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INTRODUCTION

The skin forms a barrier between the body and the external environment. Its functions [1, 2] are
to contain and support internal organs, to protect them from unfavorable external stimuli
(chemical, thermal, mechanical, biological, and radiative), to participate in maintaining a proper
internal milieu, and to serve as a sensory interface with the external world.

Mechanically, the most important functions of the skin are to support internal organs and
protect them (from abrasions, blunt impact, cutting, and penetration), while at the same time
allowing considerable mobility. The skin’s ability to perform this variety of functions results
from a unique combination of mechanical properties which are closely related to its microstruc-
ture. Both properties and structure change with body site, age, sex, weight, exposure, preg-
nancy, and disease, and under the influence of drugs and chemicals.

Skin mechanics, apart from being an interesting subject in itself, has considerable clinical
impact, especially in plastic surgery. The present chapter will be devoted to the mechanical and
structural characteristics of the skin and their significance in plastic surgery.

11.1 CONSISTENCY AND STRUCTURE OF THE SKIN

The skin accounts for about 16 percent of the body weight in human adults. Its surface area is
1.5 to 2.0 m? in adults, and it varies in thickness from 0.2 mm (eyelid) to 6.0 mm (sole of foot)
[3]. The skin consists of an outer layer, the epidermis, and the dermis. The latter contains
collagen, elastin, reticulin, fibrocytes, blood and lymph vessels, nerve endings, hair and hair_
follicles, and glands (sebaceous, sweat, and apocrine) together with their associated ducts. All
are embedded in what is called the ground substance—a gelatinous matrix consisting of water,
mucopolysaccharides (notably hyaluronic acid and chondroitin sulfate), proteins (mostly solu-
ble collagen), enzymes, and electrolytes. - -

The mechanical and barrier functions of the epidermis stem primarily from the stratum
corneum—an outer layer of keratinized cells. It is from ~ 10 to 200 um thick (sole of foot) and is
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organized as a multicellular membrane in which the cells (~0.8 um thick) are stacked in
columns and interdigitate with cells of adjacent columns |4].

The predominant components in the dermis are the ground substance and collagen fibers.
The collagen accounts for 60 1o 80 percent of the dry weight of the skin depending on age, sex,
and site [5, 12]. The collagen (primarily of type 1, with lesser amount of type 111) appears as a
three-dimensional, apparently disordered, network of wavy or coiled fibers. They are struc-
tured in several layers of primarily planar networks 6], with some fibers running between them
[7]. Scanning electron microscopic observation [8] suggests that the collagen fibers near the
epidermis (papillary layer) are finer and randomly oriented, while at the midzone they are
coarser and densely packed, and may show preferred orientation. In the deep zone they are
coarse again but are loosely packed.

The ground substance matrix accounts for 70 to 90 percent of the skin’s volume 19]. Al-
though it was traditionally considered to be amorphous, there is evidence [10, 11] which sug-
gests that some components of the ground substance are incorporated in the structure of the
collagen fiber.

Elastin accounts for about 4 percent of the dry weight [12, 13]. It appears as fine fibers which
intertwine around the thicker collagen fibers in the deep layers of the dermis, but are rather
straight close to the epidermis [6, 14-16]. Dick [16] observed that the elastin fibers in the main
dermis layer are coarser than those close to the epidermis.

x,mtﬁh,m\;mvn;wonc:::cqc..ann_.nas.o.,:_np__.wia_.m:_c-.:.nm_s:_:_.1_,_.a<m.‘o_co..:a;
around blood vessels and hair, close to the epidermis [9]. Their chemical composition is similar
to that of collagen [18]. Because of their minute quantity, they have little effect on the skin’s
overall response.

In response to uniaxial stretch the skin contracts in the lateral direction and the collagen
fibers gradually align themselves in the direction of stretch. Their packing becomes denser and
they subsequently stretch [6, 19, 20). The fibers’ alignment increases the strength and stiffness
in the direction of stretch—an important merit in a tissue which may be stretched in various
directions.

Stretch also affects the surface pattern of the skin. When skin is uniaxially stretched, the
surface grooves align in the direction of stretch while the surface roughness in this direction
decreases [21).

