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(vi)

"The Biomechanical Properties of Human Skin"

The aims of the research project described an
the thesis were to investigate thé mechanical properties
of skin, to develop relevant analytical concepts and to
explore clinicdl applications, .

Chapter I gives a review of the published
literature, consisting of a brief description of the
anatomy of skin, a more detailed survey of the nature and
mechanical properties of the comporients of skin and a
critical review of all known work on the mechanical
properties of skin.

The pilot expmeriments which were carried out to
define the nature and extent of the problems involved in
testing skin are described in Chapter II.

Various theoretical approaches to describe the
behaviour of skin are considered ain Chapter III, aincluding
a semi-empirical network concept and the general theory of
continuum mechanics applied to biological tissue,

Chapter IV contains a detailed description of
the'development of testing methods up to and including the

highly refined uniaxial, constant strain rate technique

which was eventually used. Stress relaxation and creep

tests are also described., The results obtained are

analysed in Chapter V. “
Various attempts to develop 7 vivo testaing

techniques are described in Chapter VI and possible clinical
applications of the work covered in this thesis are discussed

in Chapter VII.



There 1s an extensive bibliography and various
appendices, presenting the details of experimental and
analytical techniques whicn were not fully discussed

in the main text,
No separate list of the mathematical notation

employed is given as each symbol 1s explained as it

arises,



I.1l Anztomv of Human Skin
The skin 1s the largest organ of the human body

and 1s responsible for several very important functions.-

() containment of body fluids and tissues

(11) protection from physical and biological environment
(211) control of body temperature

(1v) control of blood pressure

(v) sensation of touch, pain and temperature.

Skin 1s a stratified tissue consisting oi two
distinct iayers, the epidermis ana tne dermis, as shown an

Fig I.1.

The eppadermis is tne body's sniela against 1ts
environrent and also restricts the loss of body fluids by
evaporation. The epidermis itself consists of several
layers as shown in Fig I.2. As a result of cell division
occurring mainly in the basal layer, epidermal cells are
constantly moving away from tne dermis towards the skan
surface. The layered appearance results from changes 1in
the shape and character of the cells during this process.
The stratum malpighii consists of livaing epithelial cells
of cuboadal form. Thas layer merges gradually into the
stratum granulosum in which tne cells become squamous 1n
form and granules of the horny protein keratin appear
within them. The stratum corneum consists of dead, horny,
fully keratinised cells wnich resemble scales, Thais layer
1s much thicker over 'the paims and soles where the skin 1s
subjected to considerable pressure, Also in these regions
a thin fourth layer,!the stratum lucidum, consisting of
hyalin, 1s found :‘between the stratum granulosum and the

stratum corneum,
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Chapter I

Review of Literature
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The dermis consists of a microscopic meshwork
of the fibrous proteins collagen and elastin, permeated by
an amorphous ground substance (Fig I.3).

The papillary layer of the dermis consists of
interwoven meshes of delicate collagen, elastin and
reticulin fibres and a dense capillary bed. This layer
nourishes and supports the epidermis.

The reticular layer consists of coarse
collagen fibre bundles arranged in an apparently

randomly oriented network.
The junction between the basal layer of the

epidermis and the papillary layer of the dermis is
corrugated, as shown in cross-section in Fig I.4, so
that there is a mechanical keying effect. The cells
of the basal layer also send very delicate processes into
the dermis., |

Beneath the skin proper there is a layer
consisting of globules of fat supported by a fine
connective tissue framework. This framework is
continuous with the dermis and with the connective tissue
sheaths of the superficial skeletal muscles.

' The blood circulation system of the skin is
very complex and allows both the total blood volume and
the blood flow rate in the skin to be varied within wide
limits. The skin is thus able to play a major réle in
the control of blood pressure and body temperature..

Various discrete structures found in the skin
are shown in Fig I.S. '

The most important of these are the sweat
glands which play a major part in the control of body

temperature.
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Sebaceous glands produce a waxy secretion which
spreads over the skin surface and helps to preserve the skin

"condition".

Typical Composition by Weight of Skin

Water 62-70% -
Elastin 0.7-1.4%
Reticulin 0-12%
Collagen © 29-37%

Mechanical Characteristics of the Fibrous Proteins

and Ground Substance of the Dermis
In considering the mechanical pronerties of the

dermis it is pertinent to consider first the nature and

rmechanical properties of its constituent parts. These are:-

(1) The collagen network
(ii) The elastin network
(iii) The reticulin network
(iv) The ground substance

I.2.1 Collagen structure
This fibrous protein is the major constituent of

skin, representing about 72% by weight of dry, fat-free

human skin (Rothman 1954).
Proteins are a group of organic substances of very

high molecular weight constructed from a small number (about

20) of relatively simple amino acid'"building blocks".
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Amino acids have the general molecular form shown in Fig.I.6
and are able to condense together as shown in Fig I.7 to form
long chain molecules called polypeptides. These large
molecules can then combine in even more complex configurations
to form proteins, the particular protein formed depending on
the amino acid composition of the polypeptide chains.

Various analyses of the amino acid composition of
collagen (Lowther 1963; Ramachandran 1963 ; Wood 1964) show that
it contains approximately 30% by weight of glycine, the
simplest of the amino acids. The presence of large quantities
of this small molecule allows the polypeptide chains to
approximate closely to one another, thus forming a structure of
high mechanical strength. Collagen also contains about 1l4%
by weight of hydroxyproline. This amino acid is not found in
significant amounts in other proteins and can thus be used in
the assay of collagen (Neuman and Logan 1950: Stegemann 1958).

The currently accepted model of the collagen
molecule (Rich and Crick 1961 ; Ramachandran 1963) consists of
three nolypneptide chains connected together by hydrogen bonds
between carbonyl and imino groups. The molecule is of the
complex "coiled coil" form shown in Fig I.8 and is a rigid
rod-like particle about 2800 % in length and 10-15 R in
diameter (1 & = 10”8 cm.).

In naturally occurring collagen fibrils these
molecules are joined together as shown in Fig I.9. In human
skin collagen the fibrils have a mean diameter of 1000 )
(Gross and Schmitt 1948). .

Further aggregation of fibrils results in the
collagen fibres which are visible under the light microscope.
In the human dermis these fibres vary in width from 2 to 40

microns.
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rerains to be done on collagen to
:les join to form

Much work
»ibe the methocés by which collagen molec:

sc
fibrils and by which fibril

I.2.2 The mechanliceal pronerties of collagzan
.-nvest-zatio 1s of the mechanical pro;erties of

collsgen have been conducted on collagen Filres by Hell

(1952 &), (1851 b), (x952), Mitton ané Morgen (1580), Morgan

and Mitton (1680) and Morzan (1520 b). Various forms of

cenrective tissue which consist precomineantly of collieagen

Zibres arranged in paralliel bundles have also dean studied.

These were ret tail t.ndon (Partingteon and vWeod 1833),

humen fascia Zata {C8ratz 1831), canine tendon (Laben 1862)

and human plzntaris sendon (Waiker, Harris anc 3enedic

1554),

(¥ote: In this and subsequent sections of <this chapter. it

forms cf

will bDe seen that those papers relferring to simpler Zorn

The Tissue concernecd are reviewed Ifirst. ror examdle the
work on collagen Zibres and
the work on tThe mcre complex fa

When pers refer to

i the very fine »zt tail tendons
a

0]
0
s

is discussed *e:o“e
late and canine anc numan tendons.
similar work they are reviewed in chronological-order).

Hall (1951 a) investigated *the creep behaviour

the time variation of strain &t constant stress) of

{i.e.
llagen fibres obtained from ox hide. The Iibres were
.cemented'to fine glass loops with 1 cm. of fibre between the
loops.: The testing apparatus consisted of a balance beam

with a chain loading systen. The fibre extension was.

measured by &n optical lever systenm.
the glass loops but no attempt was made to

This meesurement inclu

any extension of

1dec
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ascertain the maegnitude of this error. The Iibres were
tested in water at pH7.0 and 20% :0.1°C.

Fig I.10 shows the »esult of a series of
consecutive tests on a single fibre.

Fig I.11 shows how iliall split the fibre extensions

into two parts:-

(i) A plastic extension resulting in permanent

set (AB in fig)
(ii) A recoverablie, viscoclasiic extension (BC in
fig)

at the plastic extension sig-

nified the breakdiown and reforming at different sites of
hycérogen bonds anc that the Viscocles
attributable to the Iibre gro

Using the same apparatus, Hall (1851 b)
investigated the variation with 3: of the load-extension _
properties of collagen. The chain *Oad_uc system was motor
driven to give a loading rate of approximately % gm./min.

found that Fibres were nct significantly
affected by variations oI pH between 4.5 and 10.0.

A ;yp;cgl load-extension curve o a fibre tested
at pH7.0 is shown in Fig I.12,. tizll noticec that this curve
approached an asymptote (AB i
of this asymptote he obtained values of Young's Modulus bet-
ween 71 and 210 Kg./mm2. Although the number of fibres con-

sidered was small,. there appeared to be a relation between the

n fig). "’ By measuring the slope

fibre cross-sectional area and this "modulus", small cross-
sectional areas giving-high values of modulus. No explanation

of this, phenomenon was offered.’
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at 7.0pH, both internal energy and entropy increase with
extension. This behaviour is not consistent with elastomer
theory. Hall suggested that collagen -had a structure
similar to that of extended rubber but he did not suggest
any theoretical explanation of the behaviour of this type
of structure. )
Morgan (1960 b); Mitton and Morgan (1960) and
Morgan and Mitton (1960) described an intensive study of the
stress-strain curves of several hundred collagen fibres
obtained from ox hide.

Morgan (1960 a) described the apparatus used
for these tests. This was basically similar to that used
by Hall but was able to test eight fibfes simultaneously.
The fibres were tested in air of known temperature and

relative humidity.
Because of the irregular cross-sections of the

fibres, their tensile strengths were expressed in terms of a
parameter, called the breaking length, given by

breaking load on fibre .
weight per unit length of fibre kilometres

Multiplying this quantity by the density of the
fibre gives the tensile strength of an equivalent uniform
fibre. The v&lues of tensile strength quoted below were
obtained using a value of 1.39 gm./c.c. for the density of
raw hide (Kanagy and Wallace 1943),

"The tensile strength of the fibres varied from
37 kg /mm% for thin fibres to 14 kg./mm% for thick fibres.,
It was also found that short fibres were generally stronger~'

than long fibres. The authors attributed'both of these
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effects to tThe variation in fibre cross-section along its
length. This implias that thick fibres have a greater

i c
naé no significant effect on the ul*imate sTrengtinh of the
fibres. Changes in relative rhumidity had an eppreciable
effect, the maximum Fibre strength occurring at 35% R.H.
m . -

3 ané 68% R.H At 100% R.H. no maximum was Zound

where E'= strain and ¢ = fibre stress - Xg./sc.mm.

The weight per unit length has a marked effect on the loacd-
ibres with low weight

S

v

per unit length) being more extensible under the same icad
Than thick fibres. Morgan failed to show that if, by taking
account of the effective fibre cross-sectional area, the
results are plotied on a stress-strain basis, then thin
fibres are less extensible at the same stress than thick
fibres.  This again suggests that thick fibres have a

<

reater relative variation in cross-section than thin fibres.
g . _
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The effect of increasing humidity was to increase
fibre extensibility. The rate of loading had little effect
on the shape of the load-extension curve.

Although Morgan was able to obtain a satis-
factory fit to his results with a power law expression, he
pointed out that this was a purely empirical approach giving
no information as to the physical interpretation of collagen
deformation. He therefore compared his results with various
other theoretical approaches but was unable to obtain any
agreement.,

Partington and Wood (1963) investigated the
effect of various enzyme treatments on the mechanical
properties of rat tail tendon. These tendons are about
5 cm. long and about 0.3 mm. in diameter. They consist of
parallel bundles of collagen fibres oriented along the axis
of the apecimen.

Load extension curves were ohtained using a
simple apparatus which extended the specimens at a constant
strain rate of 1%/min. During test, the tendons were
immersed in a constant temperature bath of physiological
fluid at 25°c.

A typical stress-strain curve obtained from an
untreated tendon is shown in Fig I.1l5. The extension was
restricted to 2% as it was found that permanent deformation
occurred at extensions greater than about 3%.

Repeated load-extension tests gave the result
shown in Fig I.1l6. Although there was a pronounced increase
in extensibility between successive tests, the slope of the
final straight line part of each curve was found to be the

same. The authors were therefore able to test specimens
' before and after a particular enzyme treatment and then to
assume that any variation in this final slope was due to the
treatment. A set of untreated control specimens'was tested
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Fig I.17 Effect on load-extension curve of treating
tendons with hyaluronidase (Partington ana
Wood 1963)
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as a check.
A group cf tendons which were treated with the

enzyme hyalurcnidase A gave the result shown in Fig I.17.
As the effect of this enzyme is to break up the long chain
molecules of the ground substance in which the collagen
fibres in the tendon are embedded, the importance of this
substance in providing the bond between collagen fibres is

clearly shown.

Gratz (1931) investigated the mechanical properties

| 2

of human fascia lata. This is the tough, fibrous sheath

around nuscles. It consists of a sheet of thick parallel

collaren bundles oriented along the direction in which the
fascia is normzlly subiect to tension. The material is
thus verv strong in this direction but is very weak iIn the
transverse direction.

A strin of fascia was tested in an unspecified
standard engineering tensile test machine. The test was
nresumably carried out in air, no precautions being taken
to control temperature or humidity. Also, no allowance
was made for the viscoelastic nature of the material. In
view of these omissions, the results obtained are of doubt-
ful value except that the shape of the stress-strain curve
is of interest in connection with the network theory of skin
elasticity which is developed in Chapter III., A typical
stress-strain curve obtained by Gratz is shown in Fig I.l8.

The investigations carried out by Laban (1962)
into the mechanical properties of canine tendon were reported
in a rather superficial manner and are of doubtful value
because of the primitive test techniques employed. The
specimens were tested in oxygenated Ringer's solution at
- 37°C and 7pH. The specimen was held between grips in a
horizontal position and, as no attempt seemed to be made to
support the weight of the grips, there must have been a
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considerable zero error in the measurement of extension.
The grips employed were of the self-tightening,
wedge action type so that a certain amount of grip movement
must have taken place during load application. This gave
rise to further error in the extension measurement. No
details were given of the time between the application of
surprising as the
tendons and nust

successive load increments. This was
author also carried out creep tests on the
have appreciated the importance of allowing for the visco-
elastic nature of the material. For these reasons, the
stress-strain results obtained by Laban are of little value.

Wlalker, Harris and Benedict (1964) have investigated
the mechanical properties of épecimens of human plantaris
tendon obtained at autopsy.

The testing technique used was very crude and
showed a distinct lack of appreciation of the complex
mechanical properties of biological materials.

The specimens were tested in air with no control
of temperature or humidity. '~ The load was applied in
discrete increments with strain being measured on a gauge
length at each increment. No account was taken of the creep
effects which must have occurred during this process.
The initial measurement of gauge length was made with the
specimen in the testing rig adjusted so that "impending

tension prevailed". This suggests the possibility of a

large zero error in strain measurement.
' Not surprisingly, a very large scatter was found

in the results. The only information of any significance
that can be deduced from this work is that the tensile
strength of human plantaris tendon varied from 10,600
1lb/sq. in. to 21,300 1b/sq. in. These values agree well
'with the figures quoted by Cronkite (1936).
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I.2.3 Elastin structure
Elastin, or yellow connective tissue, is the other

major connmective tissue component of the dermis, accounting

for 2-U4 per cent. of the fat-free dry weight of human skin

(Montagna 1956, Rothman 1954), The elastic fibres in the

dermis form a complex mesh interwoven with the collagen

. network (Dick 1947). They are more numerous in the
papillary layer and may play some part in anchoring the
epidermis to the dermis (Montagna 1956). The fibres are
thinner than those of collagen and are observed to run into
cne another, thus forming a continuous
collagen fibres are separate entities.

structure, whereas

The most striking difference between collagen and

elastin is that elastin exhibits long-range elasticity with
little viscoelastic side-effects, i.e. when the load is
removed from a stretched elastin fibre it will snap back
almost instantly to its original length. '
Electron microscopq and X-ray diffraction studies

of unstretched elastin show that this protein has a highly

disordered structure. Elastin has a content similar to

collagen of the amino acids, glycine and proline but the
content of other amino acids is markedly different. In

msarticular, it has a negligible content of hydroxyproline
and hydroxylysine whigh are thought to impart rigidity to

the collagen molecule. Collagen fibres, thermally shrunk

or swollen in acid solution,exhibit an X-ray diffraction
pattern similar to that of elastin (Ramachandran 1963).

The same author has also observed traces of a collaéén-like
X-ray diffraction pattern from stretched elastin fibres.

He points out, however, that this may be due to some traces
of collagen remaining in the purified elastin used for the
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experiment. Ramachandran and Santhanam (1957) have suggested
that the elastin molecule has a similar triple helical
structure to that of collagen, but that it is in the |
thermally shrunk state at normal temperature. In this
condition, the long molecules are not rigid. Because of
thermal agitation_they contort themselves into more probable
configurations than the fully extended state of the collagen
molecules. There must also be a small number of strong, '
covalent cross-links between the molecules as elastin is

a very stable protein being insoluble except in very strong
reagents. It is thus thought that elastin behaves in a

similar manner to elastomers such as lightly vulecanised

rubber (Ayer 1964).

I.2.4 The mechanical properties of elastin

The mechanical properties of elastic tissue have
been investigated for samples of this tissue in the form of
single fibres (Carton, Dainauskas and Clark 1962), ligament
(Wood 1954) and blood vessels (Banga and Balo 1961; Bergel
1961). An explanation of these properties in terms of
elastomer theory has been put forward by King and Lawton
 (19503,1951; 1950). |
Carton et al. (1962) tested elastin fibres
.dissected from ligamentum nuchae taken from freshly
slaughtered beef cattle. A small fragment of ligament
was mounted between very small clamps and was then dissected

until only a single fibre was left connecting the two
This system was mounted

bundles of fibres in the clamps.
vertically with the bottom clémp replaced by a hook weighing

1.5 mg. The weight of this hook was neglected in the load-
extension measurements which were carried out in Ringer-Locke
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solution at a temperature of 37 +0.5°¢C, A convenient

gauge length between suitable landmarks on the fibre was
measured with a micrometer microscope, the mean length taken
being 350 microns. The fibre diameter was about 9 microns.
Load extension curves were obtained by loading the hook with
suitable weights and measuring the gauge length. No creep

effects were noted over a period of 2 minutes,
Using an empirical expression of the form

e =1.3 -A exp'bT
where e = strain
T = appnlied tension in dynes
A, b = constants

the authors obtained a good fit to the experimental data.
Fig I.19 shows a typical result. This shows that, although
the weight of the hook (1.5 mg.) was neglected, it must in
fact have made a considerable contribution to the initial
extension of the fibre. '

Tests were also carried out on small strips of

ligament for comparison purposes. It was found that these '

strips were much more extensible than the fibres taken from

the same ligament. The authors suggested that this was due

to the branching network arrangement of the fibres in the
ligament. '

- Wood (1954) also experimented with strips of
ligamentum nuchae both in the native state and after various
treatments. A typical result of a test on native ligament
is shown in Fig I.20. - The testing technique used was
described by Wood and Chamberlain (1954), Tﬁe.specimens
were tested at a constant,but unspecified, rate of exten-
sion, Testing was carried out in a constant temperature
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water bath at 25.5°C.
As the load-extension curves for native tissue were

found to be reasonably linear up to extensions of 20%, and
as some of the treated specimens ruptured at about 30%
extension, Wood restricted his observations to the range
0-20% extension. ,
Vlood investigated the effect on the tensile test

behaviour of ligament after treating the specimens so as

to:=-

(1) Remove elastin

(ii) Remove collagen
(iii) Degrade the ground substance

After removal of elastin, the ligament showed

plastic extension under very small load up to about 70%

extension (Fig I.21). This extension was not recoverable.

Beyond this extension the material became much more rigid
and behaved in a manner typical of collagen fibres. Vood
suggested that these phenomena are most likely due to the
extension and orientation of a loose collagen meshwork.
Various treatments to remove collagen from the
ligament resulted in widely differing results. These
effects were much greater than the collagen content of 17%
dry weight and the negligible strength contribution of the
collagen meshwork at 20% extension would have led one to
expect.' Wood therefore concluded that these effects must .
be due to changes in the ground substance.and/or elastin.
Treatment with the enzyme, hyaluronidase,to destroy
the ground substance produced a marked weakening effect.
It was thefefore likely that those collagen-removing treat-
ments which weakened the ligament did so by destroying the
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ground substance. Wood suggested that those treatments -

which strengthened the ligament did so by increasing the
number of cross-linkages between the elastin molecules in-
the mannerioutlinea by King and Lawton (1950).

