis with or without testing new therapeutic agents by in-house rheumatolo-
gists, dermatologists, and internists (transplantation units) as well as for physicians
seeing outpatients with systemic sclerosis and similar skin diseases. Whether the
Dermagraph can be helpful in other diseases, such as reflex algodystrophy, still has
to be shown. The most relevant and important task ahead is to show whether the
Dermagraph and other devices offer an advantage in predicting disease outcome in
patients with systemic sclerosis. This must be done in prospective studies compa-
rable to the low vs. high penicillamine trial.”™
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INTRODUCTION

The mechanical properties of the human skin are complex; although the skin is
readily accesible, it is always a difficult task to identify simple and noninvasive
measurement methods suitable for a specific skin parameter. This chapter describes
a novel and simple instrument called a durometer, which is now used to assess and
quantify the degree of skin hardness. The durometer is an engineering instrument
widely employed in industry to measure the hardness of metals, plastic, rubber, and
other nonmetallic materials. The instrument has been applied in the last few years
in several medical conditions where skin hardness is a clinical feature of the disease
and where there is a need for quantification of hardness for prognostic and thera-
peutic reasons.

THE MEASURING SYSTEM

The first instrument used to assess skin hardness was a Rex durometer (model 1700,
Rex Gauge Company, Inc., Glenview, IL). This instrument is the international stan-
dard for measuring the hardness of rubber, plastic, nonmetallic materials, and soft
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140 Bioengineering of the Skin: Skin Biomechanics

tissue such as skin. The durometer is a portable hand-held device, which is provided
with a calibrated gauge that registers linearly the relative degree of hardness on a
scale of units divided from 0 to 100 (Figure 12.1). This feature is the result of a
spring-loaded interior that senses hardness by applying an indentation load on the
specimen. The bottom of the durometer has a small, dull indentor which is retractable
and is responsible for the measurements registered on the gauge (Figure 12.2). The
instrument is rested by gravity against the skin and must be held in a vertical position
(Figure 12.3). Initial hardness is defined as that recorded within 1 s of firm contact
of the durometer with the skin. For many materials, this initial reading remains
unaltered after the first second of measurements (near perfect elasticity). Imperfect
elasticity is referred to as plasticity and is observed when continued contact of the
durometer with the surface leads to a higher reading. The degree of this plasticity
is referred to as creep, and in animal tissue the amount of creep is minimal. The
type of durometer used in dermatology to assess skin hardness is Model 0 which is
provided with an 822 g springload. To eliminate operator error, the company has
improved the first model with a specified amount of weight (400 g), located on top
of the instrument, which is used to depress the indentor without any additional
pressure. This constant load principle provides a more consistent reading to the
operator every time the gauge is applied to the skin. For measurements on the skin,
the durometer is used at 25°C and four consecutive readings are usually taken at
the same site. Between readings the durometer is reset to 0 and measurements are
made with the patient supine, thus avoiding muscle tension or contraction.

N T e e

FIGURE 12.1 Durometer model 1700 FIGURE 12.2 Bottom of the
(R‘ex Gauge), type 00, with (right) and durometer with the retractable
without (left) constant load weight. indentor responsible for detecting

the degree of hardness.
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FIGURE 12.3 Durometer rested by grav-
ity over an area of lipodermatosclerosis in
a patient with venous insufficiency and a
chronic wound.

ACCURACY AND REPRODUCIBILITY
OF THE MEASUREMENTS

Durometer readings obtained with four consecutive determinations at the same site
in each subject and in different clinical conditions differed constantly by less than
5% The durometer was tested for interobserver and intraobserver variability in a
study! where patients with morphea, a localized form of scleroderma, were investi-
gated for skin induration. The durometer was used in combination with a skin scoring
system called MSS (Modified Skin Score).* The interobserver variability in the
durometer score was only 0.5% and was even lower than the interobserver variability
of the MSS (0.5 vs. 2.2%). The intraobserver variability, which is the variation in
readings obtained by the same observer, was estimated as 0. The correlation between
the total MSS and the durometer score was approximately 0.5. Insensitive durometer
readings were found in different areas of the skin, such as the forehead and dorsal
digit, where subcutaneous tissue is less represented. The hypothesis of underlying
bone or tendon structure giving higher readings at these sites was raised as a possible
explanation of this failure to discriminate between normal and indurated skin.!

MEDICAL APPLICATIONS

SCLERODERMA

Sclerodermatous skin is characterized by induration of the lower dermis and directly
underlying tissue, which could be affected diffusely as in systemic sclerosis or in a
more localized involvement as in morphea. The degree and extent of skin hardness
in scleroderma are used as a prognostic value for the disease, and are generally
assessed subjectively using a clinical skin scoring system. Objective measurements
of skin involvement in scleroderma have included the use of ultrasonography, skin
elastometers, transcutaneous oxygen tension measurements, and also such more-
sophisticated techniques as magnetic resonance imaging. All these methods were
able to provide useful information about the extent of skin involvement but are
generally considered not practical for sequential measurements in clinical practice.
Falanga and Bucalo' were the first to describe the use of a durometer in patients
with systemic sclerosis. They investigated six anatomic sites in 12 patients and in
12 control individuals using the durometer in combination with a skin severity score.
A direct relationship between the skin severity score and durometer readings was

present for all anatomic sitesgxggphthe figephend: the higher the skin score, the
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greater the amount of deflection measured with the durometer (p = 0.0032, p =
0.0002, and p = 0.0005 for skin scores of 1, 2, and 3, respectively). Moreover, the
durometer was able to differentiate between increased levels of skin hardness
(Table 12.1). In this study no statistically significant relationships were found among
body weight, skin score, diameter of anatomic sites measured, and durometer read-
ings. The use of the durometer was not associated with any pain or discomfort. Same
results of increased skin hardness in morphea were obtained by Aghassi et al.? in a
study where the durometer was also used in combination with a laser Doppler
perfusion imager. In that study the authors found a relationship between age and
durometer readings over the ventral aspect of the forearm in normal controls. Skin
hardness rises from birth, reaches a constant level by puberty, and then remains
steady until age 65 years, when the skin begins to lose its firm quality progressively.
Women had lower durometer readings compared with men, and the instrument was
able to define contiguous areas of different degrees of sclerosis in morphea lesions.

The efficacy of treatment has been investigated in patients with localized scle-
roderma by means of durometer readings in two different studies. Seyger et al.’
evaluated the effect of low-dose methotrexate (15 mg/week) in nine patients with
widespread morphea in a 24-week trial using the durometer and other clinical
assessments to monitor the therapeutic regimen. A total of seven patients of nine
showed a decrease of durometer readings at the end of the trial, with mean values
changing from 101 * 13.9 before treatment, to 89.7 + 10.3 after treatment (p = 0.07).
The greatest improvement in durometer score among the sites examinated was in
the arm region (p = 0.03). In another study, Karrer et al.® evaluated the efficacy of
topical photodynamic therapy by means of durometer readings and clinical score in
five patients with progressive localized scleroderma who had failed to respond to
other therapies. In all patients the therapy was highly effective as measured by
durometer score, which showed a mean reduction of 20% after a treatment period
of 6 months.