11.2 THE MECHANICAL ROLE OF THE SKIN COMPONENTS

Collagen fibers are the major mechanical elements in the skin. When these fibers are stretched,
their effects predominate over those of all the other components. They are strong (tensile
strength of 1.5 to 3.5 x 102 MPa) and stiff (Young’s modulus in the linear region is approxi-
mately 1 GPa), and they stretch reversibly up to 2 1o 4 percent. In the native state they are
viscoelastic [22, 71, 113]. Thermodynamic studies have revealed that collagen behaves like a
crystalline rather than a rubberlike material [23).

Elastin is considerably less stiff than collagen but can be reversibly stretched 1o more than
100 percent [24]. Its elastic properties are related to configurational entropic changes as in
rubber and rubberlike materials [25]. On the basis of mechanoenzymatic studies |26}, mechano-
histological observations [16, 27, 28], and comparative mechanical data |15, it is apparent that
the elastin fibers are the first to be stretched when the tissue is strained. Their effect on the
response of the whole skin is thus significant at low levels of strain when the collagen fibers are
still crimped. This notion is further strengthened by thermomechanical data [29] which show
that at low strain levels skin has a negative thermal expansion coefficient (as in elastin) while at
higher strain levels it is positive (as in collagen).

The role of the ground substance matrix in the response of the skin to tension is not yet
clear. Studies [155] on the effects of temperature and humidity on the spectrum of relaxation
times in very low strain levels (0.6 percent) show similar responses of skin to that of gels
consisting of hyaluronic acid and water. This suggests that the ground substance is responsible
for the viscoelastic behavior in this low strain range. It was also suggested that the Huidlike
ground substance exudates from the interfiber space while the fibers become reoriented and

densely packed upon stretch. This “‘flow’” of ground u.:Uu:.:.nn may be .,..u.ucﬁz.c»_. <<:__‘ the
viscous part of the skin’s behavior, primarily in the *‘toe’’ region :4__0 nonlinear region of the
stress-strain curve), in which the collagen fibers are not yet fully aligned and stretched. .

There exists, however, other evidence which suggests a lesser significance of the matrix.
Study of the in vitro response of rat skin in which the hyaluronic :r.:.._ A..omﬁ_.»_n»_ as the predomi-
nant mechanical component in the ground substance) was ditferentially digested |30] revealed
little effect on the rate of creep as compared with untreated controls. Similarly, Viasblom [31]
found no effect of the same treatment (hyaluronidase) on the rate of creep in torsional Lests on
human skin in vivo. Daly [32] found that in the initial reorientation phase (in s.\_:.n: the migration
of collagen fibers is thought to squeeze the fluid away), the response of the skin is approximately
elastic. The viscous effect is highest at the final linear region when the collagen fibers are closely
packed and straight. o o

Compressive tests of the skin (indentometry and skin-fold compressibility) u__:f significant
effects of the ground substance. The speed of compression [33-35], the amount :_. nxc_.mwm__v_n
fluid [34], and the skin’s permeability [36] all increase upon application of __S.__:‘c::_zw,n. I'hese
effects are thought (o be related to the water affinity of the matrix _::ncc:;u,.,.r.r._._,.:._anm. )

The epidermis contributes little to the skin’s resistance to stretch [37, 38], but its n:.::_.v._.
tion to the frictional resistance of the skin is predominant [39-41]. Its effect on the compressive
indentation response of the skin is not clear [35, 42]. More detailed review of the role of the
epidermis is given in Sec. 11.5.8.

11.3 IN VIVO STRESSES AND STRAINS

One of the most important features of the skin is its state of tension. Skin, in vivo, is =,=::==<
under tension. This tension (expressed as force per unit length) <=13..:_ the range c.. 0to 20
N/m [1, 27], depending on site, direction, and body posture. Upon excision, the skin will retract
by 5 10 30 percent, again depending on site, direction, and posture. . ) .

Directional effects in the skin tension have since long been reported [43] and investigated in
detail [20, 44]. It was found that circular punctures produce elliptical holes _u._u_.:& :_..:_n skin.
The trajectories of the splits’ major axes (cleavage lines) are called Langer's lines (Fig. 11.1).
They are of considerable importance in plastic surgery. . . )

Langer’s cleavage lines are in fact intimately related to the visible crease :__m_ wrinkle lines of
the skin, except on the palms, soles, and some areas on the limbs [44]. Flint [45] concluded that
some earlier contradictory claims (stating that Langer’s lines do not follow the same pattern as
the wrinkles) were based on grossly inaccurate reproduction of Langer's original drawings and
their misinterpretation.