The walls of arteries contain a large proportion
of elastin. Banga and Bald (1961) investigated the
mechanical behaviour of strips of human carotid artery
taken at autopsy. The ape range covered was from 14 to 89

years.
Thin rings of artery were excised and cut to form
£

The wet weight of
The specimens were
The ecuipment used

strips 1.2 to 1.7 centimetres in length.
these specimens was from 5 to 43.5 mg.
tested in Ringer's solution at 22°c.

was a modified chemical balance.
Although the load-extension curves obtained (Fig

I.22) were markedly non-linear, the authors expressed their
results in terms of an elastir "modulus" given by

_ load at 50% extension
area of cross-section of unstressed specimen

The cross-section area was computed from the wet weight,
assuming a specific gravity of 1.12.
It was found that this elastic modulus varied

with the wet weight. No explanation for this variation

was offered but, to enable further comparisons to be made,
only those results obtained from specimens weighing between

22 and 30 mg. were considered.
The "elastic modulus" was found to increase with

age and with the degree of atherosclerosis (hardening of the
arteries) present. . :
éergel (1961) investigated the pressure-radius

relations for lengths of excised arteries held at their

original Zn situ lengths. The vessels used were the major
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arteries of dogs. All tests were carried out at room
temperature (18-22°C) in Ringer's solution. A 6 cm. length
of artery was held vertically &t its iz vivo length between
supports of a suitable diameter. Pressure was applied
internally, in steps of 20 mm. Eg up to a maximum of

240 mm. Hg with a pause of 2 minutes at each step. The
diameter of the specimen was measured at a point midway
between the supports.

Bergel was aware that artery was a non-linear
material, i.e. that the elastic modulus varies with stress.
He therefore plotted his results in terms of an elastic
modulus calculated for each loading increment.

It was found that this incremental modulus
increased with internal pressure. The author suggested
that this was due to the transfer of stress from the elastin
and smooth muscle components of the artery wall which carry
the initial stress to the collagen component which must be
supporting the major part of the stress at the higher
pressures. The values of incremental modulus obtained at
high pressure were of the same order as elastic moduli
found for collagen. _

King and Lawton (19503 1951; 1960) have in
investigated the behaviour of elastic-rich tissues\in terms
of the elastomer theory developed by Wall (1942 a; iguz b;
1943), James and Guth (1941; 19433 19443 1947) and Treloar
(1943). The derivation of this theory is discussed in
Chapter III and Appendix A.II. In particular, King and
Lawton derived pressure-radius relations for a thin
spherical elastomer shell and for a thin elastomer cyIindef
with various boundary conditions.

The thin shell theory was compared with pressure-
‘volume relationships of cat bladder obtained by Simeone
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and Lampson (1937). Good agreement was found up to an
increase in diameter of over 200%.
The thin cylincer expression was compared with

. pressure-volume relations cbtained by Hallock and Benson -

(1937) from isolated specimens of human aorta. Again,

good agreement was obtained. A definite relation was

found between age and one of the parameters in the equation.
The interpretation of this in terms of the elastomer

theory suggested that a greater number of cross-linkages
between the long chein elastomer molecules in the artery
wall appeared with advancing age.

This work suggests that the mechanical properties
of elastin and of tissues rich in elas;in can be adequately
described by elastomer theory. However, when other tissue
components, such as collagen, muscle and ground substance,
are present in appreciable amounts, this theory is no longer

applicable.

I.2.5 Reticulin

Reticulin is the least understood of the fibrous
components of skin. Physically and chemically it is
similar to collagen. The fibrils are thinner than those
of collégen but show the same regular 700 R striations
under the electron microscope. In human skin, reticulin
fibres are found chiefly in the papillary layer of the
cermis and around hair follicles, sweat glands and blood
vessels, The dermis of the human embryo contains only
reticulin fibres and, during wound-healing, the fibres
vhich are formed initially appear to be of reticulin. In
both cases the retipulin is either transformed into or
replaced by true collagen. For this reason, reticulin is
believed to be a primitive form of collagen. )



20

Nothing is known of the mechanical properties of
reticulin because of the difficulty of obtaining samples.
It is probably similar to collagen in this respect and, as
it makes up only 0.38% of the dry weight of skin (Montagna
1956) its contribution to the mechanical properties of skin

can reasonably be neglected.

H

. 2.5 Cround substance
In the dermis, the term 'ground substance' is used

to describe the amorphous, semi-fluid substance contained in
the spaces between the fibres and fibrils, It contains no
free fluid although it has a large water content. The major
constituents of the ground substance are a group of substances
known as mucopolysaccharides. These are long chain carbo-
hydretes. The most important mucopolysaccharides in the
cermis are hyaluronic acid and chondroitin sulphate B.

There is also a small content of substances called glyco-
proteins, these being proteins containing a small amount of
carbohydrate.

The large water content of the ground substance is
meinly in the form of water molecules bound to hyaluronic
acid. Montagna (1956) suggested that a very thin film of
water around the fibres and fibrils in connective tissue
could also account for a considerable volume of water in
view of the very large total surface area of the fibres.

In contrast to the comparatively inert collagen
and elastin, the ground substance plays a considerable part
in the metabolic activity of the skin (Muir 1964). It is
found to increase in quantity at sites of wound repair |
(Delaunay and Bazin 1964). This suggests that the ground
substance is involved in the manufacture of collagen fibrils
and fibres from the collagen molecules which are formed by
cells in the dermis called fibroblasts.
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Nothing is known about the physical-pronerties of
the ground substance except that it exists in the form of a
viscous gel. As it consists of long chain molecules and is
amorphous at the highest levels of magnification in electron
microscopy, these molecules must be in a contorted state.
They will thus form a highly viscoelastic liquid somewhat
similar to unvulcanised rubber.

I.3 The Mechanical Behaviour of Skin

The mechanical properties of human skin have been
studied by a number of workers in the last three decades.

It is convenient to divide this work into three
sections based on the general type of testing method used.

(i) Uniaxial tensile tests
(ii) Biaxial tensile or membrane tests im vitro

(iii) In vZvo tests

I.3.1 Uniaxial tests Zn vitro

Investigations of the mechanical properties of
skin which have utilised uniaxial tensile test techniques
have been carried out by Rollhauser (1950), Jansen and
Rottier (1957, 1958 a, 1958 b), Ridge (1964) and Ridge and
Wright (1964 a, 1964 b, 1965). Tests have also been carried
out on guinea pig skin (Beckwith, Brody, Glaser, Prevenslik
and White (1963), Glaser, Marangoni, Must, Beckwith, Brody,
Walker and White (1964).

Work carried out in thls field in the Bioengineering
Unit at Strathclyde University has been reported by Kenedi
and Gibson (1962), Kenedi (1963, 1964), Kenedi, Gibson and
Abrahams (1963), Gibson and Kenedi (1963 a, 1963 b), Kenedi,
Gibson and Daly (1965 a, 1965 b, 1965 ¢), Evans (1965),
Kenedl, Gibson and Craik (1965),‘Cra1k and McNeil (1965)
and Kenedi, Gibson, Daly and.Abrahams (1966). ‘
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This work will not pé reviewed here as it is

fully discussed in subsequent chapters.

Rollhauser (1950) obtained stress-strain curves
from samples of abdominal skin taken at autopsy. Few
details of the testing technique used were given but at
least one major criticism of this work is that the specimens
were tested in air with no control of temperature or
humidity. Also, the deformation of the specimen under its
own weight must have introduced & considerable error in
measuring the initial length cf the specimen.

Tynical results obtained by Rollhauser are
shown in Fig I.23. These show an increase in skin

stiffness with increasing age. Because of the above

error, the values of strain are lower than those found by
other workers.

Jansen and Rottier (1957) also tested 52
abdominal skin specimens obtained from cadavers.

A 10 cm. square was marked on the abdomen as
shown in Fig I.24 and this square of skin was then excised.
The subcutaneous fat was removed with scissors. The
squares were then carefully adjusted to their original 10
x 10 cm. size, pinned down on a board and cut into parallel
strips 0.5 cm. wide. The authors did not mention whether

care was taken to avoid stretching the skin excessively both
during removal from the cadaver and when removing the

subcutaneous fat.
The testing technique used was very crude and

was subject to the following major criticisms:

(i) Specimens were tested in air with no control
of temperature or humidity



Fig 1.2 Site of 10 x 10 cm. square of excised skin
(Jansen ‘and Rottier 1957)
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(ii) A load of 10 gm. was applied to the
specimen befcre the initial length was -
measured. This, together with the weight

f the specimen, must have produced a large
zero error in the strain measurenments.

(iii) Strain measurements were calculated from
yrip movement and were tharefore subject
to errors due to stress concentration
effects at the grips and to slippage of
the specimen in the grips

As all of the test specimens were of the same
length and width, the authors assumed that the thickness was
proportional to the weight of the specimen. This implied
the assumption that the specific gravity of human skin was
constant. The error involved in this was probably small
although it is intereéting to compare the value of 1.1
quoted by Leider and Buncke (1954) with the value of 1.25
quoted by Rothman (1961).

iowever, in an attempt to compare results
obtained from stfips of different thickness, a serious error
was introduceé by the assumption that the extension of the
specimen under a given load was inversely proportional to
its thickness. This is not true for a non-linear material
such as skin. It would have been more reasonable to
assume that the tension in the specimen at a given extension
was proportional to its thickness. ‘\\\\\

_ The authors concluded that they could find no
relation between age and the mechanical properties of skin.

Jansen and Rottier (1958 a) realised the
limitations of their simple testing equipment and, there-
fore, devised a more refined instrument. This was capable



=R

1.2

1.0

0.8 [

Ol

Q2

— EM 50

_. _______ i { 2
0.2 O.u 0.6 0.8 1.0 1.2

in = AL
Strain = T

Fig I.25 Stress-strain curves for human skin
(Jansen and Rottier 1958 a)



24

of loading skin to the point of rupture and was motor-
ériven so that the load could be applied smoothly.
However, several featurss of this apparatus meant that their
data was of limited value for comparative purposes.

The specimens were again tested in air with no
control of temperature or humidity. The load weighing
part of the apparatus consisted of a coil spring, the
Aafieotion of which gave the load. The deflection of this

e ey

specimen. The spring was attached to one specimen grip,
<he other grip being driven down at a constant rate.

Lecause of the highly non-linear nature of skin, this meant
that the specimen was neither tested zt a constant strain
rate nor at a constant loading rate. In view of the
viscoelastic properties of skin which result in it being
sensitive to rate of strain and rate of loacding, this
means that the results obtained cannot strictly be com-
pared with those of other workers or, indeed, among
thaemselves,

Extension measurement was again based on grip
separation and was therefore subject to the same error as
before. Also, the type of grip used, a straightforward
clamp, has been foundé to be prone to specimen slippage
at high loads. This may explain the fact that the
strains at rupture recorded by Jansen and Rottier were
much higher than those found by other workers.

Two typical stress-strain curves obtained
from this apparatus are shown in Fig I.25. The specimens
were obtained from the same 10 cm. square, Ko I being
eXcised quse to the cranio-caudal median and No II being
excised 8 cm. further away from this median (see Fig I.
24). Because, of the large difference in mechanical
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properties between these relatively closely spaced strips,

the authors conclucded it would be unwise to compare results

from skin specimens <taken from different parts of the body.
A totel of 267 specimens obtained from 89

cadavers were tested. In order to facilitate comparison

of - their results, each stress-strain curve was characterised

by 4 parameters (see Fig I.25):

() EM50: the "modulus" for the first 0.05
kg./sq. mm, of stress
0.05%

.e. LM = : . «/mm?
e 50 strain at 0.05 kg./sq. mm, kg./mm

(=0

(ii) EM max: the "modulus" given bv the slope
of the final part of the stress-strain curve
(iii) The ultimate tensile stress based on the
unstressed cross-sectional area
The strzin at specimen rupture

The variation wifh age of each of these parameters
was examined by separating the results into a series of age
sroups and averaging each parameter within each age group.
The results were given with limits of 2 standard deviations
to give an indication of spread. This resulted in some
rather peculiar figures being quoted, e.g. EM max for females
between 20 and 29 years was given as 3.0 ¢ 6.8 kg./sq. mm.
which was obviously nonsensical and shdwed that the implied
assumption of a Gaussian distribution was not justified.

' The only one of these paramefers which was age-
dependent was the strain at rupture which showed a definite
reduction with increasing age.
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Figures were also obtained for the dry weight
and hexosamine content of the skin. Neither of these
quantities was found to be age-dependent. '

The authors compared their results with those
of Rollhauser (1950). There was a large discrepancy
between the values which he had found for EM max, this being
rmuch higher than their own figures, and for the extension
at rupture which was much lower. It was noted that
Rollhauser had taken his specimens from the region of
the abdomen above the umbilic, whereas their own skin had
been excised from below the umbilic.

Jansen and Rottier (1958 b) therefore decided
to compare the properties of specimens tzken from above
and below the umbilic., This was done in an identical
manner to that described above using specimens taken from
15 cadavers. t was found that, although there were small
differences between specimens taken from the two regions,
these were not large enough to explain the discrepancy with
Rollhauser's results.

Jansen and Rottier then investigated the effect
of exsiccation on the mechanical propertles of the specimens.
formally they had stored their specimens at '100% R.H, until
just before test to minimise evaporation of fluid from the
specimen. Three strips were taken from the same piece of
skin, the first strip was tested immediately and the other
two were tested after one hour and two hours respectively.
Buring this time they were left hanging in the air. The
weight of the second strip had decreased by 1l4% after one
hour and that of the third strip by 27% after 2 hours.

The changes in EM max and strain at rupture were as follows:
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' 1 2 3
Tested Exposed Cxposed
immed. 1 hour 2 hours
EM max kg./mm? 0.8 2.6 4.1
strain at '
rupture 1.32 1,13 0.88

The values of EM max found after exposure were comparable
with those found by Pollhauser but the values of strain at

rupture were still higher than Rollhauser's, The authors

g
therefore concluded that Rollhauser had ellowed his

a
specimens to be exposed o for some time before test

air
and that he had not started his load-extension curves from

.
e tni

.
(=]

a true load zero. ¥ih s may well have been true,
-
-

their values of stirain at rupture are still much higher
than those found by other workers. This strongly s
that they must have suffered from specimen slippage in the

arips.
An investipation of the mechanical properties

o

f auinea pig skin has been reported -by Beckwith et al.
(1963), Glaser et al. (1965), Must et al. (1565) and
Marangoni et al. (1965). _

As the aim of this research was to develop a
standardised testing technique for a rational investigation
of the wound healing process, tests were carried out on
wounded and unwounded specimens.

The basic testing method used was described by
Beckwith et al. (1963). Using the machine described by
Must et al. (1965), a stancdard wound 1.5 ins. long by 0.1 in.
deep was made in the back of a guinea pig ?arallel to and
close to its spine. The machine automatically inserted a
series of sutures 0.1 in. apart and secured them in a.
standard manner. After a suitable healing interval, the
scarred skin was removed and a standard test piece was
prepared. This consisted of a 0.25 in. wide strip cut
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perpendicular to the wound axis., A "waisted" spécimen
was not necessary as failure always occurred at the scar.
For comparison purposes, specimens of unwounded skin were
also prepared. These were of "waisted" form, the test
section being 0.25 in. wide.

The specimens were tested in air with no control
over humidity and temperature. Testing was done as quickly
&. possible to minimise exéiccation. A mezsure of strein
both in the direction of znd transverse to the applied load
was obtained by teking a series of phctographs of the
specimen as the test proceeded. A grid of 0.04 in. squares
was printed on the specimen to facilitate these measurements.
-t was claimed thet the results were not affected by strain
=te, proviced thet this lay between the limits 0.007 in./
in./sec, and 0.042 in./in./sec.

Verious difficulties becarme apparent at an

'3

early stapge in this test programme.
The first of these manifested itself as a

peculiar "hump" on the stress-strain curve. This was found
<o be caused by the panniculus, a layer of muscle attached
to the dermis. This layer is not present in human skin.
Removal of the panniculus overcame this problem.
The second problem was that the specimens were

found to curl under load in the manner shown in Fig I.26.
The authors suggested that this was due to the difference
between the elastic properties of the dermis and epidermis.
No attempt was made to investigate these properties to
substantiate this.

_ As this curling effect produced an error in.
the measurement of width, Glaser et al. (1965) minimised
this error by reducing the width of the specimens to .064 in.
This wiil obviously reduce the error in width measurement
for the purely geometric reason shown in Fig I.27. The
authors stated that reducing the width of the specimen
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reduced the tendency to curl but offered no explanation
Zor this.,

A very important effect, which must be considered
wheh using very- narrow specimens, is that, if the specimeén
width is c0ﬂu,“ab1e to the dimensions of the collagen network
in the dermis, a fundamental change in the character of the
tissue will occur. Those fibres which ere oriented iIn
directions appreciably different Irom the axis of the
snpecimen will be cut short and will have no ability to carr
load. Only those fibres criented roughly along the specimen
axis will car»y the load and will thus determine the
properties of the specimen., In theory, this would mean
that, in the limit, a very narrow specimen would have the
same properties as a single collagen fibre,

Glzser et al. stated that their specimens could
be considereé to be hormogeneous as the width of their
specirens (.03L4 in,) was 25,000 times the length of an
average collagen fibre bundle. This is clearly nonsense
as it implies a fibre bundle length of 540 R. The length
of a collasen molecule is 2,800 £.

It was appreciated that testins the specimens
in air would inevitably result In some cdegree of exsiccation.
This was minimised by careful handling and rapid testing
techniques (Mazrangoni et al. 1965). In view of the
considerable lengths gone to to develop a standard testing
technique, it is surprising that no attempt was made to

control temperatdre and humidity during the actual test.

In spite of the high degree of test control
achieved, a considerable variation in results was st;ll
found so that, in order to obtain meanlngful results, each
stress-strain curve was described by a series of parameters
in a similar manner'to that used by Jansen and Rottier.
These results were then analysed by statistical methods.

The parameters.used were:
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() The ultimate tensile stress based on the cross-
sectional area of the unstressed specimen

(ii) The work input to the specimen to produce a
stress of 500 1b/sq. in. This was given by:

in.lb/cub.in.
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(iv) The "maximum stifinecs", This was equivalent
(v) The strain at specimen rupture

In the case of the wouncec skin specimens, the
work Input to rupture was used instezé of parameters (ii)
and (iii) as these specimens failed at stresses below
500 Ib/sqg.in. It should also Se noted that parameters (i)
nd (v) were cdetermined by measurements on the gauge length
of a recducec section specimen. All other parameters were
found from parallel section specimens, the strain being
cetermined from the grip separation. As the length to
width ratio of these specimens was about 15:1 the error
involved in this was probably small. h

A typical stress-strain curve for unwounded
guinea pig skin is shown in Fig I.28. For strains greater
than about 0.3 it can be seen that the curve becomes almost
linear.

For strains in the region 0 to 0.3 the curve
could be described fairly accurately by a simple power law

expression of the form: .
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Kcl

stress in specimen - 1b/in?

Q
]

strain

(g}
n

K, 1 are constants

Results obtained on unwounded guinea pig skin
have shown that the measures taken to control the test
conditions are reasonably effective in that the scatter of
the values found for the various parameters is consicderably
lower than, for sxample, the equivalent figures found by
Jansen and PRottier.

An intensive investigaztion of the mechanical
properzies of human skin has been described by Ridge (1964)
and Ricdze and ¥right (1964 a, 198% b,znd 1885),

Soth autonsy and biopsy skin specimens were
usecd, These being obtained from standardised sites on the
abdomen, back, forearm and thigh. Care was taken to
subject the specimen to only minimal tension during removal.
The specimens were orientec either parallel or perpendicular
to the cleavapge lines of the skin (Cox 1941, Langer 1861).

Ridge and Wright reduced all their skin specimens
to the same thickness of 2 mm. by freezing the skin into a
block of water and slicing the whole block down to size
using a sledge microtome. In view of the variability found
in skin thickness, some of their specimens must have had some
of the cermis removed while others must have been left with
a thin layer of subcutaneous fat under the dermis. No
significant differences were found between specimens
prepared by the above technique and specimens prepared by
an unspecified method which did not involve freezing.

Standard shape, reduced section test specimens
were prepared using a cutting die. The gauge length of

these was 1 cm. long by, 0.4 cm. wide.



~~ ZEXIT LCAD
PICKUP S " £ |
:—L | ,]‘ /7/ DIAPHIALM i ) I
< - < AT TINA G I a ] !
= , ‘ : |
i |V P
e ! Py {
5 |/ LCAD-EXTEINSION |
A l——’—’ ll JA‘-':’S / C""/'- -
el WS 1405 | U e :
! {
i ‘ j |
! ‘ |
M:CROMETE.:-?/I !
SCREW :f
H 1
' i
—_— e T A
; : : B=
L i 8 B
CLUTCH |
CHART RECORDER

Fig. I. 29

DR

TESTING  WACHINE
SKIN SPZCIMENS

(RIDGE



32
The initial tests were carried out using an
Instron testing machine. However, because of the

inconvenience of using this machine, the testing facility
As +he movement of the

—ea

shown in Fig I.29 was constructed.
chart was directly related <o the jaw movement it was used

to give a measure of the specimen extension. In view of

the reduced section specimen which was used, this was an

obvious source of error. As the basic aim was to

t for comparison purncses and not

develop a standard <
to determine the &bso

s
lute stress-strain rele*ion for skin

“wie

f the grezt simplification

The tcp jaw was supported by a spring system in
such a way that a 1 nlied to the
tered on the chart. This

jaw before any s
meant that the initia th of the specimen was measured
"This introduced

with a load of 5 gm. on the specimen. Thi
an appreciable zero error in strain measurenment.