LIPODERMATOSCLEROSIS

Chronic lipodermatosclerosis is characterized by hyperpigmented indurated skin on
the medial aspect of the leg and is common in patients with venous insufficiency.
The severity of induration of lipodermatosclerosis has been associated with poor
ulcer healing. Nemeth et al.” reported a correlation between the degree of skin
induration in lipodermatosclerosis and ulcer healing. They used a clinical score to
assess skin induration and found that the lipodermatosclerosis was less severe in
patients who had ulcers that healed than in those who did not. Durometer testing of
skin hardness was performed in a group of patients with lipodermatosclerosis with
and without venous ulcers.® A clinical scoring for hardness by a blinded observer
was used in combination with durometer measurements at a skin site midway
between the upper and lower margin of lipodermatosclerosis. Measurements of
transcutaneous oxygen pressure (TcpO,) at the same site were also performed.
Compared with normal skin in control subjects, increased skin severity scores were
associated with higher durometer readings (p < 0.01). This direct correlation between

clinical scores and dmomu..lcr readings was linear (r = 0.9621). The durometer was
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TABLE 12.1
Durometer Readings in Patients with Lipodermatosclerosis
and Venous Ulcers Who Had Different Skin Scores
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Source: Romanelli, M. and Falanga, V., J. Am. Acad. Dermatol., 32, 188, 1995, With permission.

able to differentiate between increased levels of skin hardness. Thus, a skin severity
score of 2 reflected a higher durometer reading than that of a skin score of 1
(p=0.0016). An inverse and statistically significant relationship (r = 0.431;
p =0.0079) between TcpO, measurements and durometer readings was found in
both patients and control subjects (Table 12.2). The correlation between TcpO,
measurements and durometer readings found in that study confirms the hypothesis
of poor oxygen diffusion through dense and thickened skin as occurs in lipoderma-
tosclerosis. LeBlanc et al.? used the durometer to assess the area of lipodermato-
sclerosis around venous ulcers and to obtain a map of skin induration. Their hypothesis
was that maximum skin induration correlated with the presence of ulcers. The authors
found that venous ulcers are located in skin that is most affected by lipodermato-
sclerosis. Durometer measurements showed a progressive and linear decrease from
the top of the ulcer’s edge to the knee (r = 0.925). In the same study, the authors
tested 14 patients with pitting edema and 8 controls without edema. There were no
significant differences in durometer readings in patients with minimal or more severe
edema (p > 0.05) regardless of anatomic location.

NeuroraTHIC FooT

Patients with diabetes with peripheral polyneuropathy are at increased risk for foot
ulceration. One of the key events in the pathogenetic pathway to neuropathic ulcer-
ation is hyperkeratosis, which develops in areas of increased pressure. Nonenzymatic
glycosilation and autonomic dyshidrosis have been implicated in the pathogenesis
of skin hardening. Piaggesi et al.'® measured skin hardness at three different sites
on the foot of a selected group of patients with diabetes, avoiding areas with bony
prominences. Skin hardness was more pronounced in neuropathic patients than in

% ic patients . thic patients. those
non-neuropathic patients andéggifﬁbsh({ég Rﬂg}ér%?nong neuropathic patie



144 Bioengineering of the Skin: Skin Biomechanics

TABLE 12.2
Relation between TcpO, Measurements and Durometer Readings

(scattergram) or Clinical Severity Score (inset) in Patients with
Lipodermatosclerosis

COCONTROLS B PATIENTS

80r 70

o
70
1 2
CLINICAL SEVERITY SCORE

(S =]
(==

o

TcPO, (mm Ho)
[
o o

o
(=]

0 20 20 60 80 100
DUROMETER READINGS

(=]
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with metatarsal hyperkeratosis had significantly higher durometer readings compared
with those without hyperkeratosis (p < 0.001). Subjects were also evaluated for
neuropathy by determining the vibration perception threshold (VPT) with a bioth-
esiometer. This instrument is an electrical device provided with a vibrating probe,
which is applied to the test site and to which an increasing vibrating intensity is
applied. The lowest of three intensities of vibration defines the VPT. In that study,
a significant positive correlation was found between durometer readings and VPT
at the malleolus (r = 0.516) and at the allux (r = 0.624) in neuropathic patients
(Table 12.3).

CONCLUSIONS

Durometry is a technique for measuring skin hardness. The method takes advantage
of the ability of the durometer to sense and record hardness on a linear scale. and
it is unique in its simplicity and ease of use. Measurements with the durometer
are highly reproducible in the same subject and in persons with the same degree
of skin induration. Data obtained indicate that the durometer may be insensitive
when used in areas of skin where the subcutaneous tissue is not well represented.
At this stage the instrument is used as a standard noninvasive tool to measure skin
hardness in systemic sclerosis. The authors believe that durometry could be applied
in other dermatologic diseases to assess skin involvement and to monitor the
efficacy of treatment.
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TABLE 12.3

Relation between Vibration Perception Threshold at Malleolus
(VPT-M) and Skin Hardness Measurement at Heel (DMT-H)
in Patients with Neuropathic Diabetes
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Source: Piaggesi, A. et al., J. Diabet. Complications, 13, 129, 1999. With permisison.
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DESCRIPTION OF THE INSTRUMENT

The IDRA® (Integrated Dynamic Rebound Analyzer) ballistometer consists of ten
main parts: an external interface unit, a 9-v DC power supply, an internal PC interface
card, an interconnecting cable, a holding magnet, a rotary transducer, a ballistic
hammer, a multipositional mounting plate, a fixed stand, and IDRA control and data
processing software (Figure 13.1).
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FIGURE 13.1 Transducer mounting plate; (A) horizontal; (B) vertical. Illustration of the
relationship of the parts on the IDRA mounting plate assembly. Shown is a lightweight ballistic
hammer, rotary transducer, multipositional mounting plate, magnet for holding and releasing
the ballistic hammer at a fixed angle, and a rigid support stand. Also shown is an optional
attachment and a digital protractor system, which is used for accurately and conveniently
calibrating the angular displacement of the hammer to within 0.1°. Alternatively, calibration
of the angular displacement may be done by using the numbered angle markings on the
mounting plate, which are spaced at 15° intervals over a quadrant.

PRINCIPLES OF OPERATION

IDRA is a PC-based ballistometer and employs a dynamic technique for assessing
intrinsic viscoelastic properties of skin. That is, it is an instrument for determining
physical properties that do not depend on the method of measurement. For relatively
soft materials, such as skin, the measurement technique involves a lightweight
hammer, anchored at one end, that free-falls onto the test surface under gravitational
force. The resulting hammer oscillatory displacement—time data are recorded and
analyzed, and characteristic physical parameters are determined. Ballistometry is a
method of choice for characterizing the viscoelasticity of skin, since it is nondestruc-

tive, noninvasive, fast, and e&safpﬁ_@%ed Material
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Basic CONCEPT OF THE MEASUREMENT

The IDRA ballistometer system accepts two types of suitable rotary transducers:
RVDTs (Rotary Variable Differential Transformers) and Brushless Potentiometers
(Hallpot® transducers). Both RVDT and Hallpot transducers give highly reproducible
DC analogs, with excellent linearity, over a wide range of angular displacement.
The Hallpot used in an IDRA system is custom-made for third-party research and
development by Elweco, Inc., and incorporates several superior, critical design
features such as miniature, ultralow-friction bearings with nonviscous lubricant, very
wide sensor bandwidth, and excellent reproducibility and linearity for up to 60°
angular displacement.

An RVDT model R30A transducer, manufactured by Lucas, was employed for
the studies discussed in this chapter. This transducer has miniature, ultralow-friction
bearings and has sufficient bandwidth to permit accurate recording of the dynamic
angular displacement—time response of the ballistic hammer, as it contacts and
rebounds from the surface of the skin. RVDTSs are essentially bipolar devices with
four linear regions (in which the output voltage is proportional to the angular
displacement) and two null points. A properly calibrated RVDT, in combination with
its AC-DC amplifier, produces a DC signal that is directly proportional to the angular
displacement of the transducer shaft and attached ballistic hammer. The IDRA
system design permits facile alignment of the RVDT optimal null point, the long
axis of the hammer, and the angular markings on the mounting plate. The highest
precision is achieved by nulling the RVDT at the midpoint of the full angular
displacement range.

As shown in Figure 13.1A, the mounting plate is positioned for horizontal impact
with a test surface. Vertical impact with a test surface is achieved by simply rotating
the mounting plate 90° counterclockwise, as shown in Figure 13.1B. The accuracy,
reproducibility, and relevancy of characteristic parameters, determined by ballistom-
etry, depend markedly on the skin elasticity, design of the ballistic hammer, testing
and data processing techniques, dynamic measurement range, and the test quadrant
selected. Significant surface movement during a measurement cannot be tolerated.
A 95% measurement success rate is easily achieved with proper measurement
technique. Unacceptable surface movement is automatically detected and flagged in
IDRA software by comparing the baseline readings just before the hammer is
released to those at steady state.

Basic PHysics OF BALLISTOMETRY

The hammer is a rigid body that rotates about a noncentroidal axis and the basic
scalar equation needed to represent the motion is

XM, =1, o (13.1)

where X M, is the algebraic sum of the moments of the external forces about the
axis of rotation (o), I, is the moment of inertia of the hammer about the axis of
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rotation, and o is the angular acceleration of the hammer. This is a second-order
nonlinear differential equation and has no closed-form solution.