Data on directional variability of in vivo tension and deformation [46-48] V,E.i :mm.. the
highest stresses and strains are in the direction of Langer’s lines. In addition, retraction of linear
wounds is higher when the wounds are cut across Langer’s lines rather than along them |44, 48,
49]. )
_._._.n skin’s mechanical anisotropy follows the same directional pattern as Langer's ::nu.m .:m
extensibility is lowest in the direction of the lines, both in vivo [S0] and in vitro |20, 49, 51]. _ he
skin’s stiffness was shown o be highest in the direction of Langer's lines [51], but Qr..:.__ﬁ_
observations show this to be true only at the low strain levels. At higher strains the slope in the
linear region of the stress-strain curve is similar in all directions 20, 47-49].

11.3.1 Structural Aspects of Langer’s Lines

Langer noticed that the cleavage lines correspond to the direction of preferred disposition of
collagen fibers. Later, from histological observation [44, 47], it was n..::r.__:_na that c::_. the
collagen and elastin fibers are preferentially oriented in the lines’ direction. S r conclusions
were drawn from scanning electron microscopic studies |7, 52]. )
Apart from the preferential disposition along Langer’s lines, it was also found that the n:i::
[45] and the collagen |47] fibers along these lines are more stretched than those across the lines.
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" h. was suggested .::.: the elastic fibers are the ones mainly responsible for the in vivo tension
eld. This hypothesis is m_icc_‘.ﬁa by histological observation [16, 27, 45].

N A nnon_._m study of the ..__qnn:csz_ variability in the epidermis surface pattern |21] indicates

that the major grooves (highest roughness) are along Langer’s lines.

11.4 METHODS IN SKIN MECHANICS RESEARCH

Several a.:m.:on_,im ___.n._:x_m have been applied in the investigation of the mechanical properties
of the w._c:. @o:. in vivo and in vitro. An ideal procedure should consist of in vivo multiaxial
tests 452. uniform strain field, such that the skin’s comprehensive properties (the constitutive
nn_cm:o.:mv can be no.m&_v\ associated with the results. This ideal has not yel been achieved
c.z_m_. in vivo tests it is exceedingly difficult to obtain a uniform strain field throughout :_a.
specimen or to control the conditions along the boundaries. In addition, the resting tension and
gmmo::w:o.:. [46, 53, 54], as well as the skin’s thickness 55, 56], Ecm.,ca measured. Under in
vitro conditions these experimental problems are easier to deal with. The &mmaﬁ:rm e of in
vitro tests is that the effects of blood and blood pressure, lymphatic drainage, in vivo .m:n.mvo.
__mzw. m:M nervous E:._ .roZ:o:m_ controls are not present, and their zmms_m_ﬁ:_nn cannot be
M“M_F__Mpmw_..;o most visible result of the altered environment in vitro is that the skin specimen
>=c=_n_” problem common to many in vivo and in vitro tests is the attachment via grips
,_,_.Q may introduce local stress concentration or induce nonuniformity in the strain field :.
slippage occurs, .roa the strain measurement based on the grips’ displacement is :Enn::_._o
The effect of the grips is particularly significant under in vivo tests in which stretching _v

performed via tabs which are glued to the epidermis [57]. Some of the preceding problems can
be overcome by direct measurement of the lissue strain at sites sufficiently remote from the
grips [29].

Although no pverall superior experimental method is available, some techniques have distin-
guishing features which make them better suited for specific studies. Uniaxial jp vivo tests |14,
57, 109, 114] are well suited for studies of directional effects, but the tissue’s strain is not
uniform. Improved strain uniformity can be achieveq under either in vitro uniaxial tests 147, 51,
75, 98] or strip biaxial tests both in vivo [54] and in vitro [123]. In vivo suction tests with
racetrack-shaped cups [53] and in vitro biaxial tests [29] are also associated with uniform strain
fields and are well suited for studies of the anisotropic constitutive behavior of the skin. In vitro
torsional tests |31, 126, 129, 130] and suction tests with circular cups, both in vivo [31] and in
vitro [27), are easy to perform, but their interpretation in terms of the skin’s properties is very
difficult due to the highly nonuniform strain field. Skin-fold compressibility tests [153] and
indentation tests [33, 39, 76, 100-102] are probably the easiest to perform in vivo. Although they
cannot be used for investigation of the skin’s constitutive behavior (owing to a highly nonuni-
form strain field), they have found extensive use in parametric studies of the compressive
response of the skin, especially with regard to the effect of diseases and medicocosmetic agents.