A tvpical load-extension curve cbtained on
this apparatus is shown in Fig I.30. The extension given
was the actual jew movement. As no details were given
of the initizl jaw distance it was not pessible to
calculate strain values.

For loads up to 150 gm. an equation of the form:

E =a + b log L whereE = extension
L = load
a,b = constants

was fitted to this curve.
This equation, however, gives a minus infinity

value for E at zero load so that it is difficult to see
how the curve fitting was done.
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(Ridge and Wright, 1964 b)
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At loads above 150 gm. another expression was

fitted to the curve, vis.

Z =3 + xL¥
where I = extension

L = load

i, X, B = constants

cf
o
Hy

As hisztclogical axenination showsd that nmo

s
The co_lagen Iibres were crientsd in the direc<ion of the
.

o
fu
0.
]

I extension, then the

. ~

extension reletion must have been primarily z measure of
les2n elasticity. “nis »art of the lozd-extension

curve was therefore subjected to a very detailsad analysis

research was tTo cetermine the

s
eases on the mechanical nroperties
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Llthoupgh this equation was purely empirical,
Ridme zttempted to relate tThe various constants t
rarticular nhysical features of the skin. The constant
k was assumed to rive a measure of the number of fibres
oriented in the direction of the load and the index b was

-

T to depend on the elasticity of the collagen.

:-".\l‘ .7-1': -
Because of the difficulty of establishing a true zero
point for a materiel such s skin, the constant i was

troduced to correct the difference between the experimental

ab ba

zero and the origin of the fitted curve.
The effects of changing several test conditions

on these constants were investigated. Changes in the rate
of extension were found to have a very marked effect on the
index b. A standard rate oI 0.2 ins. /n_.. was therefore
used for all further teszinz.

Tests on specimens oriented along and across
Langer's lines showed that the index b was not derendent
on orientation but tha® =he constant k had consistently
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higher values for specimens oriented across Langer's lines.

No,ﬁignificant difference was found between
autopsy and blopsy material taken from similar sites.

The authors proposed a simple mechanism of
skin deformation in which the part of the lozd-extension
curve described by their first equation corresponded to
a process oi collagen fibre orientation within the viscous
ground substance. The second equaticn was considered to
describe the extension of the oriented fibres. Although
histologicalyévidence was produced to support this
theory, sections were only made of unloaded and fully
loaded specimens. No attempt was made to study the
-degree of fibre orientation at several points on the
load-extension curve.

An appreciable variation with age was found with
all of the constants. The index b in particular showed
a definite decrease between 40 yrs. and 80 yrs. (the
oldest specimen used). Insufficient data was obtained
for specimens less than 40 years old to enable any
definite conclusion to be reached. The other constants
i and k were also found to decrease with age.

A certain amount of work was also done on the
stress-relaxation behaviour of skin, but this was done in
a rather haphazard manner and only served to show that
skin does have viscoelastic properties,

‘ The collagen content of all the specimens
tested was found after test. No variation with age was
found.

.. Although the. testing methods developed by
Ridge and Wright appear to be of some possible use within
the aims of their research, their essentially empirical
approach does not shed much light on the basic nature of
skin elasficity.
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r.3.2 Bizxial and mermbrane tests 17 vitro

As skin <n vivo is subjected to membrane
stresses caused by the internal pressure of body fluids
znd tissues, varicus workers have attempted tTc simulate
~nese conditions <r vitro. The only useful rcsults of

<-his tType were obtained by Ziek (1951) and Ragnell (1954).

ct

ick attempted *to simulate the <x vivo

w
)

ccaditions using the apparatus zhown in Fig I.31.
The sxin specimens were obtained Irom cadavers

ing a technicue which was intended to maintain cche

s
wisting tensions iIn the skin. A circular of internal

*‘“c -
-

ciarmeter S5 cm. with 8 sharp spikes prolecting

m

om one face

ves “ocrced into the skin surfzce so that the soints

~enetrated the- skin. The skin was then excised so that

<re spikes held the circuler specimen &t its original sic e’

nd, it was assumed, at the same tension. The number of

™

ssikes used seemed rather small to achieve this end and

LR R od

<tnere was the possibility that a certain amount of stress

~
-

relaxation could have occurred in the vicinity of the

snikes. .
Pressure deflection curves were obtained from
+2 specimens.
In obTaining stress-strain relations from this
dzta, Dick assumed that the deflected form of the specimen
%2s a spherical cap. In view of the anisotropic nature

Fo e

f skin and of the tensions maintained in the specimens,

this would not be the case.
No detzils were given of the rate of loading

zXthough the author did note viscoelastic effects when he
szid that, at the higher pressures used, the skin was

M"glow to respond".
Dick presented his results in the form of

graphs of stress v. pressure. At the higher pressures,

-
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these zraphs were oI straight line forn. As the change of

deflection and hence of radius of curvature cf the specimen

was Zound to be quite small for large pressure changes at

-
L3

these Dressures, one would expect this result,

At low pressures, however, the shape of the
curve was moéified by the large changes of racdius of
curvature which occurred anc by the existing <ension in
necimen. By extrapolating the curves nack to <he
s axis DiIck obtained values of stress which he assumed

0n
et
3
M
n ou

o be the stresses which normally existedé In the specimens

o
hen in situ. AlThough the accuracy of theszs vzlues

P

cannot De very high, they arz the cnly resasonzble values
which have been cuoted for <thess stiresses. :

Typical valuss obtainecd Zor sxkin specimens
taken Irom the lateral aspect of the thigh were from 7 gnm./
cm. for a 1y year cld femzle to 2 gm./cn. for & 65 year oid
nale. This reduction with age was found ccasistently.

By comparing the results of these tests with
a histological study of the structure o skin Dick (19u7)
put forward an explanation for the widely differing
properties of young and old skin. Ee suggested that the
ereaTer tensions found %z vZvo in young skin znd the more
elastic nature of the respnonse of young skin was due to the
existence of a well-formed elastin network and that the
loss of these properties with ape was cdue to the degenerative
changes which take place in elastin with age.

Ragnell (1954) attempted to verify Langer's
hypothesis that human skin is more extensible in the
direction perpendicular to Langer'’s lines than in the

parallel direction.
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ests wvere carried out on 3 cn. diameter
circular samples of human skin texen Irom cadavers, A
circular grid was printec on the samples before excision.
The specimen was placed, dermis cdown on a film of oil on
a circular tab;e and loads were aptiied in a radial
direction by 32 eguzlly spaced wires. The initial loads
were sSuch &s TO restore tThe ~ric on the specimen TO its

hess loads, which would
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have given an indicecticn of the vzlite of the tensions

existina <» vivo, werc not measursi.

uniaxial Zoad -air either narallel cendicular to the
wivection of _anser's lins, Sy measuring the chanse in
ppl

Form ¢f load extension curvs was ohtalined. Trom results
R t: "the extensibility
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of

~T angles to the
ng then'. Zowever, as the

e
stress-strain relation of skin is very non-linear, the

statement hee no reanine if the ex:e“s;on ~easurements are

-

not made betwezn the same absolute stress iimits.

As no control of temperature or humidity was

zttempted ané a&s no account at all was taxen of the visco-
elastic nature cf skin, the results presented by Ragnell
give no irformation of value on the mechanical properties of
skin.

I.3.3 In vivo tests

Various workers have atiempted to measure certain
echanical properties of skin iz vi?o.

Kirk and Kvorning (1949) carried out a large
number of tests using an apparatus originally designed by
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Schade (1912; 1921). /1 spherical indentor was pressed into
the skin by a Xnown weizht and the resulting movement of the
ndentor was recorded acainst time. Al<thouch the results
z2né showed definite

ovtained were reasonably consisten

¢!

-

th ace, the prorerties measured must have been

<
)ll
| l-
f3
o+
lh
J
n
ﬂ
g,

nredominantlz those 0f the subcuiznescus *issue.
e mace of the technigue

The same cx»lTicism can

L

used by Jochims (1934, 16u48), who msasured the force
necessary To compress a fold of skin. Fe also measured

the centraction of the siiin between Two parallel lines

crzwn on the surface when these linss weres pressed towards

each other until a fold 3ust starzisd to forn. This
rmeasurement would be excected To b2 relzted to the inivtizl
tension Iin the skin but, again, it would Se imnossible to

eccount for the eflcet of tihic subcuzznecus Tissue.
anc Burch (1628 performed similar
Tests using & celibrated, sprine calinser instrument which
o

a pair cf cubes cerented to the skin surface.

The term "dwvnanic" test is here taken to mean a

test in which some Form cf cvelic loading is used as distinc
from the static or quasi-static loading which was employed
in the tests cescribec above. The load cycle is usually
of sinusoical form beczuse of the convenience of the
resulting mathematics.

Von Gierke, Oestreicher, Franke, Parrack and von
Vittern (1952) have described experiments of this type 1n
which sinusoidal loads were applied normal to the skin surface
over a srall circular area, their measurements being made on

the thigh and on the uppeEY arn. The vresults of these tests

fu
3

were expressed in terms of the mechznical impedance 2
defined as the complex ratio of the periodic force Fhapplied
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to the area of the skin ¢

urfa
of the eresa. Z can be split into rezl and imaginary parts
" .

thus:-
T ™~
Z=E=7’\-1Q
where R = mechaniczl resistance
i N

0 = mechanical rezexzance

32 = "

- - =
7r2 resistance R may be said to rejresent viscous friction
e-fects. The rezactance { iIncluces the effect of Doth the
ri2ss ané the elasticity cf the maztexial, The results

nowed That up To Irequencies of tha coréer of 5 ke/s. the

s
Ahove about 20 ke/s. the behaviour ccrres-oncded To &

s, compressible fiuid, I.e. normal acousticeal

It canrot be said that the above resulis

cescribe properties of the skin as the underlying Tissues

13

usT alsoc have been involved, However, they do give sone

interesting information on the behavicur of soft tissue
under conditions which cannot be procduced otherwise.  The
excellent agreement obtained between theoretical and
experimental results also suggested that linear, viscoelastic
theory is adequate To cdescribe the behaviour of soft tissues

zt small deforrmations.

I.3 Surmary .

Although no individual investigation among those
considered has given a complete descriptica of the mechapicg} %
behaviour of skin, an over-all picture doss emerge, In
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particular the importance of the microscopic network concept
of skin structure was reclised by several workers, although

there was no attempt made to carry this concept further.

he viscoelastic nature of skin was &lso well established,
ail and the

+]

zithough again this was not investizated in det
importance of allowing Zcr the effects ol viscoelasticity
was not cenerally appreclated.
s need for the development of
»i~hlv refinec . testing Techniques In orcder To obtain rore
s

ults than tThose obtained in the work discussed



Chapter II

Pilot Experiments




Fig II.1 Hounsfield Tensometer

Fig II.2 Ground Glass Plate and Knife used for

Fat Removal
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At the start of this research programme, no
information at all was available on the nature of the
mechanical properties of skin. It was soon realised that, -
because of the lack of specialised journals in the field of
bioengineering, the retrieval of information from the
literature was likely to take a considerable time. It was
therefore decided to carry out pilot experiments simultan-
eously with the literature search.

Simple testing techniques were used to define
the problems involved in testing skin so that suitably
refined testing equipment could be designed.

II.1 Uniaxial Tensile Tests in vitro

A number of tensile tests were carried out on
specimens of post mortem skin using the Hounsfield Tensometer
testing machine shown in Pig II.l.

Most of the specimens tested were obtained from
~the abdomen of cadavers immediately below the umbilicus
and were oriented either parallel or perpendicular to the
cranio-caudal median. The remaining specimens were obtained
from infants'at autopsy and were taken from the chest. All
specimens were tested within 48 hours of death, being stored
at 4°C until tested.

The subcutaneous fat was removed using the knife
shown in Fig II.2. The skin was stuck, epidermis down, on
a ground glass plate using Evostick adhesive diluted with
ethers” The fat was then removed as shown in Fig II.3.

The specimens were tested in air at' room
temperature (18-25°C), A waisted Speciﬁen (Fig II.4) was
held in a horizontal poéition between simple clamp grips,
the weight of the gribs being supported by rollers (Fig II.
§)e The grip jaws were lined with coarse glass paper to
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minimise specimen slippage at high loads.

Load-extension curves were obtained by increasing
the load on the specimen in discrete increments and
measuring the length, width and thickness of a gauge
length at each increment, using the instruments shown in
Fig II.6¢ The gauge length was defined by attaching two
"hairs to the specimen using Evostik impact adhesive.

Initial tests brought two major problems to
light:=-

(i) it was not poésible to measure the
unstressed size of the gauge length accurately
because the specimen sagged under its own
weight.

(ii) skin was found to have very marked visco-
elastic properties.

7

The first problem was partially overcome b9
measuring the.initial gauge length before the specimen was
~ mounted in the grips.

The effect of the viscoelastiéity of skin was to
produce stress-relaxation effect at each loading increment
(i.e. with the specimen held at a fixed length, the load
decreased with time). A standard time of 5 minutes was
therefore allowed between each increment, the load being
measured at the end of this time.

Typical stress-strain curves obtained using this
technique are shown in Fig II.7. These curves may be
coﬁvgniently split into two parts:-

.(i) a primary extension in which a large
deformation occurs at loadirig levels below
" the sensitivity of the machine (<0.25 1bs),
(ii) a secondary extension characterised by
rapidly ":increasing stiffness of the



Fig II.5 Grips for Tensometer Showing Roller
Supports

Fig II.6 Instruments for Measuring Specimen
" Deformations -
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specimen.

The strain €3 measured perpendicular to the _

specimen axis is plotted in Fig II.8 in terms of the strain
ratio k defined by :

) k = E2,
€]
when g, = X=X5
Xo
€2 - xﬂ—-—x
. yo
Xo = original unstressed gauge length

X = length of gauge length at stress ¢
Yo = original width of unstressed specimen
y = width at stress o,

It was found that no measurable change occurred in the
thickness of the specimen.

‘In spite of the somewhat crude testing techniques
employed, the information obtained was very useful in
defining the basic nature of skin as a material and in the
design of the refined techniques requ1red in perfo“mlng
mechanical tests on it,

Consideration of the volume changes occurring in
the specimens shows that in all cases there was a very
marked decrease in the volume with increasing stress.

This was confirmed by the observation that a considerable
.quantity of fluid was expressed from the specimen during
test. It is also interesting to compare the high values
found for the strain ratio k (greater than unit in some
cases) with the values of Poisson's Ratio for steel (0.3)
and soft rubber (0.5). This evidence suggests that it *
is not possible to regard skin as'q continuous material
and that its highly unusual mechanical properties might
best be explalned by cons1deration of its mlcroscopzc '
arch1tecture. ' '
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II.2 Histology of Stressed Skin

Fig II.9 shows the results of a histological
investigation of skin specimens loaded to a range of stress
values from zero to failure stress. The specimens were

loaded to the required stress and then held in the clamp
shown in Fig II.10 so that the stress in the skin was
.maintained on removal from the Tensometer. The specimen
was then placed in a fixing solution for at least 7 days.
The clamp could be removed as the specimen was by now
quite rigid and in the configuration corresponding to the
originally applied stress.

Sections were then prepéred using the Mallory
trichrome staining technique described in Appendix A.II.

In the section at zero stress, the collagen
fibres in the dermis are shown stained green and are seen
to form a randomly interwoven mesh with no apparent
preferred orientation. The spaces between the fibres are
assumed to be filled with the amorphous ground substance.

When the skin is subjected to uniaxial stress,
two major effects on the collagen fibres become apparent:-

(i) as the stress is increased, the fibres
are seen to straighten out and gradually
take up positions oriented in the direction
of the applied stress. At first, only a
few fibres are so oriented, but this number
increases until all.the fibres are fully
oriented. At this point, transverse
fracture lines appear in the fibres, these
increasing in number until failure obtains.

(ii) a change takes place in the staining reaction
of those fibres which are fully oriented,



(a) Unstressed (b) Stressed Skin
Skin: o0 = 0 ¢ = 10 1b/in?

(¢) Stressed Skin (d) Stressed Skin
¢ = 100 1b/in? o = 1000 1b/in?
e; = 0,55 €y = 0.65

Fig IT.9 . Histology of Stressed Skin - the Effect of
Uniaxial Tensile Stress (Mallory Trichrome
Stain)
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resulting in them taking up the acid fuchsin
part of the stain and thus becoming red in
colour. This change is apparently permanent
in post mortem specimens, i.e. it is not
reversible on release of stress. . This is
shown by Fig II.ll.

The behaviour of the elastin fibres in stressed
skin is shown in Fig II.12.

Under zero stress, the fine elastin fibres are
randomly intertwined with the collagen fibres. Under
increasing stress they behave in a similar manner to the .
collagen and become fully‘oriented and squeezed between
the oriented collagen fibres.

II.3° Requirements for Refined Uniaxial Tensile Testing

Techniques
As a result of the above tests, it was apparent

that any attempt to obtain meaningful tensile test data
on skin must take account of two major factors:

(i) The highly none=linear stress=strain
characteristic
(ii) The marked viscoelastic properties

The first of these places certain requirements on the

" load measuring apparatué. This must have a high
sensitivity so that the large primary extension exhibited
by skin can be properly investigated. At the same time,
however, it is required to be able to measure loads about
100 times'greater than those involved in the primary
éxtenéiqn.- The apparatus must be "hard", i.e. the _
deflection of the load measuring device must -be negligible



Fig II.10 Clamp for Maintaining Specimen at
a Fixed Extension Whilst in Fixative

Fig II.1l1 Transverse Section of Skin Specimen which
had been Stressed at 50 1b/in? and Allowed
to Return to its Initial Length (Mallory
Trichrome Stain) '
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in comparison with the accompanying deflection of the
specimen. These requirements are best met by some form
of electrical load cell. '

' Because of the viscgelasticity of ékin, comparable
results can only be obtained if all specimens are tested
at either the same strain rate or the same loading rate.
Specimens should also be tested at the same temperature as
viscoelastic effects are temperature-dependent.

Because of the appreciable deformations of skin
specimens caused by their own weight, it is essential to
test skin specimens in a fluid of similar specific gravity
to that of skin so that an accurate strain zero may be
found. The most suitable medium is Ringer's solution.

It is impossible to use any mechanical means of
strain measurement on skin because of its sensitivity to
very small loads. Some form of optical strain measurement
is therefore necessary. Further to this, it is relevant
to consider whether the deformations of markings on the
epidermal surface can be considered to represent the
deformation of the skin as a whole.

A test was carried out in which the epidermis was
carefully removed with a scalpel from a skin specimen
which was under a tensile stress of 0.52 Kg/mm? There
was no measurable fall in the load on the specimen. This
implied that the stress in the epidermis was less than
.025 Kg/mm? at a strain of 0,42 under these particular
test conditions. The stress in the dermis was 0.58 Kg/mm2

' Thus, as the stress required to deform the epidermis
is very much smaller than that required to deform the
dermis, the stress-strain properties of skin may be said to
be primarily dictated by the dermis. Also, provided that
there is no failure of the dermis-epidermis bond, the
epidermis will strain with fhe'dermis. _Optical measurements



(b) Specimen Stressed to 450 1b/in?

Fig II.12 Effect of Stressing on Elastin Fibres
\ (Lawson's Elastica Stain - the Elastin
Fibres are the Fine Black Filaments
among the Coarse Collagen Fibres)
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of markings'on the epidermal surface can, therefore, be
assumed to give a measure of the strain of the specimen
as a whole. '

In add;tion to simple measurements of stress-
strain properties, it is also essential to investigate
further the viscoelastic properties of skin. This can best
be done by stress-relaxation and creep tests.

II.u Summary
The pilot experiments described above have shown

that human skin is a very complex material from an engineering
point of view, Not only is its stress-strain response
highly non-linear but it is further complicated by marked
viscoelastic properties. )

The requirements for testing such a material are
‘as follows: '

(i) . A wide range of load sensitivity must be
available without interference with the
. _ specimens being required during the test.
(ii) All specimens must be tested at a constant
strain rate (this is much simpler to
arrange than a constant loading rate).
(iii) Optical strain measurement is essential.,
(iv) All specimens must be tested in the same
environment, i.e. constant temperature,
humidity and pH. This may best be
achieved by testing with the specimens
immersed in a bath of Ringer's solution
., as this has a similar specific gravity to .-
that of skin and will thus minimise errors
caused by the deformation of the specimen
under its own weight. o

1}



Chapter III

Theoretical Considerations




T 91d -

.'..-

VOl IdN3

1074 D01-H071 HNISN  AOHIIW

10

S0

0-1

éhli/,q"] - GS2M]S vNiwonN

—

- ~nY m
) ~ ~
> 4 ‘>
l B —"

~jo0s!

zN1/87 — SS34LS TWNINON

g
|

+

$NI/87 = SS321S TVYNINON

[ d

o

w S S 4 e

=) S (=] -]
| I | |

4NIOd dXx3 o

—jo00e




48’

There are, in general, three possible types of
analytical treatment of the mechanical properties of a
material such as skin: i | ' '

" (i) - An empirical approach-based on fitting
. mathematical expressions to the
experimental data. _
~ (ii) A semi-empirical approach involving the
'analysis of a physical model of skin
based on its micro-architecture.
(iii) A rational approach using the tech-
niques of statistical mechanics or
continuum mechanics.