For either vertical or horizontal contact with the skin, the potential energy of
the hammer can be calculated from the mass of the hammer, the distance from the
center of rotation to the hammer’s center of gravity, and the angular displacement
of the hammer, with respect to the test surface. The horizontal or vertical position
of the arm is assumed to be 0°, for reference.

Potential Energy of the Hammer for Horizontal Impact

P.E. = mass x distance x (1 — cos(angular displacement)) (13.2)

Potential Energy of the Hammer for Vertical Impact

PE. = mass x distance x sin (angular displacement) (13.3)

These formulae represent a simplified instrument model. They assume that the
relative potential energy of the hammer is zero at the horizontal or vertical position,
and that the angle of the hammer in contact with the surface at steady state, i.e., the
contact angle, is 0°. In practice, it is more convenient to allow for some measurement-
to-measurement variation in the actual contact angle, which is recorded and included
in accurate estimates of the characteristic parameters.

The angular displacement of the hammer with time is accurately recorded during
a measurement, which permits calculation of the angular velocity, and angular
acceleration of the hammer, at various times. The angular velocity of the hammer,
at the instant of impact with the test surface, can also be calculated from the formula
for the kinetic energy of hammer rotation, with the value of kinetic energy set equal
to the potential energy of the hammer at a previous peak displacement.

Kinetic Energy of the Rotating Hammer

K.E. = '» x moment of inertia x (angular velocity)? (13.4)

The moment of inertia of the hammer may be accurately determined from its
oscillatory period during a free swing experiment, by treating the hammer as a
compound pendulum. The value of the moment of inertia determined from a free-
swing experiment agrees closely with that calculated for the hammer using formulas
for the moments of inertia of symmetrical bodies.

The product of its moment of inertia and angular velocity is defined as the
angular momentum of the hammer. The average force of the hammer impact on a
test surface can be estimated from the formula for angular impulse, which is the
change in angular momentum,

Force of Impact of Hammer with Test Surface

Force = moment of inertia x (change in angular velocity)/
((distance from hammer tip to center of rotation) x (time for arm to stop)) (13.5)
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For hammers of sufficient length, to a first approximation, the uniaxial deformation
of the test surface can be estimated by multiplying the distance from the hammer
tip to the center of rotation and the sine of the maximum angle of deformation.

Deformation = (distance from hammer tip to center of rotation) x sin
(maximum angle of deformation) (13.6)

Typical parameter values used for computer calculation of force and deformation,
in the IDRA system, include hammer free-swing period = 0.66 s, hammer center of
gravity distance = 5.62 cm, hammer mass = 8.75 g, and hammer tip distance = 11.8
cm. All other parameters were determined from program analysis of transducer
signals collected with 12 bit A/D conversions under computer interrupt control.

INTRINSIC PARAMETERS FOR CHARACTERIZING MATERIALS

Figure 13.2 shows the basic response curve for the IDRA ballistometer system. As
shown in Figure 13.2, the oscillatory angular displacement of the hammer is recorded
with time. The baseline, shown as a line above and parallel to the time axis, is the
position of the hammer when it is resting on the test surface. Four major parameters
are defined as measures of viscoelasticity (AMP, COR, CAC, and stiffness) and will
be discussed in detail below. Angular displacement—time data above the baseline are
used to determine AMP, COR, and CAC, whereas that below the baseline is used
to determine stiffness.

The AMP is defined as the amplitude or angular displacement measured with
respect to the baseline, and is a measure of elasticity. Fthenakis et al.' reported the
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FIGURE 13.2 IDRA basic response curve (test material).
Copyrighted Material



152 Bioengineering of the Skin: Skin Biomechanics

use of AMP to measure changes in elasticity in cosmetic claims studies. The ballis-
tometer employed in these studies was based on principles discussed by Hargens.?

The COR, or coefficient of restitution, first applied by Tosti et al.,? is a measure
of elasticity defined as the ratio of the hammer rebound speed to its speed just before
impact. The COR is calculated two ways: (1) as the ratio of rebound and initial
hammer speed, and (2) as the square root of the P.E. ratio of two adjacent peaks.

The CAC, or cutaneous absorption coefficient, first applied by Adhoute et. al.,*
is also a measure of elasticity defined as a dynamic time constant; it presumes
that hammer impact energy is lost exponentially with time, and is calculated from
peak heights.

Stiffness, first reported by Potts and Pugliese,’ provides stress—strain informa-
tion and is defined as the ratio of the hammer impact force to the skin deformation.
Stiffness is defined as the force of impact in newtons divided by the deformation
in centimeters. Stiffness provides information on the stress—strain behavior of a
test material.

For accurate simultaneous determination of COR, CAC, stiffness, and other
parameters, an IDRA system employs interrupt-driven, 12 bit A/D data collection,
at rates of up to 8000 data points/s, coupled with optimal parameter calculation
techniques. The instrument bandwidth is adequate to permit accurate free-fall, con-
tact, and rebound angular displacement measurements to +0.05° with nonlinearity
of 0.5° over a range of 60°

Determination of Coefficient of Restitution

From Hammer Speed

COR,, = Wp/W, (13.7)
where W, and W, are the rebound and impact angular speeds.

From Peak Amplitudes
Vertical impact with skin

COR = SQRT [sin(AMP,) /sin (AMP,)] (13.8)
where AMP;, and AMP, are the rebound and impact peak amplitude.

Horizontal impact with skin

COR = SQRT [(1 — cos (AMPy)) /(1 — cos (AMP)))] (13.9)
where AMP;, and AMP, are the rebound and impact peak amplitude.

Determination of Cutaneous Absorption Coefficient

(AMP, + BL) = (AMP, + BL) # exp(-Kt,) (13.10)
Copyrighted Material
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where K is the cutaneous absorption coefficient, 1, is the time at the nth peak, AMP
refers to the angular displacement vs. the baseline at the peaks, and BL the baseline
displacement from the horizontal or vertical. K is determined as a one-parameter fit
of the exponential equation, above. K is also calculated for peak amplitudes, assum-
ing exponential behavior, using the following formula:

K=-(1/1) = log ((AMP, + BL)/(AMP, + BL)) (13.11)
where 1, is the time at the nth peak.

Determination of Stiffness

As already stated, stiffness is defined as the force of impact in newtons divided by
the deformation in centimeters. It is the slope of the hammer impact force vs. surface
deformation curve, which is shown in Figure 13.3.

The amplitude, impact force, stiffness, CAC, surface deformation, COR calcu-
lated from peak amplitudes, and COR calculated from angular speeds are tabulated
for sequential rebounds in IDRA as shown in Figure 13.4. These processed data are
automatically stored on disk in an IDRA system as an ASCII file, which may be
easily imported into commercial spreadsheets for further data processing and study.
Raw data for each study are also stored on disk in ASCII format.

The COR and CAC place less demand on instrumentation, since they are gen-
erally determined from peak values of angular displacement. CORs can be deter-
mined with a precision of 1% and CACs to within | to 2%. In contrast, stiffness,
which is defined as the force of impact of the ballistic hammer divided by the
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FIGURE 13.3 Impact force vs. surface deformation.
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FIGURE 13.4 Tabulated data for sequential rebounds.

associated uniaxial surface deformation, requires instrumentation with wide band-
width and high angular resolution. The data used to determine stiffness is below the
baseline with displacements ranging only a few degrees over a time period of
milliseconds. Stiffness can be determined with a precision of 5 to 6% for skin, given
an instrument calibration technique that is optimal for the simultaneous measurement
of all three parameters. With more optimal calibration conditions set for the deter-
mination of stiffness, measurement precision can be significantly improved for this
paramcte;:

MEASURING WITH THE BALLISTOMETER

The instrument described above was used in a clinical evaluation of viscoelastic
properties of the forearm in 70 female subjects.

METHODS AND MATERIALS

An IDRA ballistometer was used in this study. The study group consisted of 70
female subjects, in good health, and they were instructed not to use skin care products
or soap on their forearms for 10 days prior to the test day. All subjects signed an
informed consent document before entering the study. Table 13.1 shows the age
distribution of the test subjects.