Other details on experimental procedures can be found in previous reviews which have
concentrated on in vivo techniques [58], on pharmacological aspects 159], and on hardware
considerations [60].

Investigations of the epidermis and its stratum corneum were carried out with similar tech-
niques to those used for the whole skin. Under in vivo conditions it is difficult to isolate the
effects of the epidermis from those of the dermis. The stratum corneum can, however, be
separated from the dermis and tested by itself. The separation can be done by a variety of
methods which include heating to 60°C [61], suction blistering (62}, chemical blistering with
ammonia [63] or with cantharidin [64], and by enzymatic digestion [65]. It has been suggested
[66], however, that some epidermal damage may be caused by these treatments. This topic
requires further clarification.

11.5 GENERAL CHARACTERISTICS OF THE SKIN’S
MECHANICAL RESPONSE

The functionally important mechanical properties of the skin are extensibility, resistance o
friction, and response to latergl compressive loading. The first is associated mainly with the
dermis and the second mainly with the epidermis, and the last is due to the combined effects of
both.

Skin properties are highly variable, depending on species, age, exposure, hydration, obe-
sity, disease, and biological difference between individuals. In the same individual, the skin's
properties vary with site and orientation and may be altered by irradiation, drugs, and chemi-
cals. Space limitations prevent the inclusion of an appropriate account of all the above effects in
this chapter. Attention will be concentrated primarily on the general mechanical characteristics
of the skin.

In the following, the important mechanical features of the dermis and epidermis will be
outlined. A more quantitative outlook will be provided in the review of skin models.

11.5.1 In Vivo versus in Vitro Response

Itjs difficult to compare in vivo and in vitro responses of the same specimen both because of the
poor control of boundary conditions in vivo and because of the physiological differences be-
tween in vivo and in vitro conditions. Reported results of such comparisons do not always
agree: Cook et al. [53] found that in vivo tension is between approximately 10 percent (at low
strain levels) and 20 percent (at high strain levels) higher than in vitro tension for the same
strain in rat skin. Kenedi et al. [67] observed slightly higher loads in detached human skin
specimens than in in situ specimens, but the differences were within their experimental error.



Vogel and Denkel [57] und Vogel [156] show that if the same gripping method is used both in
vivo and in vitro, then the stress-strain relations are similar, with a slight difference in the
strain-dependent anisotropic response.

11.5.2 Equilibrium Configuration and Preconditioning

Because of the skin’s considerable slackness at low strain levels, it is difficult to establish a
stress-free configuration for skin. If the specimen floats on a physiological solutiop, then the
stress-free configuration can be established [29]. It depends, however, on the specimen’s strain
history. It has been recognized for some time that skin behaves in an approximately repetitive
mode only after several test cycles. The stress in the second cycle is lower than in the first one,
then it drops somewhat less in the third cycle, and so on until eventually a stable response is
obtained. This is called preconditioning. It is accompanied by a parallel increase in the gage
length in uniaxial tests, and by configurational changes in biaxial tests. In the case of biaxial
stretching it was found [29) that each biaxial test requires its own preconditioning and is
associated with its own equilibrium configuration. The effects of preconditioning are reversible
if no damage has been caused. Recovery of both initial configuration and initial response will
occur provided the specimen has not contracted in any planar direction [29).

The time constant for recovery from preconditioning is measured in hours. This is orders of
magnitude higher than the characteristic viscoelastic relaxation time. It is thus possible (o
separate the two effects. This should, however, be done with caution, since skin may exhibit a
wide spectrum of relaxation times.

Preconditioning affects the in vivo response as well. This was observed in uniaxial [68] and
torsional tests (31, 69]. Preconditioning exists in other tissues [70], as well as in isolated collagen
fibers [71].

From the modeling point of view, the effect of preconditioning must be included in any
general constitutive formulation. This has not been done so far. Moreover, there seems to be no
relevant data on this topic.

11.5.3 Homogeneity

Skin is obviously not a homogeneous material because of the fibrous, cellular, vascular, granu-
lar, and amorphous components of which it consists.