III.1 Empirical Method
: This approach consists essentially of fitting a
convenient mathematical expression to the experimental
stress-strain curves, A basic failing of this approach
is that it gives no information as to the physical nature
of the stress-strain behav;our of skin.

The results of the pilot experlments desaribed
in Chapter 1I were plotted"on log-log graph paper, In
every case a good straight line -was obtained (Fig III.l),

. The followzng equation could be fitted to the

exper;mental data°

log A + b log ¢

ldg g =
_ o = AP -
where ' 9.= applied tensile stress

' € strain ‘in direction of ¢

A, b = constants’

_ '.‘ The constants A and b were plotted against age.
The 1ndex b showed" a conszstent decrease with 1ncreas1ng
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age above 40 years. Beloé this there was nolapparent
dependence on age. The coefficient A showed no dependence
on age.

‘These results agreed well with the data obtained
by Ridge (1964) who also fitted a power law expression of
" this type to his data. However, Ridge attempted to relate
the parameters A and b to various physical features of skin.,
It should be emphasised that.there is no rational basis for
this and that any consistent relations obtained in this way
are purely fortuitous., For this reason, this type of
treatment was abandoned. '

III.2 Semi-Empirical Method - A Network Concept of Skin
Histological investigation of skin has shown that
the dermis consists of three principal .components which will

dominate its mechanical properties:

T —

(i) A dense, randomly interwoven mesh of

collagen fibres

(ii) A similar mesh of very fine elastin

fibres

(iii) An apparently amorphous, viscoelastic

gel (ground substance) which permeates
the above fibre networks.

As the hiétology of skin subjected to uniaxial
stress has shown that the c¢ollagen fibres straighten out
and orient themselves in the direction of the stress, it
is reasonable to assume that the behaviour of the skin is
controlled by the specific mechanical properties of the
collagen fibres only once the fibres have thus oriented
themselves. During the phase of extension corresponding
to the straightening and orientation of the collagen
fibres, the mechanical behaviour must be controlled by
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either the viscoelastic ground substance alone gr_“py

the ground substance and elastin fibres. As mbfér;nd
more collagen fibres become oriented, the stress-strain
curve approaches asymptotically to the stress-strain

curve of collagen. This process is shown diagrammatically
in Fig III.2. o i

L

IIT.2.1 Network with perfectly elastic elements

With this concept of the mechanical behaviour of
skin in mind, the load-extension behaviour of a very
simple network model was investigated. This was
conceived to consist of a large number of microscopic units
of the type shown in Fig III.3. The side links of this
unit consist of linear, perfectly elastic springs of
stiffness B. The cross link has non-linear viscoelastic
properties in general, but initially the viscous effects
will be neglected to simplify the analysis. In this form
the behaviour of the network is relevant to uniaxial tests
~ carried out at a constant strain rate. In the unloaded
condition, the network configuration is described by the
half angle a. 7 " . .
The application of a load p to this unit will
cause a deformation to the position described by half angle
0 as shown in Fig III.u. The deformation of the side
links is considered to represent the deformation of the
collagen fibres in skin and, because this is negligible
until the fibres are fully oriented, the side links are
assumed to be rigid until 6 tends to zero.

Under these conditions, the force in the cross

link is given by:
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f(cross link deformation)
f(sin a = sin 0) III.1

p tan 6

The form of the function f(sin a ="sin 6) depends on the
physical properties of the ground substance. This

function was therefore indirectly assessed by solving equation
III.1 for various forms of the function by numerical '
procedures. The simplest function which gave a reasonable
fit to the experimental data was:

p tan 6 = 2y (sin a - sin @)"* III.2

This equation in p and 6 can readily be solved numerically
by Newton's method. .

The corresponding strain can then be calculated
from:

_ cos 6 - cos a III.3
- cos a

€1

where €;= strain in direction of p.

In considering the effect of the side link
stiffness, it has been assumed that no significant
deformation of the side links occurs until 6 is small. It
will be a sufficiently good approximation to calculate the
deformation of the side liﬁks under force p and add this
directly to the strain calculated from equation III.3.

This process is shown diagrammatically in Fig III.S.

The lateral contraction accompanying this

extension can be found from:

. sin a - sin 6
€2 " “sin a + §

ITII.4

where €, strain perpendicular to the direction of p

thickness of side link

O
n
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The mechanical behaviour of this model can therefore be
defined in terms of the four parameters:

initial half angle of unit

side link stiffness
cross link stiffness coefficient

a
B
Y
5 side link thickness

It is now possible to analyse the experimental stress-strain
curves for skin in terms of these parameters as follows:

A typical stress-strain curve for skin is shown
in Fig III.6.

The curve for o v. €; has the sloping asymptote
AB and the curve for o v. g has the vertical asymptote CD.

Comparison of the load-extension curve with Fig
III.5 shows that the strain OA corresponds to the limiting
strain of a network with rigid side links and is given by:

1-cos a
' CcOoS a

€1 (1lim)

]
!
-

1 III.S
1l +¢; (lim)

cos

In calculating the side link stiffness B, account
has to be taken of the effect of the change in the base
from which strain is measured on the slope A of the
asymptote AB. The additional extension of the unit
resulting from replacing the rigid side links by elastic
side links is:

. . P

- B
" the total length of the unit ist’
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—— Gos u"‘. . . III.S

-'However, from Fig III.6 it can also be seen that: C7

€1 © Cos o 1+3%

Equating with III.6 gives:

- —A——-— - A - 1
B = 5oosg ° 711 *-e1 (lim)] III.7

The cross link stiffness factor y is found from the
solution of equation III.2 shown in Fig III.7., The value
of a« 1is known from equation III.5. Therefore, from the
value of __¢) corresponding to_any given value of p, a
value of 0  can be determined from equation III.3 and hence
'Y can be determined from Fig III.7. .
"The value of 8 can be found by considering €,

(1im), ' the value of e, given byuxhe vertical asymptote of
the o V. g curve, ' _ -

' From equation III.4 as 0 tends to zero:

sin a 5
————
sin a + [

‘8 = ai; l_:_ﬁffi%iﬂl. III.8
‘ . €y ( im _ E :

:'éz;(lim)

]
]
"
=
Q
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The results of the pilot experiments were analysed
in terms of this model., The value of a was found to
‘decrease with increasing age (Fig III.B)."\‘hbne of the
other parameters was age-dependent, These results are
fully discussed in Chapter V.

The network model in the above form is subject

to two principal restrictions:

(i) It is essentially a uniaxial model
(ii It has no viscoelastic properties.

To overcome the first of these problems it is
necessary to abandon the concept that the simple unit of
the model corresponds to the fundamental microscopic unit
of the collagen network in the dermis. Instead one can
postulate that the model represents the average properties
in a given direction of a large number of units of the
collagen network and that the model parameters are a function
‘of the direction in which the load is applied.

In several of the pilot experiments, specimens
-~ were tested-which had-been obtained from adjacent sites
- and which were oriented either parallel or perpendicular to
the cranio-caudal median., The only parameter which showed
a consistent;variation with orientation was® «a, this being
always smaller for the specimens oriented perpendicular to
the cranio-caudal median (Fig III.9). These results are
also discussed in Chapter V.

III.2.2 Network with viscoelastic elements

To take aqcount'of the viscoelastic properties of
skin it ‘is necessary to consider the behaviour of the
' network when the peffectly elastic members of the model are
given tihe-dgpendent properties. Three possible




TIME
STRESS RELAXATION

FIG. il 10.

&1

__’..q

\)

—gpo—
TIME
CREEP

STRESS RELAXATION AND CREEP BEHAVIOUR

OF MODEL WITH VISCOELASTIC CROSS MEMBER

—
TIME

FiG. TIL 11

8“

Nl

—Q

e

" TIME

- po . - -

STRESS RELAXATION AND CREEP BEHAVIOUR

OF MODEL WITRH VISCOELASTIC SIDE MEMBERS



55

arrangements of the model can be considered:
(i) side links elastic, cross member time-
dependent
(ii)- side links time-dependent, cross member
elastic .
(iii) all members time-dependent.

As the exact form of time-dependence found in
skin has to be determined experimentally, it is only possible
in this Chapter to consider the behaviour of these three
systems in a qualitative manner.

Fig III.10 shows the type of behaviour which would
obtain in stress-relaxation and creep tests with only the
cross member being time-dependent. At low stress levels,
the deformation of the model is predominantly a function
of the cross member. Marked stress-relaxation and creep
effects would therefore be found under these conditions.

At high stress levels, the behaviour is controlled by the
elastic side members and, therefore, the time effects would
be reduced in magnitude. As will be shown in Chapter V
this model does not describe the results obtained
experimentally.

' Fig III.1l1 shows the effect of having only the
side members time-dependent. The behaviour is the converse
of that described dbove, the viscoelastic effect becoming
apparent only at the higher stress levels as the side
members begin to carry load ‘directly. In Chapter V it
will be shown that this is the type '‘of behaviour exhibited
by skin. ) , ,

With all members time-dependent, viscoelastic
effects are appareﬁt throughout the stress range (Fig III.
12). This type of behaviour was not found to be relevant
to skin., ' '
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III.3 Rational Theories
There  are two techniques whereby the behaviour

of materials subject to finite strains can be rationally'

analysed:

(i) Statistical Mechanics
(ii) Continuum Mechanics

III.3.1 Statistical mechanics

In the method of statistical mechanics, the
overall stress-strain properties of the gross material
are deduced by considering the effects of the applied
forces at the molecular level. This type of approach
leads to useful stress-strain curves for the class of
materials known as elastomers in which strain energy is
not stored as internal energy in the material but results
in a decrease of the' entropy of the material. When
stress is removed the material reverts to its maximum
entropy (i.e. most probable) configuration. The
derivation of the stress-strain relation for an ideal

elastomer is given in Appendix A.III.
This type of theory is not able to yield stress-

"strain relations for materials in which strain energy is
stored as internal energy nor is it able to deal with
viscous effects. As skin has very marked viscoelastic
properties and as its main fibrous constituent is collagen,
which Hall (1952) has shown does not exhibit an entropy
decrease on extension, this type of theory is not

relevant to skin.

III.3.2 Continuum mechanics
The methods of continuum mechanics may be used

- to develop general stress-strain-time relations for
materials subject to finite deformation
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Lockett (1965) outlined the derivation of such
relations and has discussed the experimental work necessary
to find them for a certain type of material. Two
assumptions were made about this material.

(i) it is isotropic in the undeformed state

(i%) the stress at a given particle in the material
at time t depends only on the displacement
gradients at that particle at all times up to

and including time t.

A deformation is considered in which a particle
initially with coordinates X; (i =1, 2, 3) with respect
to a fixed. rectangular Cartesian coordinate system moves

to a position xi(r) at some later time 7t.
It is shown in Appendix A.IV that the constitutive

relation (i.e. stress-strain-time relation) can, in
general, be written in the matrix form:

Q = D(P) III.9
when, either Q = R¥oR P=E
or Q = E P = RToR
and - D is a matrix functional of P
o is the stress matrix at point X;
E is the strain matrix at point Xg

and is defined by:

E

© [Py
= a3
i 7 oS e - Sy
i M
o [1.4 =3
-‘ij = ’ J
0, i # 3
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If the deformation of the material is defined
by F= [Fyy] —F |
ax. (1)
Fij =3

x

.IP

J

this can be split into a rigid body rotation R and a
pure, homogeneous strain M

thus F = RM

RY is the transpose of R.

It is further shown in Appendix A.IV that for the
type of material considered, equation III.9 can be
written in the form:

t .
Q(t) = IO {Iy;T,; + v, M;ldr,
t,t
+ IOIO {IW3T1T2 + Ithlz + ¢5T1M2 + ¢5M1M2}d11d12
+ ® 0000 0000000000 III.lo
where: - -
Tu= tr p('l'c)
Tag = tr ﬁ&u) p«s) . ete
M, = pl, )

V13 Vo are functlons of t - 1

Vv3 -Vg are functlons of t - 13t - 12.etc. These functions
characterise the mechanical properties of the material

and have to be found experlmentally using the test
programme described by Lockett (1965). The practical
difficulties involved in this would be very considerable
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as several hundred tests would be required to'determine
these functions for one specimen even if only the first
~three terms of III.10°weré considered.- For this Teason
it would be impragtical to use this fype-of theoretical
“approach to obtain a"coﬁplete description of the -
mechanical properties of skin.

v

III.3.3 Uniaxial experiments

However, it is still of interest to investigate
the viscoelastic prope}ties of skin by means of stress-
‘relaxation and creep Yests in which case one has to
analyse the experimental data in terms of the above theory.
If only uniaxial tests are considered, it is possible
greatly to simplify equation III.10 as the matrices P and
Q wilI only have one non-zero component, thus:

L

L

a0 P=go¢ Q ='E:(creep test)
.+ op P =E Q = d (stress relaxation iesti.
f e - C 3w - "'i e
g EHALL In the case of a creep test (to ODQAIA.the

relations appropriate to’a stress- relaxatlon 1t 1s only
necessary to 1nterchange ¢ and E). Equatlon III 10

, &= (3K

~Pecomes: £
' SEERE LT S
TR (S v . art gl ,
H B :_.
CB(t) f J(t-1) o(r)dkx "~ . 3
-~ N - T 4 rj' ‘ : - si0 Forone
- Vi e s
’Hl I K(t-‘l’x, 't—'l’z) U(TII) O(TZ)dTI d'l'z ]
TP A G - T .-.,j
bery ieli ‘. VY 8 \
t t t . ) 1
! I [ L(t -T13 t=-123 t-'l'3) U(T]) 0(1’2) 0(7.3) dtl d'l'z d'l’3
¢ :o=r b am ! B ; b
o' ' . . .
2 o-oolo....'- '3 |L- ' ! oy -11" ..

. s III.11
Y avE * v I - TR A c ol . wtoake B )
. - i 1
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Only the first three terms will be considered. It
should be noted that:

and that if the material is homogeneous:
= (X2 .

The classical strain component € is defined by:

m
n
XX
!
(-

- +e2.
) III.12

‘It is shown in Appendix A.V that the functions
J(t - 113, K(t = 113 t - 12)y L{t =113 t =125 t = 13)
can be completely determined by the test programme shown
in Table III.l and Fig III.1l3. It will be seen that,
even in the uniaxial case, a large number of tests is
still required. For'example, if n =8 (i.e. 8 different.
values of k and 8 differenf values of 2 are considered)[
a total of 59 tests will be required on one specimen.,
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Table III.1l

Stress Relaxation Test Programme for
Non-linear Viscoelastic Material

Tﬁzf " Straining Programme Desczggzion ggéizgf
1 E(t) = cjH(?t) one step 1
2 E(t) = c,pH(t) " " 1
3 E(t) = c3H(t) " " 1
y E(t) = aj;H(t) + b;H(t-k) two step n
5 E(t) = a;H(t) + b,H(t-k) " " n
6 E(t) = azH(t) + bjH(t-k) " " n
7 |E(t) = aH(t)+bH(t-k)+cH(t-2) | three step in?

0, x <0
H(x) = 1, x » 0

Tests 4, 5 and 6 have to be repeated for n values of k.
Test 7 has to be repeated for n values of k and n values
of 2 in the range 0 <k <2, n is the number of points
required to define the functions in equation III.ll to
the required accuracy.

The practical difficulties involved in attempting
to approximate to a constant strain rate test by using a
large number of discrete steps would render the use of
this type of theory impossible for more than the crudest
approximation. However, for the analysis of creep and
stress relaxation tests it is the onhly rational approach.
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Ward and Onat (1963) have shown that the method can be
applied to the analysis of the creep behaviour of
oriented polypropylene fibres. They showed very clearly
that the relations based on the assumption of linear
viscoelastic behaviour were inadequate and that it is
essential to use the more general expressions derived
above. It should be noted that in the case of small
deformations and linear behaviour, equation III.ll reduces

to:

t
e(t) =. foJ(t - 1) o(t) dr

which is the uniaxial constitutive relation for a linear
viscoelastic material.

A test programme of the form given in Table III.l
was carried out on a specimen of skin. The results of
this test are analysed in Chapter'V. This practical
application of the continuum mechanics theory makes much
clearer many points which are not obvious from the
inevitably somewhat abstruse matrix algebra presentafion

given above.

IIT.u4 Summary
" It is dpparent that no single theoretical approach

among those considered above is capable of adequately
describing the whole of the mechanical properties of
skin, _ .
The network type of theory ﬁas the advantage that
it gives some idea of the mechanism of deformation of skin
but it is restricted in doing this more fully by the lack
of knowledge of the viscoelastic properties of the ground



oA
Feikd

g
1
() STIFF SIDE LINK (6) STIFF SIDE LINK
WEAK CROSS LINK WEAK CROSS LINK
LARGE SMALL
eg. SKIN <g9. TENDON
i | o] #
P
€ : g
() STIFF SIDE LINK {d)- WEAK/ SIDE LINK
STIFF CROSS LINK. WEAK CROSS LINK
LARGE < . LARGE o¢
- £g. CARTILAGE 23. LIGAMENT

. / ' .- :
FIG. TI. 14. BEHAVIOUR OF DIFFERENT NETWORK
' CONFIGURATIONS REPRESENTING VARIOUS

TYPES OF CONNECTN:: TISSUE STRUCTURE

-

b



63

substance. It is, however, very useful in analysing the
type of standardised, constant strain rate ‘test which is
the most convenient method for testing a reasonable num-
ber of specimens. Also, this type of theory is by no
means restricted in aﬁplication to skin but can, subject
to simple modifications, be applied to a wide variety of
connective tissue structufes (Fig III.1u4).

Continuum mechanics theory is, in principle,
capable of analysing any type of loading programme on a
material such as skin. However, the practical difficulties
involved in dealing with anything other than the very
simplest cases render this method useless except for the
analysis of simple creep and stress relaxation tests.
This situation may improve as the whole field of continuum
mechanics is at present the subject of intensive

mathematical research.
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Using the resul+ts of the piloct experiments
Cescribed in Chapter II &s a basis, more refined testing
techniques were developeld to investigzte the mechanical
properties of skin <n vitro.

> =

Iv,l Unlawial Tengile Tes*ts

The classical engineering approach to
investigating the mechanical pronerties ci any material
basically simple

3
} e
(%)
| X0
n
fu

is the unizxial tensile zes
technigue with which larze numbers of cpeczimens can be
tested in a rezsonable . In the case of skin, it

e
may be thought cesirable To use a tlaxial testing tech-
nicue because skin <n v<vo is in a state c¢i.biaxial
Ylowever, Decause oi the large number of para-
Tests and the much

tension.
meters which have to be measured in such
more comp_icated equipment recuired, it wzs decideéd to

restrict the investigaticn to the uniaxial technique. It
wes felt that this would provicde more meaningful results

from a larger number of specimens.

on 0 Touvinment

}4e

IvV.2 2es

The requifements for uniaxizl tensile tests of
skin outlined in Chapter II were used to c¢raw up a
specification for the design of suiteble ecuiprment (Table
IvV.1). For clarity only a brief description of this
equipment in its fully developed form is given below.
Details of construction, technique and development

problems are given in various appendices at the end of

the thesis.

'IV.2.1  Soecimen loadino apnaratus
"The tésting frame is shown in Fig IV.1. The
crosshead A was driven in the vertical direction by the

hollow lead screw B.



Tie IV.2 Load Measuring anc Recording Equipment

Fig IV.3 Crosshead .Drive Notor and Gearing



The motor of this crosshead was transmitted by the push
roés CC to the lower crosshead D below the frame. Any
sultable type of spec;wbn grip E.could be mounted on .this
crosshead. The upper grip F was suspended d*rectly from
the load cell G by means of a rod passing through the

0)

that'tne

[o 1)

hcllow lead screw.- This arrangement ensur
tension in the specimen was measured accurately with no
pessibility of error due to friction effects. Load cell
output was displayed on the Trenscducer Incicator (A in

-
-
P’y

g IV.2) and was simultaneously recorcéed on the Southern

t

izctrics Ultra Violet Recorder, type 2005 (3 in ?ig Iv.2).

The attenuator box C allcwed the effective sensitivity of
the system to De varied during tThe Test. Therefore, a
hizh sensitivity could be used during the Initial large
extansion at very small lceds which Is characteristic of

o
skin. The sensitivity coull Then be reduced as the load
en

increased towards specinme

4 a
detalil in Fig IV.3. Rzpid traverse of the crosshead was

acrieved by the .handle A ¢riving via the bevel gears B,
The worm gear drive C could be operated either manually
or by the reversible incuction motor D, the gearing being

such that the crosshead speed was 0.667 in./min.