PROCEDURE

The volar surface of the right forearm was used as the test site. Subjects were seated
in a comfortable though rigid chair and their right forearm was extended onto a table.
Placement of the arm in relation to the ballistometer is critical to obtaining reproduc-
ible results. Relaxation of theCabjed/idadsbfatslia/an accurate measurement. Prior
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TABLE 13.1
Age Distribution of Subjects (years)

35-39 40-44 45-49 50-54 55-65
CB LF MT DK JK
DH CA DP SE SS
DC DW CZ GS PP
ED AF BS LP DV
RF PB KE BM PL
\e MM PK e BW
CB LW PIP RE PH
CA Ve LR MC MD
MY SW SE RT PW
DW LS BM YG
VZ AN GS ic

PB LB RR
PR DF GW
cG LF PP
CR sS SN
KR IR

PB

KH

KO

to making the measurement, the subject is instructed in all aspects of the procedure
to help achieve relaxation. The zero position of the ballistometer arm is calibrated by
placing the hammer against the skin, and the instrument is adjusted to zero following
the instructions supplied by the manufacturer. This zero point is taken as the baseline
of the graph that will be generated in the computer. The measurement is made by
releasing the hammer from the magnetic holder electronically.

RESULTS

The following parameters were generated by the computer program from the input
data for each subject: amplitude, stiffness, cutaneous absorption coefficient, and
coefficient of restitution.

AMPLITUDE
The amplitude is a measure of elasticity as it relates to the rebound energy of the
skin. The amplitude decreases as the subject’s age increases as shown in Figure 13.5.

STIFFNESS

Skin stiffness relates to “skin hardness' and is a function of deformation of the skin

on impact. It is expressed as a ratio of the impact force to the skin deformation and
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thus represents a true stress—strain parameter. This is a new measurement value
obtained from the ballistometer, first reported by Potts and Pugliese.® The stiffness
value has an inverse relationship to age until the fourth to fifth decade, after which
it increases sharply with age in females. This relationship is shown in Figure 13.6.

Age Comparison with y
AMPLITUDE

125

A 35-33 yra
B= 40-44 yru
C= 45-49 yra
D= 50-54 yra
€= 55-85 yra

AMPLITUDE

FIGURE 13.5 Amplitude.

Age Comparison with Balli y
Stitfness

Ac 3539 yra
B= 4044 yrs
C= 4549 yra
D= 50-54 yro
E= 55-85 yre

FIGURE 13.6 Stiffness.
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Cutaneous ABSORPTION COEFFICIENT

The CAC is a measure of the elasticity defined as a dynamic time constant and
presumes that the hammer impact energy is lost exponentially with time. In this
study the CAC increases with age, as shown in Figure 13.7.

COEFFICIENT OF RESTITUTION

The COR represents the ratio between the hammer rebound speed to the hammer
speed just before the impact on the skin. The COR increases directly with age as is
shown in Figure 13.8.

DISCUSSION

The three basic parameters reported by previous investigators, amplitude, CAC, and
COR, are confirmed in this study. Amplitude and COR decrease with age, while
COR increases with age. These three parameters move in the direction one would
expect as the subject’s age increases. The stiffness parameter, however, shows a
biphasic curve when plotted as the subject’s age increases.

This phenomenon might be explained if one considers first that all the subjects
were female, and second that the ages of the subjects ranged from 35 to 49 years
during the period that the stiffness decreased; a period of life for females representing
the maximum effect of estrogen on connective tissue. It is well known that estrogen
stimulates collagenase production by fibroblasts, a mechanism responsible for
endometrial sloughing in the menstrual cycle; however, this action of collagenase

Age Comp with Ballist Y
CAC
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FIGURE 13.7 CAC.
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Age Comparison with Ballistometry
COR
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FIGURE 13.8 COR.

is decreased, but does not diminish entirely. Cross-linking of collagen and lack of
production of new collagen would contribute to overall stiffness.

CONCLUSIONS

The IDRA ballistometer is described in detail and clinical data presented using this
instrument to evaluate viscoelastic properties of the skin of 70 female subjects. The
ballistometer is a sensitive and accurate means of determining viscoelastic properties
of skin. It is noninvasive, offers a quick and easy evaluation, and has a wide dynamic
measurement range. It measures four parameters: amplitude, stiffness, cutaneous
absorption coefficient, and coefficient of restitution, three of which have been pre-
viously reported. Stiffness is reported in this chapter as an additional parameter. The
data obtained in the clinical study on 70 female subjects show a decrease in the
values with age for amplitude and the coefficient of restitution, while the cutaneous
absorption coefficient shows a direct increase with age (Figure 13.9). Stiffness fol-
lows a biphasic curve decreasing to age 50 and increasing sharply after age 50.
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Age Comparison with ¥
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FIGURE 13.9 Age comparison with ballistometry.
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INTRODUCTION

The stratum corneum provides an important physical barrier that protects the body
from desiccation, infection, and minor traumata. The “competence” of the stratum
corneum in providing physical protection against injury depends on its biomechan-
ical properties. This protective property is often thought of as “hardness” but is better
described as increased stiffness, tensile strength, and mass.
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While impairment of this barrier often leads to dermatitis, many endogenous
skin disorders actually reduce the competence of the skin in providing this barrier.
The aim of this instrumental technique is to measure the mechanical properties of
the stratum corneum in isolation from its underlying structures. This will be of major
benefit in studying the causes and treatment of many skin disorders and dermatoses
such as atopic dermatitis or ichthyosis where abnormal keratinization is a feature of
the disorder.

This chapter describes just one instrumental approach adopted to obtain
mechanical information from this layer using dynamic microindentation. A prototype
computer-controlled indentometer has been developed that uses a 1-mm-diameter
flat-tipped needle to indent the stratum corneum by a preset distance of 20 pm. A
piezoactuator is used with a response time of 1 ms. Dynamic indentation serves to
isolate the stratum corneum surface response from that of the slower underlying
tissues, but produces considerable inertial artifacts. To measure the true mechanical
resistance of the skin surface, matched force transducers and then an impedance
head were used as a means of canceling out these artifacts. The precise positioning
of the indentometer tip to the skin surface and its subsequent indentation is auto-
mated by the computer program ensuring both reproducibility and ease of use.

Measurement of changes in the reaction force to indentation will enable char-
acterization of the mechanical properties of the stratum corneum. Thus, changes due
to disease or its treatment, and to application of topical agents such as emollients,
can be quantified.

STRATUM CORNEUM MECHANICAL COMPETENCE
INTRODUCTION

One of the primary functions of the stratum corneum is to provide a physical barrier
protecting against mechanical insult and trauma.' Apart from an exceptional ability
of the skin to repair itself, the competence of the stratum corneum at providing
protection against mechanical injury is related to its strength, flexibility, stiffness,
and hardness. The hardness of a material is defined as resistance to wear, indentation,
and scratching,? although what is perceived as increase in hardness of the stratum
corneum may in fact be a combination of increased stiffness. strength, and mass, as
well as true hardness. However, tensile strength, stiffness, and hardness are interre-
lated properties.’

Thus, measurement of stratum corneum hardness is one way that the mechanical
competence of stratum corneum can be assessed. In classical engineering, the mea-
surement of hardness is usually carried out by indenting the surface of the material
being tested, and this practice has been used for the testing of skin. Schade? was the
first to use the technique on skin and since then it has regularly been advanced as
a technique by other researchers. By measuring the forces involved in the point
indentation of stratum corneum, it is believed that one or more parameters relating
to strength, stiffness, and hardness can be obtained. This would then provide a
measure of stratum corneum mechanical competence.
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Biomechanical characterization of the stratum corneum could do much to
improve clinical decision making and therapy. Impairment of this physical barrier
invariably results in some form of dermatitis.*® Conversely, many endogenous skin
disorders reduce the mechanical competence of the skin in providing this barrier.”
In many disorders, abnormal keratinization or desquamation results in the stratum
corneum becoming thickened and stiff, often leading to brittleness and fissuring.®
In some disorders, severe mechanical fragility can result.? It is also likely that it is
altered after prolonged occlusion of the skin leading to an increased susceptibility
to mechanical (and possibly chemical) trauma. Indeed, changes found in stratum
corneum compliance after glove patch occlusion'” have raised the question whether
this is indicative of a less mechanically protective stratum corneum, as perhaps
would be expected. To address these problems, a microindentometer device was
constructed, based on the principles of an earlier instrument.'’