In practical problems we are usually interested in dimensions of specimens which are orders
of magnitude larger than any of the skin’s components. In many clinical problems, the response
of the entire skin thickness is of importance. In these cases we may consider the skin as
statistically homogeneous.

11.5.4 Compressibility

The question of whether skin can be considered incompressible is important since the constitu-
tive formulation of incompressible materials is significantly simpler than in the general case.
The evidence is, however, conflicting. Upon direct compressive loading [34], the skin will lose
more than half its water at ~0.3 MPa. If however, hydrostatic pressure is used 172}, then the
compressibility (expressed by the bulk modulus) is 0.33 GPa, close to that of water (~0.25 GPa).
Vossoughi and Vaishnav [73] point out that it is the relative compressibility (ratio of bulk to
shear modulus) which determines whether a material can be considered incompressible. They
shOWed this ratio in the skin to be of order 10%, thus confirming its incompressibility.

Stretching tests in vitro show different results. Several investigators observed fluid secretion
from specimens stretched in air [14, 74, 75).

The relevance of these in vitro observations to the in vivo state is not clear. Direct evidence
of in vivo compressibility can be found in impedance tests [76]. The ratio of the bulk to the shear
modulus was found to be of order 106. Although this points to in vivo incompressibility, more
evidence is needed before conclusions can be drawn.
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11.5.5 Stress-Strain Relations
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The stress-strain relations of the skin are both nonlinear and anisotropic (Fig. 11.2). Initially
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11.5.6 Viscoelasticity

i i are re F xhibit consider-
Skin is a viscoelastic tissue. Its stress-strain qn_s:m:m &oai_an.mmmﬂmn”._hﬂ ME_ D ior
i in tiss ss relaxation under cor d ci und

esis. Skin tissue shows stress ol _ LR

wc_owh.«_wnmﬂ_.nwm. The skin's viscoelastic nature has been LoBo:_w:a”w%: _=m _M__MEE _nom_:s:wm..
m“:&o:w_ and various dynamic compressive tests (penetration, elevation,
i i ic i nce). )

sion, ballistometry, and acoustic impedance) he modes of relaxation and depend

i ic response of the skin is not linear: the mod LEC] e
o: %ﬂonﬁwﬂoﬂﬂwwﬂ__ﬂm _M<m_m of strain or stress in both uniaxial [15, 77, 78] and biaxial testing



(Fig. 11.3a). At low strain levels the skin may behave in an approximately elastic manner both
in vitro [26] and in vivo [34]. Under in vitio creep testing, it was shown that following a transient
time of several minutes the extension rate becomes constant and is proportional to the stress
[79].

In vitro biaxial stress-relaxation tests reveal (29, 80] that two principal stress components
relax in different modes (Fig. 11.3b). The skin is thus anisotropically viscoelastic. The above
tests also reveal that under uniaxial stress-relaxation tests, the lateral dimension continuously
contracts following the application of stress.

11.5.7 Damage and Strength

Although total rupture of healthy skin is not common, increased tension may cause various
degrees of damage. Ruptures due to penetration of sharp objects occur in animals [2] and in
humans during accidents. The skin’s penetration failure under moderately sharp edges was
found to be of a tensile (rather than shear) character and independent of edge shape and rate of
loading [81].

Partial damage to the skin is more common, as demonstrated by the striae. Strige are stretch
lines that occur under moderate tensions (not high enough to cause arrest of blood supply—
blanching) which persist for a long time. They are common in pregnancy and may also occur
over the muscles in excessive body-building exercises and in rapidly enlarging breasts |82]. At
higher tension levels, blanching of the skin and subsequent necrosis will occur. Some skin
damage in the form of permanent stretch may occur under tensions lower than those which
cause striae.

The tensile strength of skin has typical values in the range of 2.5 to 16 MPa [83]. It varies
with site [84], is higher in the main fiber direction [85-87], is higher in males than in females [85],
and is believed to increase with age [83, 85, 88, 89], but contrary trends have also been reported
[90]. Skin may also break under considerably lower stresses (as low as one-fifth of the tensile
strength) under long creep tests (79, 87, 89].

11.5.8 Mechanical Properties of the Epidermis

The epidermis is exposed 10 a wide range of temperature and humidity, whose effects on its
mechanical response are of prime interest.