Environmental control of the specimen was obtained
using the tank and temperzture control equipment shown in
Fig IV.u4,. The taenk was mounted on vertical runners and-
was counterbalanced so that it could easily be lowered to
facilitate specimen loading. The liguid used in the tank
was Ringer‘s solution. The témperature of this solutinn
could be maintainediat any desired value above ambient to
within #0.5°C by means of two 1 kw heaters and the
Fielden temperature controller. A small punmp was used to
maintain a gentle circulation of the solution through the
tank.,



rig IV..L Immersion Tank and Tempzsrature Control
Zgquipment
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Fig IV.1 Tensile Testing Machine Designed and
Built in the BioEngineering Unit



{a) removel of (b) & grid is printed
subcutaneous on the epidermal
fat surface

(c) a waisted snecimen (d) the finished specimen
is made with this
"pastry cutter"
type punch

Fig IV.5 Preparation ¢of Specimen
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Skin samples were obtcined Irom cadavers &t

auTcepsy. Abdominal skin was exciseld Ircm the area below
the umbilicus except in The cas

foren the whole length of the chest was excised. Various

by

P 3 ) Jorag4 - D - % . >
STE&Zes 1n The p:"e’-)a:’atlon Os Tlhe STECLINENS are snowa 1n
€

Fiz IV.5. The gricd printed on the specimen was used for
strain measurement as described belcow., The dimensions

¢ The specimen are given In Tig IV.E. AL specimens were
testecd within 48 hours oI dezth, being stored in Ringer's

Iv.2.3 Str2in measuraTont

Secause skin ig susieet To appreciadble cdeformetions
unier very small stresses,it wes Imnossible To use any
form of mechanicel device ccnteecting The specinmen To measure
the ceformation cduring test. An ©2Tical sIrein measuring

] o)
a zrid printed on the edidermal surfzce of the specimen
being recorcded &t short Time Intervals by The equipment
snown In Fig IV.7. Because of <the largs extensions
)i

e a
imen. Fcr this reason,
the camera was mounted on & screw onerated vertical slide.
The negatives obtained by tThe above technique (Fig
IV.8) were measured using a Watson stereomicroscope (Fig
IV.9), the table of which was equipped with a dial gauge
and micrometer drive. )
The specimen was illuminated by an electronic
flash gun giving an effective exposure time of 1 m.sec.
The flash gun zlso provided a very convenient pulse which
was recorded on the u.v. Recorder so that the strain
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Fig IV.9

Watson's Stereomicroscope used for
Measurement of Negatives
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Fig IV.10 Wedge Action Gfips



values could be correlated with the load at the instant of
exposure.,

IV.2.4 Specimen grips

The grips used were of the self-tightening wedge
action type shown in Fig IV.10, With this design, the
clamping force between the surfaces of the wedge-shaped
jaws is proportional to the force applied along the axis
of the specimen. This feature combined with the serrated
jaw faces was found to give a very satisfactory gripping
action, no trouble being experienced with specimen slippage.

Iv.2.5 Test techniques )

As the pilot experiments described in Chapter II
had shown that the ultimate strength of apparently identical
specimens varied over wide limits and appeared to be
sensitive to artefacts on the specimen such as small
irregularities along the edges of the gauge length, it was
decided not to attempt to measure this pap®meter.

The .majority of tests were therefore carried out
using a load cell with a maximum load capability of 20 1lb,
this load being much lower than the expected failure load
for most specimens (around 100 1b). This cell had the
further advantage of giving a higher sensitivity (.05 1b)
for investigating the initial large extension of the
specimen. However, as this was found inadequate for a
full investigation of this region, a number of tests was
also carried out using a 2 1b cell to give greater
sensitivity (.005 1b).

‘ The actual test was very quick and simple to carry
. out, With the specimen mountedlin the grips and the tank



raised, a photograph was taken to establish the initial
dimensions of the specimen. The motor was then started
causing the grips to separate at 0.67 in./min. As the
load increased, -photographs were taken at convenient
intervals until the maximum load was reached. Analysis of
the negatives and, the load-time record from the u.v.
recorder allowed a stress-strain curve to be obtained.

IV.3 Test Programme with Refined Equipment

The aims of the test programme carried out with
this machine were to investigate the possible variation with
age and sex of the parameters of the network theory
described in Chapter III, and to investigate more fully
the initial large extension at low stress levels which is
such a marked feature of the stress-strain properties of
skin., A total of 37 tests was performed, 24 of these -
being with the 20 1b 1load cell and the remaining 13

being with the 2 1lb cell.
Further tests were carried out to determine the

effgct of varying several test parameters:

(i) Changing the width of the specimen to
determine the possible effect of this
being comparable to the effective size
of the collagen network of the dermis.

(ii) The orientation of the specimen with
respect to Langer's lines.

(iii) The introduction of stress concentration
in the form of puncture patterns, small
circular holes, etc. on the specimen.



The Instron TT-CM Tensile Testing Machine

Fig IV.11

s
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Details of all of these tests are summarised in
Table IV.3 at the end of this Chapter. The results of
these and all subsequent tests are discussed fully in
Chapter V. '

IV.4 Instron Tensile Testing Machine

At a later stage in the testing programme, an
Instron Floor Model TT-C (Fig IV.1ll) became available.
This machine represented a very considerable improvement
over the existing equipment from the point of view of
accuracy, long-term stability, range of testing speeds "and
load éensitivity range available from each load cell. A
brief specification of this instrument-is given in Table

Iv.2,

The specimen preparation technique used with this
machine was identical to that used previously.

IV.y4.1 Photogranhic strain measurement

A similar type of photographic strain measuring
technique to that employed on the original equipment was
used. In order to increase the number of shots available
it was decided to use a precision 35 mm camera giving 36
exposures per film. Also, the whole technique was
automated by using an electrical motor drive on the camera,
this being triggered by an external timing device. The’
camera was mounted on a pantograph arrangement (Fig IV.12)
so that its optical axis automatically followed the centre
of the specimen. The Camera Timer Unit (Fig IV.13) -
allowed the interval between shots to be varied between 1
second and 1 hour, The device also produced pips on the
load recorder, thus allowing the correlation of load and

strain readings.



Fig IV.12 Photographic strain measuring
equipment on Instron

CAMERA TIMER

Fig IV.13 Camera timer unit
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EXTENSOMETER .

INSTRON OPTICAL

Figc. IV 14.

<

FIG.TZ 15 SPECIMEN MARKING FOR USE WITH OPTICAL EXTENSOMETER



Fig IV.16

Fig IV.17

Toggle Action Grips for Instron

Specimeﬁ Loading Jig
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IV.4.2 Instron optical extensometer .

A second method of measuring uniaxial strain
became available at a late stage in the test programme in
the form of an Instron Optical Extensometer, This device
offered a very considerable saving in analysis time over
the photographic method as it produced a continuous record
of load v. extension of the specimen gauge length.

The extensometer is shown in Fig IV.1lu,. The
specimen used with the device was similar to that used
previously except that instead of a grid, it was marked as
shown in fig IV.15. A servo system operated by photocells
in the optical heads AA allowed these heads to "lock on"
to the gauge length marks, and to follow the movements of
these marks. A further servo system drove the chart of
the load recorder by an amount proportional to the
difference in the head movements and thus to the specimen

extension.,

IV.4,3 Grips and specimen loading ijig
The grips used are shown in Fig IV.16. These

were of serrated jaw, straight clamp action type. The
beam spring mounted on the back of the grips provided, the
"take up" necessary when gripping a soft, viscoelastic
material such as skin. The jaw pressure was applied
quickly and simply by the tdggle levers.

To load a specimen, the grips were mounted in
the jig shown in Fig IV.1l7 aﬁd the assembly was immersed in
Ringer's solutinn at the same temperature as that used in
the test. The skin specimen was then laid horizontally .
- across the'jaws. In this position,it practically floated
and therefore any forces in the horizontal direction were
negligible. The top jaws were then assembled to the grips
and clamped in place. The whole jig was then mounted on
the Instron through the opening door on the back of the



Fig IV.18

Loading Jig Mounted on Instron. When
the Jig is Removed the Specimen and
Grips are Left Mounted on the Machine
at the True Zern l.oad Length.
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immersion tank (Fig IV.18). By this means the specimen was
maintained at the same length as it had when lying horizon-
tally . '

IV.4.4 Immersion tank

The Ringer's solution required for the immersion
tank was contained in a large tank equipped with temperature
control facilities mounted behind the machine and below
the level of the crosshead. The Ringer's solution could be
pumped up into the bottom of the immersion tank so that
this tank filled up until the level of an overflow pipe was
reached. The solufion returned by the overflow to the
main tank thus méintaining a constant circulation. At the
.end of a test, a valve allowed the solution to return to
the main tank vzZa the supply pipe. The tank door could
then be opened to allow access to the specimen,

IV.4.,5 Test_technique

' The actual test procedure used with the Instron
was simple in the extreme because of the high degree of
automation achieved. A crosshead speed of 2 cm./mm. (0.79
in./min.) was used as this was the closest speed available
to that used on %he:BioEngineering Unit machine. The load
.cell used for the majority of tests had a maximum load
capability of 2 Kg. (4.4 1b) but, with the wide range of
amplifier gain seftiﬁgs avaiiable, a sensitivity of 0.1 gm.
(.00022 1b) was available. Another load cell of 50 Kg.
(110 1b) maximum capability was used for some tests to
allow the behaviour at higher loads to be investigated.

cnr e

IV.5 Test Programme with Instron

. A total of 18 uniaxial tensile tests was performed
with the Instron. ~Of these 12 were carried out using the
photographic strain measurement technique;'the remainder

B
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being done with the optical extensometer, In 7 tests the
specimen was loaded until failure occurred.
Details of these tests are summarised in Table

IV.3 at the end of this Chapter.

IV.6 Viscoelastic Behaviour

Further to the theory of non-linear viscoelastic
behaviour, discussed in Chapter III, it was decided to
carry out a limited number of stress-relaxation and creep
experiments.

In a stress relaxation test the specimen is
suddenly extended to a given strain and is then held in
this position. The variation of the load in the specimen
.with time is then recorded (Fig IV.19).

In a creep test a given load is suddenly applied
to the specimen and then maintained. The resulting
variation of specimen extension with time is then recorded
(Fig IV.20). '

The above tests are single step tests, i.e. there
is only one sudden increase in extension (or load). It
was also required to perform more complicated two step and
three step tests (Fig IV.21) these being of only stress

relaxation type.

IvV.6.1. Modifications to apparatus
The original method of driving the crosshead by

means of a lead screw was not suitable for applying precise,
rapid crosshead movements. The crosshead was, therefore,
disconnected from the lead screw so that it was free to

fall under its own weight, this movement being controlled by
the device shown in Fig IV.22. The pins were pushed
through the holes in the plate and .engaged with the under-
side of the crosshead. Thus, if the uppermost pin is
removed, the crosshead will drop until it is stopped by
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Fig IV.22

Modification-- to Testing Machine for

Stress-Relaxation Tests
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the next pin. The screw adjustment allowed the initial
length of the specimen to be adjusted.

Some stress-relaxation experiments were also carried
out on the Instron. In this case the crosshead was
traversed at maximum speed (50 cm./min.) until the desired
extension was obtained. Although this resulted in a
poorer approximation to the theoretical instantaneous
extension step than the method described above, this was
compensated for by the greater accuracy and better quality
of the load v. time record obtained from the Instron.

Creep tests were performed on the Instron using
a limit switch device on the load recorder which allowed
the machine to maintain a constant load on the specimen.
Strain measurements were made photographically as in the
uniaxial tensile tests.

IV.7 Stress Relaxation and Creep Test Programme

A total of 12 single step stress-relaxation tests
was performed. The details of these tests (and all other
stress-relaxation and creep tests) are given in Table IV.4
at the end of the Chapter.

Because of the long, complicated test programme
involved, only one complete experiment, consisting of one,
two and three step tests, was carried out, The details of
this test are given in Table IV.4 and it is also fully
discussed in Chapter V.

Eight single step creep tests were performed
with various loads and test durations.

IV.7.1 Load cycling tests
' . Because the experiments involving multi-step tests

required a number of tests on the same specimen, it was
decided to investigate ;he effect of repeated load cycles
on a specimen. The result of such a load cycling test is



O 1234

FIG.=™Z.25. - LOAD CYCLING <TEST.
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shown in Fig IV.23, It can be seen that after four cycles,
the stress strain curve settled down to a fixed patterns
All specimens used in the stress-relaxation and creep
experiment were therefore subjected to five such load
cycles before test.

Iv.8 Summarv ,

The specifications of the testing equipment used
in these investigations and details of the testing programme
carried out are given in Tables IV.1l to IV.4 below.



Table IV.1l

Specification of Uniaxial Tensile Testing Machine

Designed and Built in the BioEngineering Unit

79

Load Measurement

Electrical Load Cells (Inter-
changeable)

Maximunm Load

Canacity 200 1b
SensitiQity .01 1b
Accuracy +1% of Full Scale Load

Load Recording

Continuous PRecord on u-v Recorder

Crosshead Drive

Constant Speed Drives; Speed
Selected by Change Gears.
Rapid Traverse and Fine Manual
Positioning Facilities

Strain Measurement

Photographic

Environmental
Control

Specimen to be Immersed in a
Constant Temperature bath of
Ringer's Solut%on durigg Test.
Temperature 37 C #0.5°C; pH=7.0.
Immersion Tank to be easily
Removed to Facilitate Specimen
Handling
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_TABLE IV.2

Specification of Instron Floor Model TT-CM

ad cell ranges:-

ell A 0-2, 0-10, 0-20, 0-50 gms.
ell B 0-100, 0-200, 0-500, 0-1000, 0-2000 gms.

ell CM 0-1, 0-2, 0-5, 0-10, 0-20, 0-50 Kg.

ell DM 0-10, 0-20, 0-50, 0-100, 0-200, 0-500 Kg.

ell FM 0-100, 0-200, 0-500, 0-1000, 0-2000, 01500 Kg.

Crosshead Speeds:- 0.005 to 50 ecm./min.
Chart Speeds:- 0.2 to 50 cm./min,

oad recorder system:-

Maximum pen response speed:- 0.25 secs. for full
scale (10 in.)

Accuracy:- t1% of full scale at pen speed of
0.75 sec. for full scale

Maximum accuracy:- +3% of indicated load or
t1% of recorder full scale
whichever is the greater



8l

*1TeM TPUTWOPQE JOTJIIIUR Y} WOIJ wajgouw 3sod e PoUTRIqO aaam susutoads TV

UBTpPaW Tepned-oTuead 03 JenoTpuadasad =T
uerpau Tepned-oTURID 03 ToaT[Pard = I :T @30N
6L° - | nn I eL-9z | 4 n
6L° h*h [ 6L-LE | W L
. peoT _
: 6L aanytey i IL-es d € uoxjsuy
'O
6L santres i eL-9z | W h
L9* Z I 08-6€ | J 8 .
L9°* [A I 8L-€S W S
L9° 0¢ T ¢8-=hh d 4 aUTYDEBY pw::
L9° oz T 08-8T | MW h dutasautdusorg
L9 0Z I $8-9T | d 8
L9° - 02 0 68-0 H 91
‘utw/cut (a1)
ey perndav | LI shen feszeany ) ] sisen | survomy
uotleaedag peog mosauo&m ody Jo *opN dutysag
dtag wowTx e :

93®Y UTPJI}S JUPISUO) 1P SIS I[TSUI TeIXeTUN - awweaBoaqd 3saf

€°AI 4T4VL



Table IV.u4

Stress Relaxation and Creep Tests

Initial RelaxatioJ
Type . . Age
: Testing Strain or Creep N
”:zt Machine or Time ;KgaQZi Comments
* Stress (seconds)
€,=0.45 10,000 L3 M
0.39 10,000 52 M
0.53 10,000 39 F
Bioengin-
eering
Unit 0.27 10,000 g5 M
Machine
0.35 1,000 73 M
Sinrle
Sten O.uy 1,000 56 F
Stress
Relax-
ation 0.u47 1,000 61 F
- 100 48 M |[Several
- 100 | 57 M |Tests
Instron _ 100 63 F Carried
' - 100 | us F [OUF OM
Each
- 100 77 M |Specimen
Table IV.4 continued on next page «ecee.




Table IV.4 (continued)
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Initial

Relaxation

Type T : . Age
esting Strain or Creep gt
Tgft Machine or Time ézzaES) Comments
== Stress (seconds) b ex
Complete
Multi- Prog-
Step Bioeng=- . ramme of
Stress |ineering - 500 45 F 1,2 € 3
Relax-|Unit Step
ation |[Machine Tests
1 1b/in? 100 48 M |4 Tests
were
2 " " " Perfor-
med in
5 n n" n Order
of Inc-
reasing
Single 10 " " "
Step Instron Stress
Creemn )
l n n" 57 M
2 11] " n
do
5 11] 11] "

lo "




Chapter V

~Analysis of Experimental Results
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V.l Uniaxial Tensile Tests at Constant Strain Rate

The results of the uniaxial tensile tests
described in the previous chapter and of the pilot
experiments described in Chapter II were analysed in terms
of the network theory outlined in Chapter III. This
analysis’ produced four parameters from each test:

(i) a = this angle defines the unstressed
configuration of the model

8 - the linear stiffness of the side links
of the model. In skin 8 represents a

a linear approximation to the slightly

(ii)

non-linear stiffness of the collagen
fibres.

the non-linear stiffness factor of the
network cross link. The force p in the

cross link is given by:

(iii) vy

' p = y(cross link deformation)“.
(iv) 6 - the width of the network side links.

V.l.1 Pilot experiments
Fig V.1l shows some typical stress-strain curves

obtained from the pilot experiments described in Chapter
II. The results were analysed in terms of the network
theory, but, because of the poor accuracy of the data and
the low sensitivity of the testing machine used it was
not possible to obtain reliable values for the parameters
Yy and §. The values obtained for @ and B were plotted
against .age (Figs V.2 and V.3 respectively). Although
there was a considerable scatter in the results, it is
seen that the value of a tended to decrease with age.
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B showed no age-dependence and neither parameter varied
significantly between the sexes.

V.l.2 Tests on bioengineering unit machine

Fig V.4 shows some typical results of uniaxial
tensile tests carried out on the machine designed and built
in the BioEngineering Unit. These tests were carried out
under standardised conditions:-

Grip separation rate = 0.67 in./min.
Specimens immersed in Ringer's solution .
Temperature 37°¢

pH 7.0

Maximum load at end of test = 20 1b

The peneral shape of these curves is similar to those
obtained in the pilot experiments. Because of the much
better control achieved over the test conditions, the
results were found to be more consistent and more accurate
than the pilot experiments. A total of 24 tests of this
type were carried out and were analys d in terms of the
network theory. The results of this analysis are shown
in Figs V.5 to V.8.

The parameter a (Fig V.5) was found to have the
most consistent values and showed a definite decrease
with age.

Comparison of Figs V.5 and V.2 shows clearly the
improvement in accuracy of the refined testing technique
over that of the pilot experiments. There is a much
reduced scatter of the values of a. Also, the values
obtained by the new technique are consistently some 5-10
degrees_greater than the pilot results throughout the
age range. This is due to the improved accuracy of the
zero strain measurement. '
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The side link stiffness B (Fig V.6) showed
considerable variations but no relation was found with
" age. '

The cross link stlffness factor vy, although
snow1ng large Va“lathﬂS, tended to increase with age
(Fig V.7, note logarithmic ordinate scale).

The side link thickness & showed a reasonably

consistent decreese with age (Fig V.8).

None of the four parameters showed any significant

variation with sex.

Because of the small number of tests involved,
no attempt was made to apply statistical technicues to
the above data to obtain cuantitative estimates of the
trends shown in the figures. '

The interpolation of these results (and the

sults of all other tests) is discussed in the final

balcls
- =

section of this-chapter.

A further 13 tests were carried out on this
machine, these being identical in all respects to the tests
ciscussed above except that the maximum load applied was
only 2 1b. Because of this feature it was impossible to
analyse the results of these tests in terms of the network
tTheory as it was not possible to obtain values for the
parameters a and 8 from the curves obtained. The purpose -
of these tests was to obtain data on the initial phase
of large extension at very low stress levels which is a
characteristic of skin.

) Typical results of these tests are shown in Fig
V.g. It can be seen that there is still a considerable
extension of the specimen occurring at very low stress
levels below the sensitivity of the load cell in use.
it was not possible to use this cell at a higher

sensitivity setting, any further investigation of the

As
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behaviour at low stress levels was deferred until the much
more sensitive Instron machine became available.