This chapter describes the development of a research instrument to characterize
the mechanical response of the stratum corneum in vive to microindentations to
assess stratum corneum mechanical competence.

Review OF INDENTATION RESEARCH

Many researchers have used indentation as a way to study the mechanical properties
of skin. However, very few have used the technique to investigate stratum corneum
properties. Rather, the dermis, whole skin, and even muscle have been the focus of
attention. Schade* used a spherical ball on the end of a pivoted arm. The force for
indentation was provided by a 50-g mass. The depth of indentation produced was
of the order of millimeters. Schade’s method and design has been used by a number
of investigators.'>'* Most later workers have used smaller indentors. A flat disk was
first used by Vlasblom'® and then by Dikstein and Hartzshtark,'® who continued to
use weights to provide the indentation force. A different approach was adopted by
Barbenel et al.,'” who compressed a fold of skin with a predetermined constant
deformation and measured the force that was required to do this. Some authors have
employed commercially available hardness testers used in the rubber industry. Peck
and Glick'8 used one such device called a durometer to carry out in vifro measure-
ments on keratin specimens. Falanga and Bucalo' and Romanelli and Falanga®
used a similar durometer device to assess skin hardness in patients with scleroderma.
Measurements were taken by resting the device under gravity against the skin of
finger pads, forearms, and thighs, and taking four consecutive readings as the skin
exhibits creep. Good correlation was found between durometer readings and clinical
severity score. A different technique was described by Prall.*' based on the lowest
load able to cause a stylus to visibly scratch the skin. A scratch was distinguished
by its ability to scatter light.

A number of authors have published work on measuring the hardness of muscle
tissue. Honda?? used a spherical indentor of S mm radius and compared measured
values with a theoretical spring and dashpot model. Horikawa et al.** devised a hand-
held instrument for evaluating muscle hardness consisting of a 1-cm?’ pressure disk
attached to a load cell. A separate optical displacement transducer was fixed to the

side of the instrument. In op&géi}%gg{g%q %ljg!?gplied manually. The indentation
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produced and the force required to produce it is continually recorded. Other authors
have developed large-scale in vivo indentation systems for the investigation of pres-
sure sores,”* and for the biomechanical characterization of limb tissues in rehabili-
tation engineering.”-27

On a scale that could prove useful for future in vitro studies of stratum corneum,
a cell-indentation apparatus (cytoindenter) has recently been developed to obtain
intrinsic material properties of individual cells attached to a rigid substrate.?® Mean-
while, researchers investigating the dermal anchoring of skin equivalents have used
a spherical indenter in a quasi-static test of tensile properties.?

Only one indentation device has been constructed specifically to investigate the
pliability and hardness of stratum corneum.’>? The device consists of an inter-
changeable needle mounted on a moving coil vibrator, which was electronically
controlled,* to give a single indentation movement of variable travel to a maximum
of 100 wm, lasting 4 ms. The needle was manually positioned above the skin using
a modified microscope translation stage. Needles used had tip diameters of 1, 10,
and 20 um. The original version used a linear variable displacement transducer;
however, this was removed at a later stage as it was found to be a source of artifact.!!
In vitro samples of thigh skin that had been ditferentially hydrated were indented.
A decreasing resistance to indentation was found with increasing levels of hydra-
tion.”> Successive removal of the stratum corneum using skin surface biopsies™
produced a reduction in the indentation force registered.” The effects of delipidiza-
tion and hydration on the forearm skin indentation were measured.!' Delipidization
with diethyl ether was found to cause an increase in resistance to indentation:;
however, the effect had almost disappeared 20 min later. Hydration of forearm skin
was found to reduce resistance to indentation.

MEASUREMENT PRINCIPLES
INTRODUCTION

The microindentometer is based on the principle that indentation of the stratum
corneum by a needle is opposed by the extensible horny membrane. Hendley
et al.'' stated:

As the skin is a viscoelastic structure the faster the [indenting] needle moves the smaller
is the time available for skin surface elongation to relieve the indenting force and the
greater the viscous drag. Therefore, the force registered on initial impact will depend
mainly on the properties of the horny layer.

Although the theory is still poorly developed, it is known that viscous effects are
proportional to velocity, so if the stratum corneum is viscoelastic, then the force
registered by a rapidly moving needle will depend on stratum corneum viscosity as
well as stiffness. If the underlying epidermis deforms only a little due to stratum
corneum viscosity, then one can consider that the reaction force depends mainly on
stratum corneum properties. However, it is possible that a stiffer stratum corneum

would cause depression of HE&E’}?}S&] %? o"hlejaezre'?‘%fuea of stratum corneum.
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The success of the device depends on its ability to rapidly indent the stratum
corneum by an amount that is of an equivalent order of magnitude to its thickness
(10 to 15 pum). Impedance measurements of human finger pulp®® based on the
mechanical model attributed to Voigt and Kelvin give a minimum mechanical
impedance of around 250 Hz with characteristic stiffening at higher frequencies.
This indicates that the needle must be able to move at a velocity greater than
5x 10°ms~' (10 pm in 2 ms) in order for the skin to present itself as a stiff system.

The authors have chosen to implement an impact response approach to the
extraction of stratum corneum properties. This maximizes the possibility of sepa-
rating the mechanical responses of underlying tissues in the time domain, since it
would be expected that some time delay in the response of tissues would be pro-
portional to the distance from the indenting tip. Furthermore, input from a step
function by definition imparts a range of frequencies into the skin and enables
analysis of the response in the frequency domain. Methods of extracting useful
frequency responses from step or point function excitation are well developed.

HARDWARE

A microindentometer device was
designed and constructed. In part it was
based on the original indentometer
device of Guibarra, Nicholls, Hendley,
and co-workers, reviewed above. Their
device used a moving coil vibrator,
incorporating a linear variable displace-
ment transducer (LVDT). It was clear
that a far more reliable instrument could
be produced by utilizing some of the
recent advances made in the field of laser
and optics technology. The component
parts and operation of the new inden-
tometer shown in Figure 14.1 are
described below.

Indentometer Actuator and Needle

The instrument works by rapidly indent- FIGURE 14.1 The indentometer device
ing the stratum corneum to a maximum without arm rest or pressure cuff.

depth of 20 pm and monitoring the force

of reaction. A piezoelectric actuator and controller (Photon Control/Melles Griot
NGS20ZC and NDAS501-75Fc) were used. The actuator can move a component,
such as a lens, mirror, laser, or in this case a force transducer and “‘needle,” by
distances of up to 20 um at a speed of 10 pm in 1 ms. This type of actuator will
perform the operation repeatedly and without error. Needles of 1 mm diameter and

smaller were used (Figure 14.2).
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FIGURE 14.2 Close-up view of 1-mm indentometer “needle” mounted in force transducer.

Positioning System

One of the major technical problems with stratum corneum indentometry is accu-
rately positioning the indentometer needle above the stratum corneum before com-
mencement of indentation. This is because it is difficult to measure precisely the
location of the part of the skin surface to be indented, in relation to the position of
the needle. The indentometer resolved this problem by using an automated probing
and indentation action as shown in Figure 14.3. The automated procedure that was
used is described as follows:

I. The indentometer moved toward the skin in 10 pm steps performing a
20-pum indentation “jab™ after each maneuver.

2. When a predetermined, sufficiently large reaction force was registered,*
the needle had reached a position of maximum indentation and the step-
ping forward ceased.

3. The indentometer moved back 50 um and made a reference measurement,
indenting “free air.”

4. Then the indentometer returned to the position of maximum indentation
and repeated the previous “jab.”

5. Finally, the indentometer stepped back 2 pm, made a 20 um indentation,
and repeated this maneuver 20 times.

All vertical movement was computer controlled and provided by an encoder-driven
motorized positioner (37-1104 Ealing Electro-Optics plc).

Mounting Components

The whole device was attached to a damped column (Ealing Optics) shown in
Figure 14.1, which was in turn bolted to an aluminum “bread board™ (Newport).

* This is calculated from previous measurements to ensure that in the final part of the procedure (step 3).
some of the indentations commence with the needle in contact with the skin and some commence clear

of it. Copyrighted Material
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FIGURE 14.3 Schematic diagram of indentometer movement control.