Epidermal Stress-Strain Relations. The stress-strain relations are in fact significantly influ-
enced by both humidity and temperature [91]. At low humidities (25 to 30% relative humidity),
the curve is linear up to rupture, with a slope (Young's modulus) of order I to 10 GPa. But at
100% relative humidity the curve has between two [92] and three [93] linear regions with an
initial slope which is 1000-fold smaller than in the dry state [92, 94]. A similar drop of the slope is
caused by higher temperatures [92, 95]. The stress-strain data have a considerable scatter which
can be reduced by a suitable moistening regime [94]. Under in vivo conditions the epidermis is
hydrated only on its dermal side. lts properties are then different than in the fully hydrated state
[96].

Epidermal Strength. The tensile strength was tfound to decrease, and the breaking strain to
increase, with increasing humidity and temperature [91-93]. The strength is of order 10> MPa at
low (26%) humidities and 10 MPa in the wet state. There is a similar drop with temperature in
the 25 to 60°C range [92]. The breaking strain increases with humidity by close to two orders of
magnitude, from approximately 2 percent at 26% relative humidity to 150 to 200 percent if wet
[92].

The overall contribution of the thin stratum corneum is small compared with that of the thick
dermis [37, 38). In rupture tests the stratum corneum was observed to tear betore the dermis

(83]).

Epidermal Viscoelasticity. The stratum corneum is viscoelastic. Its stress-strain relations are
rate-dependent, becoming stiffer with increasing strain rate [4]. In dynamic in vitro tests the
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ar  lamping moduli in the physiological range but much less effect on the loss modulus. There
&1 lamping peaks at about 10 and 40°C. Frequency has only a small effect. Both E’ and E”
i ase slightly with frequency, while tan 3 is relatively unaffected in the 3.5 to 110-Hz range
[ The dynamic modulus E’ of human stratum corneum under 72% relative humidity, at 30°C,
ar  at 200 Hz was found [157] to increase with strain initially, peak at a strain level of ~0.20,
ai  Jrop gradually thereafter. E’ is unaffected by strain rate and by preconditioning cycles and
r. ains constant throughout the stress-relaxation process following a step change in the static
st 0.

F ctional Properties. 'The frictional properties of the epidermis are of considerable interest in
n. ay fields (e.g., the textile and shaving industries). Unfortunately, the available results are
f. - and at times conflicting. Well-controlled in vivo tests [41] revealed linear relations between
fi tional force and lateral load (Amonton’s law) and no difference between dynamic and static
¢ fficients of friction (0.5 with polyethylene). In vitro tests, however, showed-a lower dynamic
¢ sfficient and a reduction of the coefficient of friction with load for several textile materials

[ 1

‘he frictional properties of the epidermis depend on several environmental factors. The
¢ officient was shown to increase by sweat or moderate moistening and by the removal of
¢ :ase, but was reduced by weltting, by dry talc powder, and by addition of oil [41]. The eftect of
\ tting in vivo varies with time [39].

-

.5.9 The Skin’s Response to Lateral Loading

", response of the skin to lateral compressive loading is of considerable functional and clinical
i sortance. Studies of this subject are based primarily on indentation and skin-fold compress-
il ity tests. Elevation tests have been used as well [121], but they are associated primarily with
st :tching deformation and consequently yield different results [100]. Most of the compressive
st .dies on the skin were done in vivo. The main results are discussed in the following subsec-
ti ns.

L fects of Dermis and Epidermis on Compressive Response. The skin’s response to compres-
si e loading involves both the dermis and the epidermis. In some previous reports it was
o .erved that certain cosmetic agents (including moisturizers) modified the tissue’s response
u ler specific procedures. It was thus claimed that these tests are associated primarily with the
¢ dermis. Tests which involve the removal of the stratum corncum yielded conflicting results.
1. some [42] the denuded skin had a difterent response from the intact specimen, while in a
1. ent study [35] no difference was observed. It can be seen that the roles of the dermis and
¢ Jermis under compressive loadings are not yet clear and this area of study requires further
i, cstigation. -

« mpressive Viscoelastic Effects. The compressive response of the skin is highly viscoelastic
| », 101, 102]. It is also nonlinear: the stiffness was found to increase with indentation 1100].
| .th the viscous and the nonlinear aspects of the skin response were found to diminish consid-
. bly by preload [103]. The immediate (elastic) and delayed (viscous) responses of the skin
¢ .end on age, sex, site, hydration, and obesity. A treatment with hyaluronidase was found to
i rease both the magnitude [35]) and the speed [33] of indentation. The magnitude also in-
« .ased after treatment with elastase but decreased after injection of saline. [t did not change

{lowing treatment with collagenase [35]. These results indicate that the tighter elastin fibers

«d the ground substance may be the predominant components in the response 1o compressive
. .ading and that collagen has little or no effect.