V.l.3 Variation of stress-strzin opronerties with

specimen orientation

In six of the tests described above using the
20 1b load cell specimens of skin were also obtained in
which the long exis was oriented perpencicular to the
cranio-caudal median as well as the normzl specimens
orientec parallel to the mecian. These specimens were

all tested in tThe normal way using tThe 20 1b load cell,

Hy

Fig V.10 shows & tynical compariscn of the behavicur o
specimens oriented parallel and perpencdicular to the
cranio-caudal median. The results of all six tests were
analysed in terms of the network theory, the results being

given in Table V,1l.
Table V.1

Network Analysis - Variation with Orientation

Age a B Y [
£

Sex noyL) on |4 [ L [ e
82 T | us|s0| 210|200 0.25|0.15 | 2.0(2.2"
8o M |so|u2| 2uv0|l220| 0.1 [0.15 | 2.3]2.0
57 M |us|u3| 150[180| 1.0 [0.7 |2.0[2.4
vy F | su|us| 110{120{ 0.09|0.1 |2.6(2.0
34 M |52 |u8| 210{190| 0.06[0.05 | 2.2{2.5
18 M | s9|s1| 230|240 0.07{0.07 | 2.5 2.6

it parallel to cranio-vaudal median
4 perpendicular to cranio-caudal median
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The only parameter which was significantly
altered by the change of orientation was a, this being
consistently lower for specimens perpendicular to the
median. )

Several tests of this type were included in
the pilot exneriments. Analysis of these tests also
showed that a was consistently lower for specimens oriented
perpendicular to the cranio caudal median (Table V.2).

Teble V.2

Net work Analysis - Variation with Orientation

(Pilot Experiments)

o 8
| Age & Sex

by il L
43 M 45:40(280(220
54 F 41411230240
67 M 38133{1601(200
71 M 241211801180

V.I.u The effect of specimen width

In considering a network theory of the type
proposed one has to take account of the effects produced
at the edge of the network where the presence of free
ends of the network links will affect the behaviour of the
network. These effects are only negligible if the
total width of the network is large compared to the size
of network unit. If not negligible, this effect would
result in a variation in the stress-strain curve for
specimens of different widths. Tests were therefore
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A further 11 tests were carried out using a
more sensitive load cell in order to extend the
investigation of the behaviour of skin at very low stress
levels. The first 5 of these tests were performed with
the photographic strain measuring technique, the remaining
6 tests involving the use of the Instron optical extenso=-
meter. A typical result is shown in Fig V.16. The
most important feature of this is the initially linear
extension of the specimen, in this case with an effective
"Young's Modulus" of 0.75 1b/in? This initial linear
extension of skin was found consistently in these tests,
although the continuous record obtained with the optical
extensometer showed the effect more clearly. The values
cbtained for this initial modulus (termed M,) were plotted
arainst age (Fig V.17). There was no significant age- .or

sex-dependence.

V.1.7 Load cvecling tests
For the reasons given in Chapter IV, the specimens

used in the creep and stress relaxation tests described
later in this chapter were subjected to 5 load cycles from
zero load to the maximum load to be used in the test proper
before commencing the creep or stress relaxation programnme.
A large amount of data on the effect of remeated load
cycles was therefore made available. " A typical result is
shown in Fig V.18. It is seen that, after a small number
of cycles, the stress-strain curve settles down to a

steady pattern. This effect was found in all of the

specimens considered.

V.1.8 Tests at different strain rates

Three tests were carried out in which the specimen
was first subjected to a number of load cycles at the
usual strain rate (0.25 in./in./min.) until the stress-strain
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curve had stabilised. The maximum stress applied was
restricted to 10 1b/in% to avoid any possibility of causing-
a nermanent extension in the specimen. With this stress,
the specimen would always return to its original length
when the stress was removed.

A further series of load cycles to the same
meximum stress was then applied to the specimen using a
different strain rate for each cycle. The strain rate
was variecd in the range 6.25 in./in./min. to 0.0125 in.s
rin. A typical result is shown in Fig V.18. Py
oI changing the strain rate was very small at the s
levels in cuestion. It is not possible to carry out this
tvoe of test at higher stress levels because of the
permanent set which would occur.

V.2 €tress Pelawation a2nd Creen Tests

The viscoelastic properties of skin were
investigated by means of a variety of stress relaxation

&nc creen tests.

nole sten stress relaxation tests

<
.
(2N ]
.
'—‘
e

In th
uddenly extended by a predetermined amount and then held
at this extension. The loacd in the specimen was then
recorded against time. Fipg V.20 shows some typical results

D
s tvpe of test the skin specimen was

e )
.

of such tests. After some three hours, the stress in the
specimens is seen to decay to approximately 10% of its

e
o |

itial value. Using the method described by the

British Rheologists Club (19u44) the stress relaxation curves
were fitted graphically to exponential decay functions of
the form:

o(t) = a, + ap exp(-t/1;) + a, exp(-t/12{ + tee.e Vo1
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Fig V.20 also includes the equations of this type found
for the given stress relaxation curves. The curve'fitting
method is described in Appendix A.IX. '
As these stress relaxation equations are derived
pirically it is not possible to make any deductions as
to the physical interpretation of the stress relaxation

phenomana observed in skin.

Ve2.2 Stress relzwation tests - netwgrk thecrv

Using the Instron machine it was nossible to
nerform stress relaxation experiments at very low stiress

els Alsc, & number of tests with different initial

}..:

extensions could be nerformed on one snecimen provided
that the stresses iInvolved did not cause any nermar
deformation of the snecimen.. A typical result of this
type of test is shown in Fig V.21. It will be seen that
at very low stresses, no stress relaxation effect is
present in the time scale of the exneriment. As the
initial stress iIs increased the stress relaxation effect
becomes more marked. Comparison.with Fig III.1l shows
that this type of stress relaxation behaviour can be
described in terms of the network theory if the side
members of the network have viscoelastic properties. The
results of the stress relaxation tests carried out at low
stress levels were therefore analysed in terms of a net-
work model of this type. As this analysis was rather
complex it is illustrated below in the form of a sample
calculation using the results of the test shown in Fig
V.21. To obtain values for the network parameters at
time t = 0, the stresses at t = 0 were plotted against
the appropriate strains to give a form of stress-strain
curve. The aprropriate network parameters were:
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a = 53° B(0) = 130 1b/in2

y = 0.4 1b/iné

In order to define the viscoelastic pronerties
of the side links, it was assumed that, when the network
was in the fully oriented confipuration, i.e. & was small,
the mechanical properties of the network were detarmined
cnlv by the mechanical nroperties of the side members as

these were directly in line with !the appliec stress.
A further justification for this assumntion

irs V.22 shows the result of a series of stress rzl a"ation

tests carried out at hicher stress levels on the sane

soecimen. It can be seen that the form of the stress

cal, the only differsnce being

Thus, in the example being considerec, <the
value of 8 corresponding to ¢(0) = 10 1b/in? was 2°, It
was assumed that the stress relaxation nroperties of the
side links were definecd by the result of this tes<t.

These properties were expressed in terms of a stress
relaxation modulus 2(t), the variation of this with time

t deing given in Table V.3.

Table V.3

Stress Relaxation Modulus B(t)

Tt - sec. 1 2 5|10 20 50 100

8(t) - 1b/in?{117 | 107 | 96 | 87.5| 79.5| 67.5 62.5

As the network model was now fully defined, its
stress relaxation behaviour was investigated, i.e. the
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model was sudcéenly extended by a known amount and held
at this extension. The variation with time of the form
required to meintain this extension was then calculated.
This calculation was performed for extensions corresponding
to the strains used experimentally,i.e. e;= 0.22, 0.45, 0.60,
0.66, 0.70. The result is shown in Fig V.23,

It was found that the model behaviour could be

split into three phases:

9
relaxztion effect in the time scele (0 <t <100 secs.)
g

being considered.
(i1) for 0.20 < €; < 0.70 the model exhibited a more
complex behaviour. The time-devendent

deformztion of the side links was sufficient to

cause an aporeciable change in the model

ent time-dependent chanpge in the
forces in the model.

(iii) for e; > 0.70, the network was nearly full
orientec and the side elements were alrmost
directiy in line with the applied stress. The
stress relaxation properties of the network were
thus defined by the properties of the side

members.,

Sample calculations given in Appendix A.IX show
clearly how the three types of behaviour discussed above
arise.’

Very good agreement was obtained between the
theoretical and experimental results, the only appreciable
discrepancies being in the second phase of network
behaviour, i.e. 0.60 < ¢; < 0.70. This was the result

of the assumption of linear viscoelastic behaviour of the
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side members which was necessary in the calculations.
The stress-strain behaviour of collagen is known to be
slirehtly non-iinear (Morpan 1960) so that this assumption

is only an approximation to the true conditions.

ct
n

C
-

e

10}

V.2,.3 Sinsle sten creen

rt

(]

he single step stress

oncurrently with

(@]

<s discussed in the previous section,

b

m
0
)
8]
n B
®
0

s
of creep tests at low stress levels was performed.

-
ad

(0]

fter the stress relaxation tests

-~ the same data as was usec to predict the

ss relaxation curves from the netiwork model, the

creep behaviocur of the model was calculated and compared

with the exnerimental data. These calculations were
mpler than for the stress relaxation case as, because

the creep deformations of the network occurring after

+he initial sucdden extension were always small, the forces

e

twork could be assumed constant throughout the

0

reep deformation.

As the actual creep deformations were very
small, it is not satisfactory to produce the results of
these experiments in gpravhical form (Fig V.24). The
experimental and theoretical creep deformations at various
loads after a time of 100 seconds are given in Table V.3:
for the same snecimen which was used for the stress
relaxation test discussed in the previous section.
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Table V.3

Experimental and Theoretical Creep Deformation

Stress ¢ 1b/in? 1 2 5 10

Cxperimentel |.602|(.6601!.697|.7286

T will be seen that the theoretical results were

lose amreement with the experimental data at the
s here was an appreciable cdifference

c
STtress levels but that t I

at a stress of 10 1b/in? This apain indicates that the
assumption of linear viscoelastic behaviour for the network
side members is not strictly permissible, The creep
behaviour of the side members predicted from the stress
relaxation date on the basis of this assumption represented

the true behaviour of the material only to a first order

apoproximation.

ss relaxation cveling tests

9]

L e
- A

L)

v.2.u

ct
o5

o

n
described above, the specimens were subjected to at least
five loading cycles up to the maximum load to be used during
the test proper. Under these conditions it was found
that if a given test was repeated, the same result was
obtained within the limits of accuracy of the test.

To investigate the effect of repeated stress
relaxation cycles, tests were carried out using the Instron
machine on specimens which had no previous loading history.

e stress relaxation and creep tests
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The test procecure was as follows:-

(i) specimen extended &zt constant rate %o a
suitable value of szrain and then held
at this strain

(ii) stress relaxation for a period of 100 seconds

(iii) specimen returned to original length and
allowed tTo rest for five minutes

(iv) extension &t same constant rate to the

same csTrain Then stress relaxation for

100 secoends
{(v) returned To Ooripinel length, rested Ier
five minutes then cvcle reneatec several

(vi) <the above procedure was reneatec for a

series of increased strains.

The result of such & test is shown
seen that at any given stIr
recuced on successive ¢
the stress relaxation effe
given strain, the value of c¢(t) as t increases is seen To
ennroach the same value for each successive stress
relaxation at that strain although the values of o(0) at
t = 0 are markedly different. Also after several cycles
the form of the stress relaxation curve at a given strain
becomes constant.

Fig V.26 shows the result of a similar tvpe of
test. In this case the successive stress relaxations
were started at the same stress instead of the same
strain. Again the mapnitude of the stress relaxzation

effect is seen +to diminish with successive cycles, the
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form of the curve obtained becoming constant after some

four cycles.

V.3 Mul+i S+en S+tress Relaxation Test

In order to assess the possibility of applying
the general theory of non-linear viscoelastic materials
presented in Chapter III to assessing the behaviour of
ruman skin, one snecimen of skin was subiected T0 the

uniaxial test programme supgested by Lockett (1¢85).

V.3.1 TasT ~ragrsTme

The snecimen was subjected to 20 loading cycles

to a maximum stress of twice the maximum stress T0 be used

- ah Ll e Ll
in the succeedins TesT drogramne. There was no Ciscernible
difference between successive cycles after this Treatment.

ct

The test programme proper was split up into three

mein types of te

(i) .single step tests, in which the soeciren

" was succenlv extended to a preset strain

c. at Time T = 0 and then held at thi

strain. The stress in the specine

was recorded with time. Six such tests

were performed with different strains

on the same specimen

(ii) +two ste? tests in which the specimen
was given a strain a; at t = 0, held et
this strain until t = k and then given a
further strain bj. This strain was
maintained and the stress in the specimen
"was recorded with time. Three tests of
this type were performed with the same
value of k and different values for a;
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and bia These were selected in a

manner which —uch simplified the analvsis

of the results, viz.

lst test aj ’ b
2nd test aj ’ b,
Ird test aj ’ b

This whole n

number cf 4di

and then a ¢

hel” constan

tects in which a stra

rocedure was reneated for a
fferent values of Vv,

n a was

[N

= 7 and held constant until
crther strain L ae then
cnnstant until t = ¢
‘nal strain ¢ was annlied and

+, the s*ress in the specimen

*+hen teine recerded with tire, This

tect vaa ren

a, han?tc f

values nf ¥

V.3.2 Analvsis of

eatecd vith the same values of

cr a nurher nf different

and £ in the rance N < k < ¢,

results

The results
are shown in Fie V,27
for such tests.

The functions J(t), K(t, t), L(t, t, t) were
obtained from these curves by the methods of analysis

described in Chapter
variatiqn of stress

o(t) = ¢

i J(t) + r- W

~nf three of the sinple step tests

101

and are seen to be of the usual form

III and Appendix A.V, The
o(t) with time t is given by:

(t, t) + cg L(t, t, t)
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where ci is the constant strain in the material. For
c; <<l the terms in ci and cg can be neglected and
equation V.2 reduces to:

g(t) = ciJ(t) V.3

which is the equivalent expression from linear visco-
elastic theory. That equation V.3 does not describe the
behaviour of gkin is readily shown by plotting c(t)/ci
apainst c; (Fig Vv.28). If equation V.3 was correct

this would result in a series of horizontal lines each
representing a given time t. This is seen to be not the

case. It is therefore necessary to consider equation V.2,
Althouegh only <three <terms are given in this equation,
it should be appreciated that further terms might be
needed adequately to describe the material. However, it
is not practical to consider such terms because of the
much greater complexity of the analysis and, more
significant, the experimental accuracy is unlikely to be
high enough to allow such terms to be resolved.

o The functions J(t), K(t, t) and L(t, t, t)
obtained from the experimental data are shown in Fig V.
29. Before proceeding with the analysis of .the two step
and three step tests, a similar analysis was performed on
the results of the remaining three single step tests.

The functions obtained from these tests are also shown in
Fig V.29. It is seen that there was a considerable
difference between the functions obtained from the two sets
of results. Also, if the behaviour of the skin at small
deformations is considered (i.e. equation V.3 holds) it is
seen that as the function J(t) has a negative value, the
speciméﬁ would have a negative moduius, i.e. its length
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would reduce under tensile stress. This is clearly non-
sense as thils does not occur in practice.

These results indicate clearly that the
presently available concepts of non-linear viscoelastic
theory are not applicable to skin in the form considered.
Two possible reasons for this are:=-

(i) the basic assumptions of the theory do not
apply to skin, in perticular it is definitely
known that skin is not a continuous material
but has a complex multi-phase network structure.

(ii) the three terms considered in the equations of
the theory are not sufficient to describe the

behaviour of skin

Although this type of theory is not at present a
practical approach to the problems presented by skin, it
should be appreciated that future mathematical developments
in this field may radically alter this situation.

V.4 NDiscussion of Results
The analysis of the results of the uniaxial tests

at constant strain rate in terms of the network theory
shows that even this very simple approach gives a good
approximation to the actual behaviour of skin in vitro and
lends further support to the histological evidence which
originally suggested the three-phase network concept of
skin.

Of the four network parameters, only a gave
;onsistént values and showed a definite age-dependence.
This parameter gives a measure of the amount by which the
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collagen fibres have to straighten out and orient themselves
in the direction of the applied stress. The reduction in
this with increasing age suggests that the number of
"] inkages" between the collagen fibre bundles increases
with age as this would result in a restriction of the net-
work movement involved in the orientation of the fibres.
The parameter B8 varied within wide limits but
showed no dependence on &ge CIr SeX. It is obviously
necessary to consider other variables such as the disease
nistory of the donor to find the reasons for this
variation in 8 which in turn imnlies a variation in the

mechanical properties of the collagen fibres.

)

As y is a purely empirical factor it is not

nossible to give any physiczl interpretation of its

}2e

'Y

apn
ncrease with age other than to say that it indicates &
change in the ground substance and elastin network with
increasing age.

The apparent reduction with age of the parameter
6 suggests that the collagen fibre bundles become either
fewer or narrower with increasing age.

The extension of the network theory to include
viscoelastic effects resulted in good agreement with the
experimental data, the only significanf error being due
to the assumption of linear viscoelastic behaviour of the
collagen fibres. In marked contrast, the general theory
of continuum mechanics was not able to describe the visco-
elastic behaviour of skin when used in a simplified form.
Although, in princiﬁle, the continuum mechanics approach
is capable of producing a correct solution, the
difficulties involved in considering more than three terms
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in‘the equations of this theory render its use impractical
at present.

The load cycling and repeated stress relaxation
tests showed that even at very low stress levels, permanent
effects are produced in skin 2z vziiro by mechanical stress.
This could possibly imply that some form of consolidation
of the "linkapes" hetween collagen fibre bundles takes
place. For example, if these linkages are in the form of
mechanical entanglements between adjacent fibres, the
"knot" so formeé could be pulled tighter. It has not yet
been possible <o demonstrate any form of cocnnection between

the fibre bundles histologically.

V.5 Summarv
Tzken as a whole, the results presentec give very

strong support to the concept of skin as a three-phase

network consisting of:-

(1) a dense collagen fibre network which
acts as a very strong limit stop to
the extension of skin and provides a
supporting framework for the ground
substance
ii) a fine network of elastin fibres which
may or may not contribute to the
initial large extension at low stress
' of skin .
(iii) an apparently amorphous ground substance
which permeates the above networks.
This would be expected to have apprec-
iable viscoelastic properties but the
apparently perfectly elastic behaviour
shown by skin in the initial extension
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region shows that the elastic properties
predominzte. Tnis implies that the
viscosity of the ground substance is
either so low that stress relaxation
and creep effects occur in too short

a time to be measured or so great that
these effects occur too slowly toc show
up in the time scale of the experiments.



Chapter VI

Experimental Work Zz Vivo
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Concurrently with the programme of in vétnp
tests described in the previous chapters, an investigation
of the mechanical porperties of skin im vivo was carried
out. The aims of this were twofold:-

(1) to determine the basic mechanical character-
istics of skin Z» vivo and, if possible, to

relate these to Zn viiro results,
possibility of applying

(14
<

(ii) to examine <h
knowledge of the mechanical properties of
skin to a variety of clinical problenms.

TT

This topic is cdiscussed in Chapter VII.

VI.1l Uniaxizl Tensile Tests in Vivo

Human skin Z» vZvo can be regarded as = membrane
wnich is normelly subject to a biaxial tensile stress
system and a traverse pressure. The magnitude of these
stresses and pressure varies in a complex manner over the
surface of the body. The method of uniaxial test
employed was to apply -a load pair to the skin surface and
To measure the resulting extension of a gauge length
marked between the points of load applicatidn (Fig VI.l).
When possible, the dimensions given in the Fig were
ahhered to,but in some cases this could not be cone
because of the size of the test site or difficulty of
access by the instrumentation to the site. .

VI.l.1l In vivo loading annaratus

Various pieces of apparatus were built for
applying loads to the skin. The first of these is shown
in Fig VI.2, This consisted of a simple tubular frame
A with two screw operated slides BB'carrying the load .
'heasuring beams CC. The:.loads were applied to the skin
via sutures on light strings attached to the hooks D on
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the beams. The method of load application to the skin
surface is discussed below. The applied loads were
measured by means of foil strain gauges on the beams and
a suitable strain bridge. The whole arrangement was
mounted by means of a universal joint on a suitable
'stand.

This equipment was superseded by the Mark II
instrument, shown in Fig VI.3. This had four arms so
that two load pairs could be applied perpendicular to
each other. The load measuring beams were identical
to those used on the Mark I cCyncmomezer. One pair of
arms could be removed if only one load pair was recuired.
Tnis instrument was mounted on a more complicated stand
giving a much wider range of adjustment.

As both of the above instruments were often
used uncer sterile conditions in the operating theatre,
they were designed to be readily sterilisable, this being
achieved by exposure to paraformaldehyde vapour for a

minimum period of 36 hours.

VI.1l.2 Load annlication to skin
When tests were performed in the operating

theatre on an anaesthetised subject, the loads were applied
by means of sutures embedded deep in the dermis. The
free ends of the sutures were attached to the load
measuring beams and the load applied by moving "the beams
anart using the screw operated slides.

, Because of the obviously limited opportunities
for working on anaesthetised subjects, it was necessary
to .develop means of applying loads to the skin surface of
conscious subjects. Initially, this was done by means
of tabs bonded to the skin by Eastman 910 adhesive, this
being a very powerful contact adhesive which only required
a few seconds to cure. However, although this adhesive
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was itself satisfactory, it was found that the tabs
would come adrift at loads of the order of 0.25 1lb due to
a failure of the skin itself. The outermost layer of
the strateum ccrneum of the epidermis failed in shear
and came away with the tab. Repeated application of
+he tab to the same site merely resulted in the removal
of further lavers of the epidermis and was, to say the
least, uncomfortaeble to the subject.