This was mounted on a vibration-isolated concrete slab to minimize the effects of
extraneous vibrations on measurements. An arm rest was constructed for immobi-
lizing the forearm in position. A metal stop bar with a 12-mm-diameter hole in it
was clamped down over the skin to prevent any movement. To immobilize hands
for measurement, a blood pressure cuff was used in place of the arm rest. By inflating
the cuff under the hand, the area of skin to be measured was pressed against the
hole in the metal bar (Figure 14.4). Sufficient pressure was used to keep the hands
still; however, measurements had to be completed within a maximum of 5 min
because of the discomfort from blanching.

FIGURE 14.4 Indentometer device in use with hand immobilization provided by an inflated
blood pressure cuff.
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Force Measurement

The reaction force to rapid indentation was measured using two piezoelectric force
transducers. On indentation of skin, the force transducer into which the needle is
mounted registers not only a resistance force from the skin but also a large inertial
force contribution due to the acceleration and deceleration of the transducer. The
signal from the second transducer and balanced charge amplifier was used to cancel
out this inertial force component by putting the two signals through a differential
amplifier (Figure 14.5). The resultant signal was low-pass-filtered.

Balanced

Charge AMp  pitferential

Charge Amp Output

Piezo-electric
Force Transducers

Needle

FIGURE 14.5 Differential force measurement to cancel the inertial force contribution.

As it was not possible to balance the two force transducers completely, a further
cancellation of residual artifacts was achieved by using the recorded response from
indenting free air and subtracting this from each indentation signal measured. The
resultant signal was taken as the reaction force measurement. Figure 14.6 shows this
further cancellation. The bottom trace is the filtered signal placed in computer
memory after indentation of free air and includes residual inertial artifacts. The
second-to-bottom trace is the filtered signal from indentation of skin with the same
artifacts. The top trace is the indentation signal with the artifacts canceled. The
second-to-top trace is the resultant indentation signal (with artifacts canceled) from
a previous measurement when the skin was indented by a lesser amount.

Computer Control

An IBM-compatible PC computer was used. The piezoelectric actuator/controller
system was controlled using an IEEE PC card (Brain Boxes Ltd.). The motorized
positioner was controlled using a DCX controller card and DCX-MC110 DC servo
module (Precision Micro Control Corp.). The PC interface and the DCX-PC100

motion controller drivers w&tgpﬂrs;a}]rteo& ﬁg}g/ﬁg} control. Data acquisition was
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FIGURE 14.6 Skin indentation force signals. Bottom trace: free-air reference signal in
memory; second to the bottom trace: signal from indentation of skin; top trace: resultant force
signal after subtraction of artifacts; second to the top trace: resultant force signal from a
previous measurement.

achieved using a PCI20091W 89 kHz analog input board (Burr Brown), in DMA
mode. Integrated software was written in Microsoft QuickBasic v4.5.

TAKING AND INTERPRETING MEASUREMENTS

Two experiments were carried out using the device.

PosiTioN TesTING OF NEEDLE RELATIVE TO SURFACE

Measurements were made of an in virro test surface (insulating tape), in order to
test the automated probing and indentation action. Three successive runs were made
using the same surface, but moving the indentor laterally by a millimeter between
runs, so as not to indent any spot more than once.

Figure 14.7a shows the results of the first three series of indentations. The
position of maximum indentation is marked as O um. As the indentometer stepped
away from the material, it eventually cleared the surface and no indentation signal
was detected. From this, the position of the surface was deduced and the data
replotted relative to the surface. The result of transforming the data in this way is
shown in Figure 14.7b. The force reading representing a full 20 um indent from a
starting position just touching the surface is shown at —20 um on the graph.

INDENTATION OF HUMAN STRATUM CORNEUM

Measurements were carried out on the palms of two volunteers. Sites at the base of
the fingers where calluses had dorpygdand sitgs 1 the thenar eminence were measured.
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FIGURE 14.7 Indentation of an in vitro test material (insulating tape). Testing the auto-
mated probing and indentation action for determining position of the needle relative to a

surface. (a) Position relative to first (maximum) indentation; (b) position relative to surface
of test material.

In both experiments the integral of the force signal was used to represent the
resistance to indentation, rather than the peak force. Computer calculation of the
peak indentation force is complicated by the fact that the signals still contain some
noise ripple. Averaging the signal is problematic: the time overheads are large for
a reliable and accurate determination of peak force. Calculating the area under the
force curve is a much quicker and simpler way of assessing the magnitude of the
resistance to indentation. Analysis of some data from this experiment was carried
out using both the force inte@@P¥H@H achAbalamalysis of peak force.
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A sample force trace from a 20 pm indentation of the thenar eminence is shown
in Figure 14.8. Peak indentation was achieved in about | ms. Figure 14.9 provides
a comparison of the peak and integral force methods of representing the resistance
to indentation. It can be seen that the two traces virtually superimpose.

Data from the indentation of callus and thenar eminence skin are shown in
Figures 14.10 and 14.11. Each set of plotted data was the average of two measure-
ment cycles. The callus measured from volunteer “CE” gave a greater resistance
force to 20 um indentation than the callus from volunteer “RH.” The response of
the thenar stratum corneum of both volunteers was similar, the resistance force to
20 um indentation being almost identical.

25 :
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-5 T | T |
0 1 2 3 4
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FIGURE 14.8 A sample indentometer force trace from a 20 pum indentation of stratum
corneum from the thenar eminence in vive,
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FIGURE 14.9 A 20 pm indentation of human stratum corneum in vivo. Comparison of
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FIGURE 14.10 A 20 pm indentation of human callus stratum corneum in vivo. Moving
average data from two indentation cycles.
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FIGURE 14.11 A 20 pum indentation of human thenar stratum corneum in vivo. Moving
average data from two indentation cycles.

DISCUSSION AND PITFALLS

The results from indenting an in vitro test material demonstrate that the automated
probing and indentation routine works well. After transformation, a clear correlation
was observed between each trace (Figure 14.7b), indicating that the position of the
test surface had been deduced correctly. It can be seen that for experiment 1 (-x-).
the predetermined reaction force for maximum indentation (20 pm) was insufficient

and was only just sufficient for experiment 2. It was modified for experiment 3.
Copyrighted Material
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The superposition of the traces in Figure 14.9 demonstrates the validity of using
the area under the force curve (integral) in place of the peak force, to represent the
magnitude of the resistance to indentation. A peak force of 0.2 N was approximately
equivalent to 100 arbitrary units (force x time).

In both Figures 14.10 and 14.11, at the point when the indentometer no longer
indents the skin there is a clear drop in the force readings. The response from the
callus of volunteer “CE" appears to be stiffer than that from volunteer “RH.” Clearly,
the resistance to 20-pum indentation is greater. However, the same was not observed
for measurements taken from the thenar eminence. The similar response of the thenar
stratum corneum is as expected as both volunteers were male, in their 30s, and in
the same type of occupation.

From Figure 14.11 it would appear that once greater than full indentation occurs,
there is a rapid increase in the reaction force. However, more data should be collected
to gain a greater understanding of how the skin surface responds to the indentation
cycle. This would also enable optimization of the stepping and indentation cycle,
improving its efficiency in obtaining a prompt reading. The 4 pum delay in the rise
of trace from volunteer “CE” (-x-) may be because noise or artifacts resulted in an
incorrect deduction of the skin surface position. However, it is also possible that the
measurements were affected by a trough in the skin surface. The surface of the
stratum corneum consists of many relatively flat plateaus separated by a network of
troughs that crisscross the skin surface. If the indenting needle straddles a trough
of similar magnitude to its diameter, then the resistance to indentation is likely to
be reduced in some way. Consideration was given as to the size of these plateaus.
A series of pictures of increasing magnification were taken of positive skin replicas
using an electron microscope. From these, it was possible to relate both the size of
the plateaus and individual corneocytes to the topography of the skin.

Immobilizing the hand reliably and allowing for no movement or vibration of
the instrument is vital for successful measurements. Figure 14.12 illustrates this
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FIGURE 14.12 Repeated 20 pm indentation of human stratum corneum in vivo, demon-
i 2 i ing cuff pressure.
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point well. It shows data from the repeated indentation of the stratum corneum of
one volunteer. In this case, the pressure in the supporting cuff was inadvertently
allowed to drop, so that the skin surface slowly moved away from its original
position. This was realized halfway through the procedure, so when the pressure
was returned to its original level, the skin surface moved back to its original position,
producing a slight increase in the force measured. The dashed line indicates the trace
that would have been obtained had the pressure drop not occurred.