« .mpressive Dynamic Response. The dynamic response of the skin is related to its capacity to
. .sorb impact energy in accidents. Most of the previous studies used the normal vibrational
1 pedance characteristics of the skin as the key to its dynamic behavior. Theory : d experi-
, nts show [76, 104] that shear waves predominate at trequencies up to 5 kHz while compres-
. ¢ waves are more important thereafter. Surface waves which can be observed on the skin are
; .ombination of both.

The impedance characteristics were found to depend on frequency, humidity, probe area,
and site on the body, as well as on the static pressure | 104]. If the shear impedance is expressed
as a complex number (u = y, + ipaw, where w is frequency and i = Vv —1), then typical values
were p; = 2.5 X 10° Pa, u, = 15 Pa-s |76]. In another study [158] the corresponding values at
600 to 1000 Hz were 1.5 X 10° Pa and 5.0 Pa-s. ‘The impedance and phase angle were found
[105] to increase linearly with the logarithm of frequency, but the precise relations depend on
the preload. Increased humidity was found [159] to increase significantly the absorbed energy of
human skin in vivo in the frequency range of 700 to 800 Hz.

In Vitro Compressive Response. A compressive study at physiological pressure ranges [106]
revealed linear stress-strain relations up (o a pressure of 7.8 x 10° Pa and an exponential
relation (measured up to a pressure of 1.75 x 105 Pa). The behavior under in vitro cyclic
compressive loading was found in the same study to be linearly viscoelastic at low pressures. At
higher pressures the viscoelastic parameters decayed continuously and linearly with the loga-
rithm of time (or cycle number).

11.5.10 Binding Forces in the Skin

The binding forces between different layers of the skin are of significance in its in vivo response,
but little is known about this topic. The binding of dermis to subcutaneous tissues varies in
different sites on the body (e.g., auditory canal versus penis). Cook et al. [53] found that the
binding of dermis to subcutaneous tissues in the torso of the rat affects the results of suction
tests by 10 to 20 percent. This was concluded from a comparison of in vivo and in vitro tests of
the same specimen. Vlasblom [31] observed that a sliding load of 8 x 1073 N was required to
displace 1.0 cm? of human forearm skin by 1.0 mm. This introduced only a small (< 10 percent)
error in his in vivo torsion tests.

The dermal-epidermal adhesion was found to be of a predominantly viscous nature [107).
The product of suction pressure and time to blister was found in this work to be approximately
constant and equal to 90 * 30% MPa-s in the lower abdominal human skin.

The binding forces between layers of the stratum corneum vary with site and sex. They are
of order 2 x 10* Pa [108].

11.6 MODELS OF SKIN MECHANICS

Three major classes of models have been developed for the skin. In the continuum models,
general material theories were specialized for the skin and used to simulate its multiaxial
response. The phenomenological models consist of mathematical formulas describing the skin’s
behavior under specific deformational schemes. Some of them consist of mechanical elements
such as springs and dashpots. In the structural models the skin’s behavior is analyzed in terms
of the combined effects of its components.

General multiaxial theories for viscoelastic behavior are available. They are, however, much
too complex for practical use. In some cases, impler approaches are adequate. One simplifica-
tion widely used in skin research is based on the fact that under constant rate of stretch the
stress-strain relations, in both the extension (ascending) and contraction (descending) phases,
are unique for a preconditioned specimen. The skin can thus be regarded as pseudoelastic in
these widely used tests.

The pseudoelastic stress-strain relations can be expressed as follows:

14 .
= ij=1,2,3 (I

where W(e,) is a function of the strain components and is known as the strain energy function
(per unit original volume). $¥ and &, are Kirchhoff’s stress and Green's strain components,
respectively. They are referred to the original dimensions of the specimen. W can also be
expressed in terms of the three principal stretch ratios —X,.