Because of the above, the adhesive tabs were
replaced bv the suction Tabs shown in Fig VI.4, The
tion of the force required to detach the tab with

zonlied vacuum iIs shown in Fig VI.S.

" Measurements of strain in these experiments were
based on the ceformation of & gauge length marked between
the load application points. This was measured by means
of the dial gauge calipers shown in Fig VI.6.

18]

VI.l.k

wperimentel techniaue

The Technique was essentially the same as that
used for the pilot <z viiro experiments. As stress
relaxation effects were found to occur zn vivo, it was
necessary to allow the load to stabilise at each increment
for a period of 5 minutes before load and strain were
measured. This was the major disadvantage of the
technique as it meant that:-

(i) in the operating theatre, the time available for
the test was too short to allow for more than a
few large loading increments.

(ii) on conscious subjects, the suction tabs could

.not be tolerated for more than approximately
15 minutes so that again only a few loading )
‘indrements were- possible. '
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As a reéult of these restrictions, the accuracy of
the uniaxial. experiments was not as high as the precision
of the test equipment would have suggested. Also, it was
not possible to carry out a proposed biaxial testing
. programme using the Mark II dynamometer as the effect of
the above limitations combined with the more complicated
nature of the test rendered this type of experiment
impracticable.
VI.2 Uniaxizl Test Results
In spite of the ebove difficulties a considerable

number of tests of this tyne were carried out ané brought

to light some important results.

Vi.2.1 Load v. strain pronerties

' Fig VI.7 shows a typical load v. strain relation
obtained from a uniaxial test. As in the Zn vitro test,
strain was measured both along and perpendicular to the
axis of %he aprplied load pair. The load v. strain curves
ere of similar form to the stress v. strain curves obtained
in vitro except that the initial large extension at very
low load levels is not present to the same extent. This
is to be expected because the pre-existing biaxial stress
field in skin £z vZvo must cause considerable deformation
of the 'skin from the absolute zero stress condition.

The magnitude of strain e, perpendicular to the
loading axis is seen to be of the same order as the strain
€1 in the direction of the load. It most cases it was
found to be the greater of the two measurements. This
effect is much more marked than in the in vitro results,
in which the ratio e;/e; only exceeded unity at much
higher stress levels than those produced in the in vZivo

tests.
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It is not possible to draw any conclusions from
this because of the pre-existing stresses and the complex
nature of the stress field produced by the load pair.

In view of the general similarity between the
in vivo and im vitro results, it is reasonable to conclude
that the deformation mechanism of skin under both con-
ditions is one of straightening and orientation of the
coliagen fibre bundles of the dermis in the direction of
the applied load in the manner discussed in the previous

chapter.

VI.2,2 Blanching tension

In the course of the experiments described above,
a phenomenon of considerable importance in clinical practice
As the load was increased during test

was investigated.
a point was reached at which the area of skin between the

load application points lost its natural pink colour &and
became white. This effect is called blanching and the
load required to produce it was termed the blanching
tension. This load was found to be well defined in most
cases, the blanching effect developing fully within a small
range of load. The effect is produced by the occlusion
of the capillaries supplying blood to the area under tension.
This can be explained in terms of the network concept of
skin deformation as being the result of the capillaries
being collapsed during the compaction of the collagen
fibre network associated with the deformation of the skin.
The value of blanching tension was found to
vary considerably over the body surface. Fig VI.8 shows

a typical variation along .the interior aspect of the

forearm. Blanching tension also varied with blood pressure

as one would expect (Fig VI.9).
At a given site the blanching tension was found

to vary with orientation but the strain associated with
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the occurrence of blanching was constant within the limits
of accuracy of the test (Fig VI.1l0). This effect was
-'also found in blanching measurements made during a cross

. leg flap operation. The details of: this operation and

of the values obtained for blanching tension and the
associated blanching strain are given in Fig VI.1l. It
is seen that although wide variations occurred in the
blanching tension, the blanching strain remained '
substantially constant except for the first operation in
which the rectangular flap of skin was raised along three
edges and undercut so that its blood supply only came
through the base of the flap. In this condition the

flap had a poor blood supply and would thus be expected to
show blanching effects at a lower strain than when the
blood supply was normal.

The blanching effect is of vital importance in
clinical practice. If the tensions produced in the skin
during the closure of a wound or incision are sufficient
to produce localised blanching, then the area of skin
affected is deprived of its blood supply and will eventually
nécrose. Blanching tension therefore represents the
physiologicél load limit of skin. This phenomenon is one
example of a purely mechanical measurement being used to
define a factor of clinical significance.

VI.3 Constant Strain Rate Tests in Vivo

Because of the problems caused by the ‘'viscoelastic
properties of skin it was decided to attempt to carry out
" a form of constant strain rate test in vivo.

VI.3.1 Loading apparatus . .
The loads were applied to‘ the skin by the

instrument shown in Fig VI.12. = This was developed in
collaboration with Mr J.H. Evans of the BioEngineering
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Unit. The two lead measuring heads AA were mounted on .
nuts driven by a lead screw mounted within the bafrel B.
One nut had a right hand thread and the other a left hand
thread so that by turning the lead screw the loading heads
could be driven apart or togethef as required. The lead
screw was driven via a flexible drive shaft Sy an electric
motor equipped with an infinitely variable and reversible
gear drive. The load measuring heads are shown in detail
in Fig VI.13. These consisted of a simple cantilever A
suitably strain gauged. The sleeve B fitted around the
cantilever and acted as an overload stop. The output from
the strain gauges was fed to the Ether Langham Thomson
Transducer Indicator, attenuator box and u-v Recorder
which were used with BioEngineering Unit tensile testing'

machine described in Chapter 1IV.

VI.3.2 Strain measurement

Because of the continuously increasing extension
of a gauge length marked on the surface of skin which was
produced by the apparatus described above, some form of
automatic strain recording technique was necessary. The
Instron Optical Extensometer described in Chapter IV was
found to be suited for this purpose. As the strain out-
put was recorded on the Instron recorder and the load
output was recorded on the u-v recorder, the two measure-
ments Qére correlated by time markers on both charts.

Iv.3.3 Testing technique

As the equipment described above did not become
available until a very late stage of the research programme,
the testing technique is still very much in the development
stage as can be seen from Fig VI.l4, which shows a general
view of.fhe temporary set-up used at present. A number of
problems were encountered during the only test which has
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been carried out with this equipment., These are discussed
further in Appendix A.X.

The test was performed on the exterior aspect of
the forearm, this being strapped to a rigid vertical
support. The loads were applied by means of stitches,
this being made possible by a local block anaesthetic.
This method was completely reliable and proved to be much
more comfortable than the suction tabs which would have
produced very painful blisters if they have been left on
one site for the one-hour duration of this test. The
stitches were placed approximately 23 inches apart and a
one-inch 'gauge length was marked centrally between them
with black ink so that the optical extensometer could
readily lock on to the marks and follow the extension.

The loading programme was as followsi-

(1) load increased at constant extension rate to

0.2 1b
(ii) extension held constant and load relaxation

was recorded

(iii) load reduced to zero at same constant rate

. (iv) three cycles of load to 0.2 1lb and immediately

back to zero were carried out at constant
extension rate

(v) steps (i), (ii) and (iii) were repeated then
the site was allowed to rest for 5 minutes

(vi) the above loading programme was repeated for
maximum loads of 0.4, 0.6, 0.8, 1.0 and 1.5

“ 1b.
VI.3.4 Results of constant strain rate tests

. The successive load-extension curves obtained
during each group of tests are shown in Fig VI.15. The
unloading parts of the cycles have been omitted for

\
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clarity. It is seen that there are considerable
differences between successive cycles but that there is
no trend similar to that shown by load cycling tests in
vitro. '

, However, it cannot be concluded that this does
not occur as there was a greater scatter in the results
caused by inaccuracies in the strain measurement. These
are further discussed in Appendix X. .

Fig VI.1l6 shows the results of the load relaxation
parts of the loading programme. These are much more
satisfactory showing that the load measuring part of the
apparatus needs no further development. It is seen that
in every case, the magnitude of the load relaxation effect
was less in the test carried out after several loading
cycles than in the initial load relaxation test.
Comparison with the zZn vitro result (Fig V.25) from a
similar test shows that, in this respect, the behaviour is
similar. .

This equipment shows considerable promise and,

w hen fully developed, it will be a very valuable tool for
use in the wide variety of inm vivo tests which are
obviously necessary and which will be the subject of a
research project by Mr Evans.

VI.4 Mechanical Impedance Measurements '

In addition to the static or quasi-static testing
methods described above, a radicaliy different method of
measuring certain mechanical properties of skin Zn vivo has
been developed by Mr T.C. Duggan of the BioEngineering Unit.
Although the author has not been closely concerned with the
development of this technique, for the sake of completeness,
a brief account is given below of the equipment used and

of some pilot results.



—— —
s -
O A s e — o—
— C— G —— ——

08

o
1)
I

Loap A1) —LB.
]
|
|
|
i
|
I
|
|
|

|
I
I
I
I

\
0l
, —— FIRST TEST.
—-———- TEST AFTER 4 LOAD CYCLES.
| | | I j
° o) 20 30 40 50

TIME t - SECONDS.

FIE V]. 16- STRESS RELAXATION TESTS IN VIVO.



116

. VI.u4.l Theory

The type of test to be considered measures a
quantity called the mechanical impedance. If a
sinusoidally varying force P is applied to the surface of
the skin and the resulting velocity of the surface is
measured, then the mechanical impedance Z is defined by:

= E
Z =35 VI.1

If the system behaves in a linear manner, then
the velocity U will also vary sinusoidally but will, in
general, differ in phase from the force P. The velocity
can be split into the components u, in phase with P and
v in quadrature with P (i.e. leading or lagging P by 30°),

U=u+3jv (32 = -1)

Z is therefore also split into two similar components:
Z=R+3Q . VI.?2

The component R in phase with P is termed the mechanical
resistance and the component Q in quadrature with P is
termed the mechanical reactance.

VI.u4,2 Apparatus
A general view of the apparatus used for these

tests is shown in Fig VI.17.° Again it will be readily
appreciéted that this technique is still in the development
stage. The load applied to the skin surface was'in the
form of a sinusoidally varying torque supplied by the
‘torque motor A in Fig VI.18. This torque was applied

via the strain gauged torque tube B. The angular '
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displacement produced at the skin surface was sensed by
the precision potentiometer C mounted on the motor shaft.

The disc D was cemented to the skin surface
with Evostick impact adhesive to prevent slipping.

The outputs from the torque tube and potentio-
meter were suitably amplified, then the angular
displacement signal was electronically resolved into
components in phase and in quadrature with the torque.
The mechanical impedance Z could then be calculated.

Vi.u4,3 Pilot measurements .

At present only a few pilot experiments have
been carried out with thi; equipment. The test site used
was the exterior aspect of the forearm. At the low
torque levels being used the response was found to be -
slightly non-linear (Fig VI.19). Measurements of the
mechanical impedance were .therefore made using torques at
the lower end of this curve when the deviation from
linearity was small. The variation of the mechanical
impedance with frequency f was measured and is presented
in Figs VI.20 and VI.2l.in terms of the amplitude Z of
the impedance and the phase angle ¢ of the velocity
relative to the torque. The quantities are found from:

Z =R+ j:Q
YRZ + Q!

-1
tan (Q/R)

N
n

©
"

The variation of Z with frequency indicates
that, in the frequency range considered, the response is
predominantly an elastic effect. However, the small
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change in ¢ over the same frequency range is not readily
explained in these terms.

The additional stresses being developed in the
skin by the low torques used in these tests are very small
and are certainly within the initial'linearly elastic
region found in éhe in vitro uniaxial experiments.,
However, the effect of the pre-existing biaxial stress
field and the involvement of the subcutaneous tissues in
the deformation makes it difficult to assess the overall
effect.

VI.5 Summary
The in vivo tests described have shown that

there is a broad similarity between the mechanical
behaviour of skin in vitro and in vivo. The development
of refined in vivo testing techniques has been hindered by
the many difficulties which do not arise in the in vitro
case, The instruments which have now been developed show
considerable promise both in further elucidating the

pasic characteristics of skin in vivo and also as possible
~linical tools to be used in diagnosis and for the
assessment of the progress of therapy in conditions

wnich result in change in the mechanical characteristics
of connective tissue. '
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Chapter VII

Clinical Applications
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In the repair of skin defects two distinct
techniques are used by plastic surgeons: _

(i) free skin grafts
(ii) local skin flaps

A free skin graft consists of a piece of skin cut to the
size of the defect to be repaired, this skin being obtained
from some other site on the body. This technique
obviously involves surgery at two separate sites. This is
undesirable and has led to the development of a very wide
variety of local flap operations. In these, the skin in
the region of the defect is rearranged by the transposition
of various flaps so as to cover the area of the defect.

In this way the extensibility of the skin adjacent to the
defect is made use of to provide the extra area of skin
required. Fig VII.1l shows various designs of such flaps.
This type of flap is used to repair defects caused by the
removal of an ulcer, birthmark, etc. and which thus leaves
an area of the underlying tissue uncovered.

Another commonly found type of defect is the
scar contracture (Fig VII.2), this usually resulting from
a burn injury. As this matures with time it contracts
and, if the injury is in the region of a joint, the band
. of scar tissue acts as a 1limit stop and restricts the
joint movement. This type of defect is also repaired b9
a flap type of operation. The design of operation used
most commonly in this condition is the Z-plasty. Because
of the simple geometrical layout of this operation, it
' has been subjected to a considerable amount of mathematical
analysis. - '
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VII.1l - The Z-plasty

In this operation, the tension in the direction
of the contracted scar is relieved by replacing the scar
with normal skin. This is achieved by the transposition
of two triangular flaps. The whole process is shown in
Fig VII.3. This shows how the original markings made to
define the flaps define a parallelogram on the skin
surface and that transposing the flaps has the effect of
interchanging the diagonals of this parallelogram. The
ldnger diagonal is transposed to 1lie in the direction of
the tension field produced by the scar contraction so that
the tension in this direction is relieved. There is a
corresponding reduction in the width of the area enclosed
by the flaps so that there is an increase in the tension
in this direction. For the operation to be successful,
the tension produced must not be such as to give rise to
the blanching effect discussed in the previous chapter.
For this reason it would be desirable for the surgeon to
have some method of predicting the magnitude of the tension
field that would be produced by the operation. In view
of the number of variables involved in the assessment of
a given Z-plasty it is remarkable that, by purely
intuitive methods, an experienced plastic surgeon can obtain
excellent results in a large .percentage of such operations.

Because of the geometrical simplicity of the Z-
plasty, various attempts have been made to predict the
effects of changes in the geometry of the flaps on the
relief of tension obtained and on the disturbance to the
surrounding skin (Limberg 1929; Davis and Kitlowski 1939;
MacGregor 1957; Woodruff 19603 Devlin 1965), _

~ In all of these theoretical treatments, the
assumptibn was made that the flaps were rigid, i.e. the
shape. of the flaps was unaltered by the transposition
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process and that all of the deformation occurred in the

surrounding skin.

VII.2 - Rigid Flap Theory Applied to the Plane Z-plasty

In this discussion the term "plane Z-plasty"
implies that the skin involved in the operation is
contained within a flat plane surface or rather that it
approximates to this condition., Considering first the
case of the Z-plasty with equal flap tip angles; Fig VII.4
shows how the transposition of the flaps can be split up
into two distinct movements:

(i) a rotation of the two flaps by the angle
§ about the extreme ends of the limb

(ii) a translation t of the two flaps along
the transverse diagonal to bring them

into line.

It is seen that this process has the effect of inter-
changing the diagonals of the parallelogram. The
fractional increase in length R, along the axis of the

Z-plasty is given by:

- 2m - & R ‘
R, N N VII.1l

 from Fig VII.u: \

422(5 -« 4 cosb)

m2

substithtiﬁg in' VII.1 gives:

R, = V& = 4 cost -1 . VII.2. .
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This varlatlon of R with 6 is shown in Fig VII.S.
It is also of interest to consider the variation
of § and t with o,

From Fig VII.u:

2 sing _ sing |
j A m
from which:
§ = sin~)! ( —=iné___, VII.3
/S « 4 cosé
also:
2t = 2m - 2
I -r =R VII.u
) t 2

The resulting variations of 6§ and Rt with 6 are shown in
Figs VII.6 and VII.7 respectively. It can be seen that
.8 has a maximum value at 6 = 60°, Because plastic
surgeons have found by purely subjective assessment that
the best results are obtained with Z-plasty flap angles of
approximately 60° there have been some speculative attempts
' to give some meaning to this apparent significance of the
maximum value of 6. However, it must be remembered that
this technique of splitting the flap transposition into

a rotation § and a translation t is only used for
mathematical convenience and bears little relation to the
actual changes occurrlng during flap transposition in an
.operatlon.

It is more likely that 6 = 60° represents a



TRANSLATION

FLAP
Rt+= CENGTH OF FLAP SIDE

| | | | | | | |
0 20 40 O 80 100 120 140 10 180
FLAP TiP ANGLE O - DEGREES

FIG. VIl. b. FLAP ROTATION Vg TIP. ANGLE

I N DR B | | 11

0 .20 40" o0 80 100 120 140 160 180
FLAP TIP ANGLE © - DEGREES

FiG. Vil. 7 FLAP TRANSLATION Vs TIP ANGLE



123

good compromise between the amount of extension obtained.. -
and the occurrence of ‘blanching due to the tension field

produced in the surrounding .skin by the lateral contraction
of the Z-plasty.

VII.2.1 The effect of extensibility of the flaps

In the above théory, the assumption is made that
the shape of the flaps is unaltered by the transposition.
It is found in practice that this is not the case and that,
as a result, the actual extension produced may differ
considerably from the theoretical result, Table VII.1l
gives some typical comparisons between the actual
extension and lateral contractions found in practice with
those predicted on the basis of the rigid flap theory.

TABLE VII.1l

Comparison of Actual and Theoretical Z-plasty
Extensions and Contractions

-

Actual Theoretical

Extensions| Contractions Extensions | Contractions

0.56 0.28 0.70 0.35
0.56 0.3u 0.29 : 0.15
0.65 0.30 0.81 0.40
0.72 0.32 0.65 0.33

It is obvious from these results that the rigid flap theory
does not give satisfactory predictions of the deformations
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produced by the Z-plasty operations. Still more
important, it gives no information at all as to the
tension field which will result from this operation.,
The prediction of this would reduire:-

(i) knowledge of the biaxial mechanical properties
of the actual area of skin involved in the '
operation
(ii) measurement of the tension field existing '
prior to the operation '
(iii) the development of an apprbximate method of
analysis as the use of exact theories of
finite elasticity would be impracticable.

VII.3 More Complex Flaps

The above analysis has beén cogcerned only with
the simple plane Z-plasty. The rigid flap theory has
also been applied to more complex flap designs such as
the split Z-plasty devised by Limberg (Fig VII.8). 1In
an attempt to overcome one limitation of the plane Z-
plasty theory, Furnas (1965) has extended this theory to
three dimensions by.means of his tetrahedral Z-plasty
concept (Fig VII.9). In many cases, this is a much
better approximation to the actual geometry involved than
the plane Z-plasty. '

As the rigid flap theory has been shown to be of
little value in the case of the simple plane Z-plasty, it
is. very unlikely that its application to these more
" complex designs wil} produce meaningful results.

VII.w Summary
Present theories of surgical flap design have

"been shown to be of little value and offer no assistance
to the plastic surgeon. From an engineering standpoint,
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the design of such flaps presents a problem of considerable
magnitude. A high degree of refinement would be required
if the results produced'were to be appreciably better than
those obtained in practice by experienced surgeons. When
‘this situation is considered against the background of

the investigaiions of the mechanical properties of skin
described in previous chapters, it is very apparent that

a great deal of work is still required in this field of

flap design.



Chapte: VIII

General Summary
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The orientation of the - investigation described
was twofold:-

(i) to elucidate the basic mechanical characteristics
of human skin and to arrive at a hypothesis
permitting the descrintion of *such behaviour in
analytic terms

(ii) to exnlore the motential significance of the
anplication of these characteristics In the
clinical practice of medicine and surgery.

A ccmnrehensive review of literature and some
simple pilot exneriments established that skin was a non-
linear viscoelastic material and that verv refined
testing technicues would be required to cbtain meaningful
results., These technicques have been develonec.
the results obtained the following basic characteristics
of human skin are considered to have been established.

(a) It is not possible to consider skin as being

a homopeneous material. From a biomechanical
- point of view, skin is a multi-phase material,

*consisting of collagen and elastin fibre networks

mermeated by an apparently amorphous grcund

substance.

(b) The collagen network consists of long
unbranched filaments which are disposed in a
random manner in unstressed skin. On stressing,
the fibres are oriented into the direction of the
applied stress and in so doing develop random
mechanical interconnections. The stability of
these interconnections appears to be increased
with stress cycling. This action obtains
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irrespective of the direction of the stress,
although there appear to be quantitative
differences in characteristics depending on stress
orientation.
(c) The much finer elastin network behaves in a
similar manner, although in this case histologically
dentifiable positive interconnections exist among
he
supporting the applied stress appears very small

rt b

itres, The contribution of this network to

and may or may not be significant in the initial
larse extension under low stress which is a
characteristic of skin. It is probable, however,
that this elastin network contributes to recovery
on stress removal.