The question arises whether the indentation cycle involving multiple indentations
affects the measurement by initially damaging the skin. While it remains a possibility,
it is not likely because the speed of indentation (~0.01 ms™'), although fast, probably
does not pierce the stratum corneum. However, this needs to be tested in future
experiments. Nicholls* used a stereomicroscope to examine skin that he had
indented by 90 pm at a speed of approx 4.5 x 102 ms~'. However, no signs of surface
damage were found.

Mention should be made of the elimination of inertial forces by differential
measurement. No mention is made in any of the published work on the original
indentometer (reviewed above) of accounting for any inertial force contribution.
There is no doubt that inertial forces would have affected the measurements made.
With this in mind, the validity of the data is in doubt. Some of the trends reported
are convincing and it is possible that a harder, stiffer stratum corneum would produce
a significantly greater deceleration of the indenting needle and thus a greater inertial
contribution. If this is the case, then the original device measured hardness in terms
of increased deceleration of the indenting needle, rather than increased resistance
to its penetration.

FURTHER DEVELOPMENT

Dynamic indentation, although helping to isolate the stratum corneum surface
response from that of softer underlying tissues, produces considerable inertial arti-
facts, which the above design has difficulty in eliminating.

An impedance head (PCB Piezotronics), which incorporates a load cell and an
accelerometer in a single compact package, has been used to replace the matched
force transducer arrangement described above. It measures the force of resistance
offered by the stratum corneum to indentation and enables cancellation of the inertial
forces generated by the acceleration/deceleration of the mass of the indentation head
and needle assembly. Initially, inertial mass cancellation was carried out in the time
domain using

F:\' = Fm - ma

where F| is the sensed force, F,, is the measured force, m, is the inertial mass, and

a the acceleration. Although with filtering and calibration for free-air “null” inden-

tation representative data have been obtained, it cannot be consistently captured.

This is because the dynamic characteristics of the transducers and the overall system

are frequency dependent. What is required is a frequency-dependent transfer function
Copyrighted Material
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to describe the dynamic response of the system. The transfer function for the
indentometer impedance head without skin contact is

H,=A/lF, = 1M,

where A is the acceleration, F) the indicated input force, and M,, the inertial mass.
Figure 14.13 shows the frequency response function (transfer function) for the
impedance head obtained using a two-channel digital signal analyzer (Diagnostic
Instrumentation D2200). The measured transfer function with the indentometer in
contact with the skin is

Hy =AIFy,

where F), is the measured force. Figure 14.14 is the frequency response function
obtained from 10 um indentation of palmar skin. The force applied to the skin is
Fy=(Fy, — F)). It is now possible to substitute the two frequency-dependent transfer
functions using the equations above, to obtain the corrected indentation force. This
can be done using fast Fourier transforms and their inverse.

DISCUSSION AND CONCLUSION

Although reasonable inertial compensation was achieved in the arrangement of
matched force transducers described above, the matching was not exact and a
repeated differential with a free-air indentation was necessary to recover a signal
from skin. Furthermore, the arrangement was a little bulky and placed restrictions
on which skin site could be indented. The use of an impedance head is more compact

Transfer function for indentation into free air
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FIGURE 14.13 Transfer function free air.
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Transfer function for indentation into skin
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FIGURE 14.14 Transfer function 10 um indentation of palmar skin.

and should eventually allow dispensing with the free-air measurement immediately
prior to skin indentation.

Dynamic point indentation currently rests on the theory expounded by Hendley
et al.'" The current assumption is that a velocity of 0.01 ms' is sufficient for the
viscous properties of stratum corneum to be significant. If it is found that faster
indentation is required, then the inertial compensation technique adopted will be
even more pivotal to the success of the device.

In conclusion, the ability to measure the reaction force from the precise inden-
tation of the stratum corneum has been demonstrated. Inertial forces have success-
fully been eliminated using differential measurement. The point of contact with the
skin surface can be found with relative ease using the automated stepping and
indentation technique.

By measuring changes in the reaction force to indentation, it will be possible to
characterize the mechanical properties of stratum corneum and to assess its mechan-
ical competence in disease and treatment.
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INTRODUCTION

Standardization of measurement methods has been a goal of many researchers
working on noninvasive measurement of skin function. For example, Pierard' stated,
“optimization of noninvasive biophysical measurements should benefit from strict
standardization of measurements and frequent calibration of devices.” While no
absolute standards for skin measurements have been published, helpful guidelines
have been published for measurement of transepidermal water loss (TEWL)* and
the electrical properties of skin for assessment of skin hydration. Cook* called for
standardization of mechanical measurements 20 years ago, and recently the EEMCO
group has begun a series of papers discussing guidelines for skin mechanical mea-
surements.>® Rodrigues® illustrates the difficulty in standardizing biomechanical
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measurements of the skin by pointing out that that estimates of Young’s modulus of
elasticity for skin in vivo vary by four orders of magnitude.

There are at least two factors that make standardization of mechanical measure-
ments difficult. As anyone reading this book will realize, there are several commonly
used devices for determining the mechanical properties of skin that work by quite
different principles. For example, the dermal torque meter will obviously require
different standards than the ballistometer. The other problem is that different workers
are trying to obtain fundamentally different classes of information from the mea-
surements. Experiments designed to test the efficacy of a moisturizer are likely to
require significant differences in procedure from those designed to determine the
effects of wound treatments on the mechanical properties of scars or the effects of
medical interventions on diseases of the skin. For these reasons, this chapter will
not attempt to promulgate standards for each type of measurement under each
condition. Instead, the chapter discusses the factors that the author considers impor-
tant to control as carefully as possible and some principles of standardization that
may apply to the general problem of measuring the mechanical properties of skin.

FORM OF THE DATA

The many different instruments provide data in various formats. The two commonly
used, commercially available instruments, with which the author is most familiar,
the Cutometer® and the Dermal Torque Meter® (DTM), can both provide an output
of the general form shown in Figure 15.1. This output results when the deforming
force (vacuum or torque) is applied for a period of time and then released.

U = elastic deformation of the skin due to the application of stress
(vacuum or torque) by the instrument

U, = viscoelastic creep occurring after the elastic deformation

U, = total extensibility of the skin

U, = elastic deformation recovery due to stress removal

U, = total deformation recovery at the end of the stress-off period

R = amount of deformation not recovered by the end of the stress-off

period
U,/U; = overall elasticity of the skin including creep and creep recovery
U,/U, = pure elasticity ignoring viscoelastic creep
U,/U, = ratio of viscoelastic to elastic extension called the viscoelastic ratio
U,/U, = ratio of elastic recovery to total deformation

INSTRUMENTAL FACTORS

The majority of instruments for measuring the properties of skin in vivo supply a
specified deforming force to the skin, and the extent of the resulting deformation is
measured. It is not really possible to separate contributions from the various skin
layers, but the general principle is to minimize the extent of the deformation when

attempting to study effects on the stratum corneum and to use larger deformations
Copyrighted Material
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FIGURE 15.1 General form of Cutometer (mode 1) and DTM curves.

when attempting to study the mechanical properties of the dermis. Most studies of
the effect of water or moisturizer on skin elasticity with the Cutometer have used
the 2-mm-diameter probe.”'” The author has found that using a pressure of 200 mbar
of negative pressure leads to more sensitivity to moisturizing effects compared with
500 mbar of negative pressure.'' Pierard et al.'” performed a systematic study com-
paring the 2- and 8-mm-diameter Cutometer probes and concluded that the claim
that the 2-mm probe is better suited for the study of moisturizers is only justified
for pressures of 200 mbar or less. With the DTM the author used the I-mm ring
gap when studying moisturizers” or short-term application of water'® and the 5-mm
ring gap when investigating the mechanical properties of scars resulting from treat-
ment of burns with cultured skin substitutes.' Although use of lower deformations
does lead to more apparent sensitivity of the measurement to effects that should be
occurring in the stratum corneum, Diridollou and co-workers'*!'® used a combination
of ultrasound and suction measurements to show that both the dermis and even the
subcutaneous fat are deformed under 50 mbar of negative pressure with a 3-mm-
diameter opening. Thus, it is necessary to keep in mind that at least some contribution
to the measurement is coming from lower layers of the skin even when relatively
small deformations are used.

CONTACT PRESSURE OF THE INSTRUMENT ON SKIN

Contact pressure is an important variable with virtually all biophysical measurements
that are made with skin contact. The effect is easily verified with the Cutometer by
making measurements at different contact pressures on the same site. Table 15.1
shows the effects of contact pressure on some of the Cutometer parameters obtained

at the same site on a single subject.
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TABLE 15.1
The Effects of Contact Pressure on Several Cutometer
Parameters Using the Same Site on a Single Subject

Contact

Pressure, g U, (74 U, u, U, R Uy,
250 0.42 0.27 0.69 0.58 0.46 0.11 0.675
500 0.29 0.22 0.51 0.41 0.30 0.10 0.750

Pressures were varied by placing weights on top of the probe. Pushing the
Cutometer probe down just enough to deform the spring to the point that the outer
and inner cylinders of the probe are even also results in about 250 g of contact force.
Increasing the contact pressure decreased U,, U,, Uy, and U, but did not effect R.
The viscoelastic ratio U,/U, was increased at the higher pressure. The Cutometer
spring allows fairly good control of contact pressure, but practice is required and it
is very important to make this point when training operators. It is also important
that the person performing the measurements be blind to the treatment so that he or
she does not unconsciously influence the measurement through contact pressure.
Whenever possible, the same operator should perform all measurements in any given
study. With the DTM, the weight of the instrument is usually used to control contact
pressure. With other instruments the contact pressure should obviously be controlled
as carefully as possible.

PRETENSION

The Cutometer gives the option of applying a brief pretension to the skin. Barel
et al.'” report that using the precondition or pretension mode of the Cutometer can
have a significant effect on some of the elastic parameters measured. U,/U, and
U,/U; were found to be higher after pretension was applied indicating that precon-
ditioned skin recovers more of its elastic deformation. If preconditioning is used, it
should be reported.

ENVIRONMENTAL FACTORS

The first consideration in performing in vivo trials with human subjects is to ensure
that the subjects are comfortable and equilibrated to the room conditions. The
author’s group usually controls temperature at 20 to 22°C and relative humidity at
35 to 45% and allows at least 20 min equilibration time with subjects sitting
comfortably in a reclining chair. While mechanical measurements are not as sensitive
to skin surface hydration as electrical measurements.® they have been shown to have
some sensitivity to hydration™®'¥ so control of relative humidity and equilibration
to avoid sweating by the subject are important. If other biophysical measurements
are also being made, as they nearly always are, these measurements are usually taken
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before mechanical assessments. This is especially important with the DTM because
the DTM probe is affixed to the skin with double-sided tape.

SUBJECT FACTORS

INFLUENCE OF GENDER

For the most part, studies of the mechanical properties of skin have not found an
influence of gender on skin elasticity parameters.'”!? Pierard et al.'? investigated the
effect of gender on the Cutometer in a study with 100 male and 100 female subjects
on forearm skin using both the 2- and 8-mm-diameter probes. The only statistically
significant effect of gender was on U, with the 2-mm-diameter probe. Auriol et al.”
saw no difference in baseline forearm data but did see a larger effect of short-term
hydration in women when using the Cutometer.

Race

There have been relatively few studies of the effect of race on the mechanical
properties of skin. Berardesca et al.?’ reported differences in elastic recovery between
the volar and dorsal forearm in white subjects that were not seen in blacks and
attributed the difference to protection against elasticity changes due to sun exposure
in darker skin. Warrier et al.?! reported significantly higher elastic recovery on facial
skin of whites compared with blacks but no significant difference on the skin of
lower legs with the same subjects. They also attributed the difference to elasticity
changes due to sun exposure.

Boby SiTE

There have been numerous studies demonstrating clear differences in the mechanical
properties of skin from different parts of the body,'”'*** and it is obvious that this
parameter must be controlled.

AGE

One of the major applications of skin mechanical measurements is to the study of
both intrinsic and sun-induced aging of the skin,'**-° so it is not surprising that
this factor must be controlled and the age range of the subject should be reported.

SusjecT FACTORS AND ConNTtrOL SITES

When conducting studies that involve treatments, it is often feasible to overcome
problems with control of subject factors by using each subject as his or her own
control. Measurement made at baseline can be compared to treatment on the same
subject at the same site. It is also sometimes possible to maintain a contralateral site
as an untreated or placebo-treated control.
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CONCLUSIONS

Mechanical measurements of skin function have progressed considerably in the past
20 years. Reliable commercial devices are now available for measuring several
different aspects of skin mechanics. With adequate control of instrumental factors,
it is possible to obtain valuable data relating to the effects of treatments, disease
states, or the natural aging process. Because there are so many different instrumental
approaches and different factors to study, it does not seem feasible to set absolute
standards. Rather, general guidelines are in order and those practices that are appli-
cable to other bioengineering methods, such as control of instrumental parameters,
measurement environment, treatment site, and contact pressure, are also required to
achieve good skin biomechanical measurement.
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INTRODUCTION

The skin performs numerous functions vital to the maintenance of homeostasis.
Faced with a variety of extrinsic factors, such as physical trauma from the sun, wind,
temperature changes, and the dynamic movements of the body, as well as the intrinsic
aging process, its integrity is well preserved by a complex interaction of the three
layers: epidermis, dermis, and subcutaneous tissue.

The epidermis, particularly the stratum corneum layer, provides a barrier to
permeability. It is tough and resilient as a result of the presence of fibrous keratin.
Evidence for stratum corneum elasticity has been described;'? intraepidermal elas-
ticity has also been associated with the presence of sweat.’ The relatively thick
dermis together with the subcutaneous fat gives the skin its toughness and elasticity,
an important mechanical property primarily attributable to the intra- and inter-
molecular cross-links of collagen, elastic, and reticulin fibers embedded in ground
substance.*® The extensibility of the skin, however, shows directional variation
characterized as anisotropy.®’

The regional variability and age dependency of the elastic properties of human
skin in vive has been examined utilizing a noninvasive suction device.

REGIONAL VARIABILITY OF IN VIVO
ELASTIC PROPERTIES

Measurements were performed in 33 volunteers on 11 anatomical regions: forehead
(center), postauricular, upper arm (inner middle third), volar and dorsal forearm
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(center between wrist and elbow), palm (thenar aspect), abdomen (3 cm above
umbilicus), thigh (anterior, upper third), ankle (medial malleoli), upper back (scapula),
and lower back (at level of L1). Except for measurements of the abdomen where
volunteers were recumbent, all measurements were taken with volunteers seated.

The population was divided into four groups: Group A: 8 young females (age
25.8 £3.0; mean + SD); Group B: 9 older females (age 74.7 +5.7); Group C:
8 young males (age 28.3 + 1.2); and Group D: 8 older males (age 75.1 £ 4.8). All
participants were Caucasians with no signs of apparent skin disease.

Skin elasticity was measured with a commercially available suction instrument
(Cutometer SEM 474, Courage & Khazaka, Cologne, Germany). This instrument
measures the elastic properties of skin based on the principle of suction/elongation,
and is described elsewhere in this book. Because of the small test area (suction
chamber = 3 mm?), skin elongation contributable from the dermo-subepidermal junc-
tion is considerably smaller than it is from instruments with larger suction chambers,
e.g., the Dermaflex A (suction chamber = 80 mm?).*

In this study the time—strain mode was used with 5-s application of three different
loads: 100, 200, and 500 mbar, followed by a 5-s relaxation period. The skin
deformation was plotted as a function of time. A typical time-strain recording is
illustrated in Figure 16.1. The following parameters were recorded: immediate dis-
tension (U,), measured at 0.48 s; delayed distension (U,); immediate retraction (U, );
and final distension (U,).*'" The deformation curve consists of an initial purely elastic
component, followed by a viscoelastic, and a final purely viscous component.®

Differences were tested for their statistical significance using Student’s t-test for
differences between the age groups and by an analysis of variance for regional
variation. A p value less than or equal to 0.05 was considered statistically significant.

Uncorrected results of skin elasticity measurements with respect to anatomical
region and age for a load of 200 mbar are summarized in Table 16.1. There are
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FIGURE 16.1  Typical skin deformation plotted as a funct