(d) The ground substance is displaced from the fibre

networks during stressing.

(e) The character of the overall behaviour of. skin
changes considerably as the applied stress is
increasecd. At low stresses very large extensions

. obtain with no significant time-dependent effects.

_As the stress is increased and the collagen fibres
’ape further oriented in the direction of the stress,
the behaviour of the skin becomes more a function
of the characteristics of the collagen itself.
The time-dependent mechanical properties of the
collagen fibres result in the skin showing non-
linear viscoelastic behéviour, this effect becoming
more marked as the stress is increased.

(£) A network model with non time-dependent elements

" has been developed. This provides an acceptable

. -first approximation for describing the overall

behaviour of skin when it is extended at a constant
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rate. 8y giving linear viscoelastic properties
to the elements of the network which correspond to
the collagen fibre network in skin, the model is

.able to nredict accurately the effects of stress

(g)

(h)

relaxation and creep in skin.

The multi-phase network concept is not restricted
in application to skin only. Similar network
systems can be cderived for cther tissues, the
overall characteristic being determined Dy the
relative significance of the various network
components.

In vivo testing techniques have been ceveloped
and resu_<Ts obtained to date indiczte behaviour
consistent with the concepts evolved from the

results of the in vitro testing programnme.

Further develonment of the investigations reported

is visualised s follows:=-

(1)

The highly refined Zn vitro testing techniques
which have been developed permit rapid and accurate
assessrent of biomechanical characteristics. It
is now practical to consider a test programme of
considerably enlarged scope to permit statistical
assessrent of the significance in normalcy and
disease of these characteristics.

The <z vivo testing techniques which have been
developed give promise of permitting an effective
assessment of biomechanical characteristics in
ViVO0. '

This is essential from the point of view of
clinical application in fields of local flap design,
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diagnosis and the "measurement" of the progress
of therapy. |
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Derivation of the Wiegand-Snyder equation.

Let T = absolute temperature

F = tensile force

2 = length.of material in tension

qQ = heat absorbed during extension

E = internal energy

dw = work done by material during extension

=-Fd2

8 = entropy

ds = g%

From the first law of thermodynamics:
dq = dE + dw

and from the second law:

Tds = dE + dw

= dE - Fd&
therefore, at constant temperature,
. . g8 4 3E
F=-T31* ot

Differentiating with respect to T, we have:

2 2
9F 98 _l_3__+aE

3T - - ToTer ~ 3t * 372
Similarly, from A.I.l, we have, at constant length:
- 3E Ee

3s = =%
3s _ 1 3E
3T T T

22s _ 1 232E

aTat ~ T aTae,

. Combined with A.I.3:.

3F _ _ 38
oT EY)

Al

A.I.1

A. 1.2

A.I.3

A, I.4
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* Combined with A.I.2:

¢ 3E 3F
r - a . + R TaT A.I.S
internal ' entropy '
energy '

_ This equation gives only the rates of change of
energy and entropy. To find the actual changes produced
by a given extension from %; to 2, we proceed as follows:

Multiplying A.I.4 by T:. .
aF, _ s,

' - 2g
B R

substituting in A.I.5 gives:

E e
oL -F+3!.

integrating between £; and 2, gives:
i L2 E L i L
[ 37dt=[2rar+ [2%aq

L3 S N
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MALLORY TRICHROME (Modified)

Staining Solutions:

Method:

Results: .

’

‘A,

. Be

1.
2.
3.
4.
S.
6.
7.
8.

10.
11.
12,
13,
1y,

Ponceau 2R

Acid fuchsin

Orange G, -

0.2% Acetic acid in Aq. dest,,

Light green
0.2% Acetic acid in Aq. dest.

-Ae3 .

gMe
M
gMe
CCo.

Qe o o
owm OFKFHN

gMe
CCoe

-~ O WwOOOo

Section to water. Treat artefact if necessary.

Celestin blue
Rinse water
Haemalum
Rinse water
Ponceau mixture (Soln. A)
Rinse water
0.2% Acetic acid
Rinse water
5% Phosphotungstlc acid in water
Light green mixture (Soln. B)
Rinse water
0.2% Acetie acid
. Dehydrate, clear and mount,

Epithelial cells, Muscle, Fibro=-

blasts ,

Collagen and Basement membranes
Erythrocytes '
Nuclei

o YUY O

~ 5 mins.

7 mins.
5 mins.
mins .

mins.,
mins.

mins,

Red

Green

Orange _
Purple to Red
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Derivation of Elastomer Stress-strain Relations

Consider a block of elastomer idealised as
consisting of a network of chains extending between the 3
pairs of parallel faces.,

The chains joining a given pair of parallel faces °
are all of the same lengths but are in highly contorted
configurations which are constantly changing because of
thermal agitation. The stress-strain behaviour of such a
system can be derived by the techniques of statistical
mechanics.

Consider a chain consisting of N links each of
length 2, Let the mean distance between the ends of the
chain be X o If a force F stretches the chain by an
amount Ax, let the number of possible configurations of the
chain which result in an end separation between x and x + dx
be: T

dC = C(x) dx

where x = x  + Ax. )
Then the probability that the chain will have an
end separation between x and x + dx is given by:

' FA T
dp = p dx = - ?c‘/‘k : dC
FAx/#&T
) = ..x/ . C(x) dx
when k = Bolt;man's Constant
T =

absolute temperature.
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The probability function p has a maximum value
Ppax When Ax = e, the most probable extension associated
with force F.

' | Fo [ 2T

b3 Pemax) = -Ef"% + fLg Cex

(o3 pman)] = &

- xo + 4T -‘%_: [Cog (Pmox)] AL

A, II.l
‘Consider the link length 2 to be a vector which
may assume all orientations in space with equal probability.
Because N is large we may consider the mean contribution of
each link to the extension e. Let the rth link with

component X, in the x direction make a contribution e, to e,

i.e,
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L = 2 4+ 2y ¥ - ko2 opy.

. R/ RT e fg,/kr . s-.gF"/k.T‘I‘ Ea,,/kr_

- M g /AT

Ts=|
AII.2
e, may assume values between -2 -Xn and z-xr . :
F, i'r - " %e Fe,/%T
[ "'4'/ MEAN = 24.’_/[_ LI/ d’"f
- F(£-xp) [RT  _ F(-¢-x;)/#T
- w__ [g nY, £ /7]
—Fx,,./'é'r
“rh(5) - .
Fs) 4T _F¢
- %A’ g = FxafRT WHEN u = 27
substituting in A.II.2 gives:
Fe /2T _ [AM wJN Noe -F =, /T
A T=|
and; since X, = X1+ X2+ X3+ ceeans to xy
e r.‘b/é*r [M /,«,J g = Fxo /4T




S
JF
X =
x =

./(m =

A.II.3

|
cotL M = b7a is called a Lang_evin function.

let % = -—'—-

L
[ () ==

F- = ézt .f-" "(‘I,") A.II.4
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. |
JZ, is the inverse Langevin function.-
This is the force extension relation for a single molecule.
Uniaxial stress-strain relation for elastomer block
Assume that the extension is isovolumetric:
i.ee x, ¥y, 2, =xXyz '.  A.II.5
Let M be the number of chain ends per unit area
of the surface of the unstretched block. Equation A,II.4
shows that a force F is required to maintain an end
separation x for each chain where x > O, There is there-
fore a force acting inwards on each face of.the block
which must be in equilibrium with an internal hydrostatic
pressure P in the absence of external forces. The pressure
may be considered to arise from the thermal agitation of the
chain links in the same manner as the pressure in a gas
arises from the thermal agitation of the gas molecules.
Consider a tensile force X applied to the yz
surfaces so as to extend the block in the x direction.

Then, at the yz surface:
X = MFy,z, = Pya AJII.6

To evaluate P, consider the force equilibrium at the
xy (or yz) surface:

e 4
- ~ el

P =mMF =¥

- %
= MAT I (g 2L
, : ¥
where $z = N_;L_ X- ¢t

and Nzl= total length of chain in z direction.
As the material is assumed isotropic:
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from A.II.S:.

'5/._},_'5"5
b (2)

The number of links per chain is assumed
proportional to the distance between the ends in the
unstressed block.

in A.II.6

=M [ - e Y ]

This is the force-extension relation for an elastomer block.
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Derivation of General Constitutive Relations for Non-

linear Viscoelastic Material

Consider a deformation in which a particle
initially with coordinates xi (i =1, 2, 3) with respect
to a fixed rectangular Cartesian coordinate system moves
to a position xi(t) at some later time t.

By consideration of invariance requirements
under the deformation, Green and Rivlin (1959) have shown
that for this material

¢ = RSRT A.IV.1
where o = the stress matrix [Uij]

S = S(E) is a matrix functional of the strain matrix E.

E = [Eij]

where
oxX oxX
N
J i 3y 1]
l1if i =3

..
1] 0 if i # j

The matrix R is obtained by separating the deformation into
a rigid rotation and a pure homogeneous strain.
Thus if F = [Fij]
axi(r)
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defines the deformation in terms of the displacement
gradients at particle x; at time <1, then F = RM
where R is an orthogonal matrix and represents a rigid
rotation and M is a symmetric matrix representing a pure

homogeneous strain.
Only the component R appears explicitly in

equation A.IV.1, RT denoting the transpose of R.
. Equation A.IV.1l gives the stress matrix o in

terms of the strain. To obtain the inverse relation

A.IV.1l can be written in the form:

RT g R = S(E) A.IV.2

then, if the inverse of functional S exists:

£ = s"1(rRToR) A.IV.3

This i1s not an explicit' relation as the matrix
R which is related to the strain appears in combination

with the stress matrix o.
The equations A.IV.2 and A.IV.3 may be considered

simultaneously by writing:

Q = D(P) _ A IV.4
where, either
Q = RToR P=E
= RTag

or Q = E P

and D is a matrix functional. .
Green and Rivlin (1959) have shown that for the
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material being considered, this functional can be

written in the form:
QUE) = 8 I + [To,(t - 11) Blrdar,

+ I:I: B(t - 715 t ".Tz) B(t3)d(r,)drdT,

t, t.t
* ol 830t = 15 T = 1a3 T = 13)B(1)B(1;)8(13)dr dT,dTg

A.IV.5

+ e @ 0 Q0 0 Qe o

where I = the utnit matrix. 6, are functions of their
indicated arguments and are polynomials of the invariants

[on (t =D tr B(t) dr
t, .t : . .
oo ndt = s T - 1)t Blry) Blry) dridry

etc.
Finally, equation A.IV.5 can be written in the

form:
t
Q)t) = IO[IWITI + Wle]dTl

t. t .
+ fofo [I¢3T1T2 + I¢“T12 + wsTIMz + W6M1M2]d11dT2

A.IV.6

+ o0 000000

where

3
n

tr B(t))

-3
]

ap = TP BT Blry , ete.
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¥15; V2 are functions of t - 7}, y3...¥5 are functions of
t-Ttr1and t -1, , etc.
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Analysis of Uniaxial Experiments on Non-linear

Viscoelastic Material

The constitutive relation is:
t .
E(t) = foJ(t - 1) 6(1;) dn,
t,t . .
+ fofo K(t = 113 t = 12) 6(1) 6(13) drdr;,
YT e ey t : )6 (t1)6(1,)8(15)dT d1,d
0lolo Mt = 113 - T23 t - 13 T) T2)0(T3)AT11dT2d4T3

+ A, V.1

Only the first three terms will be considered.
Consider a single step loading programme of the

form:
g(t) = ciH(t) (i =1, 2, 3)

where H(t) is the Heaviside function and is defined by:

_fo, t <o
1, t 31

H(t)

Substituting in A.V.l and integrating gives
E(t; 1) = ¢; J(t) + ci2 K(t,t) + c;3L(t,t,t) AV.2,

Thus, if three such tests are carried out with different
values of c; then at a given value of t, i? is possible to
write down three simultaneous equations in J(t), X(t,t),
L(t,t,t,) and thus obtain values of these functions at
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the chosen value of t. By considering other values of t,
it is thus possible to define the functions for the range
of t covered by the tests. The function J(t) is thus
fully determined, but the other two functions are only
determined for the case of equal arguments.

Consider a two step loading programme:

o(t) = a, h(t) + b. H(t - k)
1 J

Substituting in A.V.1 it is found that since the functions
K, L are symmetrical with respect to their arguments (i.e.
K(t’ t - k) = K(t - k’ t)’ etc.

ECt; i, j, k) = 2 a.b.X(t,t - k)
+ J
+ 3 a;%by LT, T, T -k) 4 3aibj2 L(t, t =k, T = k)
+ a; J(t) + by J(t - k)
+ ali2 K(t, t) + bj2 K(t - k, t = k)

‘A.V.3

Note that the terms in the square. brackets can be
determined from the results of the single step tests.
Therefore, by performing three tests with different values
of i and j, it is again possible to write down simultaneous
equations and solve for K(t, t - k), L(t, t, t - k) and

L(t, t - k, t = k). If these tests are repeated for a
sufficient number of values of k, the function
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K(t, t - k) will be completely determined and the function
L will be determined for the case when two of its

arguments are ecual. To determine L completely it is

” necessary to consider.the three step test:
o(t) = aH(t) + bH(t = k) + cH(t - %)
Substituting in A.V.1 gives:
E(ty; k, &) = 6abc L(t, t - k, t = 2)
+ A

when the terms In the square bracket can all be
determined from the single step and double step tests.
Thus, a single test will yield a value for L(t, t - k,
t - %) for a given k and %.

Further tests with a number of different values
of k and & in the range (0 <k < 2) will allow the complete

determination of the functions L(t, t - k, t = 2).
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The Instron Tensile Testing Machine

The Instron Tensile Testing Machine is a
precision instrument incorporating many features that have
been found essential in the testing of biological materials.
Some of these are discussed in the brief description of
the operation of this machine given below.

The function of this machine may be split into

two distinct sections:-

the crosshead drive mechanism
the load weighing and recording system

~~ ~~
Fe B
He o
s

A bleck diagram of the crosshead crive system is
shown in Fig A4.VI.l A constant speed synchronous motor

g A.VI.1.
drives a synchro transaitter unit vza lightweight

change gears. The gear ratio selected here determines

the crosshead speed. The output from the servo transmitter
is compared with the output of a reference synchro unit

" driven by the crosshead lead screw gear box. Any error
signal between the.two synchros is suitably amplified and
used to operate the main crosshead drive motor in such a
direction as to reduce the error. This is a positional
servo system so that the only error produced in operation

is in the form of a slight phase lag between the synchros.
There is no error in the crosshead speed, this being an -
exact function of the speed of the synchronous motor.

This svstem gives very precise control over the crosshead
movement. y

The load weighing system is outlined in Fig
A.VI.2. This system is very precise and stable and,
because it has no mechanical inertia, it does not influence
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the measurement of mechanical properties of the material
being tested. The system is readily calibrated by dead
weight loading and has been found to maintain this
calibration over a period of several days to within 1l%.
The weight of grips, etc. can be readily balanced out over
a wide range. It is also possible to obtain a X5 gain in
sensititivy with any load cell at the price of a loss of
long term stability.

The extension of the specimen is recorced on
the chart of the pen recorder in two different ways.

(i) The chart is driven by a synchronous
motor so that its movement is proportional
to the crosshead movement, the magnification
factor being determined by the crosshead
and chart c¢rive gear box ratios in use.
This system records the extension of the
whole specimen between the grips.

(1ii) If it is desired to measure the
extension of a gauge length on the
specimen, the X-Y Chart Drive system
allows the chart to be driven by an
amount proportional to the extension of
such a gauge length. This extension
may be measured by a variety of
mechanical extensometers, directly by
strain gauges or by the .Instron Optical
Extensometer described in the main text
and in Appendix A.VII.
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Strain Measurine Techniques

Three different optical strain measuring
‘techniques were used during the investigations described

in this thesis:-

(i) a photographic system used with the Bioengineering
Unit machine

(ii) a photographic system used with the Instron machine

(iii) the Instron Optical Extensometer

A.VII.1 Photogranhic Method No 1 - Bioengineering Unit

The camera used in this system was & Zenza
Bronica single lens reflex type. This producec 12
neéatives of 6 x 6 cm., format from 120 roll film.

The Zilm used was Ilford F.P.3 fine grain
panchromatic, this being developed in Ilford "Mcnophen",
a combined developer-Iixer solution. This solution
greatly decreases the processing time at the expense of
an increase in emulsion grain size, although this was
still perfectly acceptable. The accuracy of this system
was checked by replacing the skin specimen with a precision
grid and measuring the resulting negative. The maximum
error found was of the order of 0.3%, this being at the
extreme corners of the negative. There was no
detectable error at the centre of the negative where the
image of the skin specimen would normally be placed.

By using an electronic flash unit to illuminate
the specimen, an effective exposure time of 1 millisecond
was obtained. This was found to be necessary because
the camera and its supporting slide were mounted at the
extreme end of a cantilevered support: This system was



found to pérform vertical oscillations of appreciable
amplitude at a frequency of 10 cycles/sec. There was,
therefdfe, a possibility of the image being distorted
and blurred if this vibration was to occur while a shot
was being taken as the transit time of the focal plane
shutter was approximately 1/10 sec. This effect did not
occur when using electronic flash as the shutter was
fully opened, the whole area of the negative exposed only
for the duration of the flash, and the shutter was then
closed.

Although the photographic results obztained with
this equipment were excellent, several problems were
encountered in use:-

(i) Only 12 shots were obtainable without relcading the
camera although this could be done cuickly using
the spare film back. This was not always convenient.
(ii) Because-of the amount of cranking required to wind
on the film and cock the shutter mechanism, the
minimum interval between shots was about 5 seconds.

~~
e
|
e
~/

The flash synchronisation mechanism in the camera
was somewhat unreliable. This resulted in several
hold-ups in the test programme while this was being
rectified.

Because of these difficulties, a different system
was developed for use with the Instron.

A.VII.2 Photographic Method No 2 - Instron
This method was similar in principle to that

described above but the numerous refinements incorporated
made for much more satisfactory operation.

A Nikon F single lens reflex camera was used.
This produced up to 36 exposures of 24 x 36 mm. formaf on
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35 mm. roll film, the film used being Ilford PAN F extra fine
grain film. Again, an acceptable‘grain size was obfaihed
wi?h Ilford "Monophen" combined developer-fixer solution,
By using a lQS.mm. lens mounted on a bellows attaéhment,
the image size obtained on the negative was the same as
that produced by the Bronica so that no further errors
were introduced into the measurement of the negatives.
Test photographs taken of a precision grid showed that the
errors in the optical system were less than 0.1% of the
negative size.

The cemera was fitted with an electrical motor
driven unit which enabled shots to be taken at rates up
to 4 per second. This drive was triggered externally
by the Camera ?iﬁer Unit so that shots could -be- taken
automatically &t intervals of up to 1 hour. |

To maintain the optical axis of the camera in
line with the specimen centre during the test, the
camera was mounted on a pantograph arrangement so that it
moved downwards at half crosshead speed. This mounting
arrangement was quite rigid and no vibration troubles
were encountered., However, the electronic flash equip-
ment was used again as it was much more convenient than
the photoflood laﬁps which would otherwise be necessary.

This apparatus was completely automatic in
operation and was found to be much more convenient and
reliable than the previous method. The only drawback
to this system is -the time-consuming analysis of the

negatives.

A.VII.3 .The Instron Optical Extensometer

A direct record of load v. extension of a
specimen was produced by this instrument at the expense
of only having a uniaxial strain measurement, i.e. no
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data is produced regarding the contraction in specimen
width which accompanies extension.

The principle of operation of the optical heads
of this instrument is .shown in Fig A.VI.1l. The outputs
of the two photo cells are connected in opposite phase
so that with the image of the gauge length mark
centrally placed, the cells are equally illuminated and
there is no output. Any deviation of the mark produces
an output voltage. This in turn operates a servo system
"to bring the head back into alignment with the mark. In
-this way the two heads "lock on" to the gauge length
markers and follow their movements.

By means of a further servo system, the chart
of the Instron pen recorder is caused to move by a
distance which is proportional to the relzative movement
of the optical heads. In this way, a load v. gauge
length extension curve is obtained automatically. This
was found to be a very considerable advance over the time-
consuning analysis of negatives involved in the photo-
graphic method. Using this equipment, the only limit to
the number of tests which were performed was the supply
of skin specimens. The only significant problen
encountered was that the light transmission losses caused
by the glass wall of the immersion tank and the Ringer's
solution itself were so great as to render the operation
of the heads very sluggish. The self-contained
illumination system on the heads had, therefore, to be
supplemented by fluorescent tubes attached to the tank.
Excellent head following was obtained by this means.
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Grid Printing Technicue

For the purposes of the photographic strain
measuring technique described in Appendix A.VII, it was
necessary to print a fine accurate grid on the epidermal
surface of the skin. This was done by the offset
lithographic printing process. This had the advantage
that the process depends only on surface effects so that
the image on the plate used was on the same level as the
surface of the plate. There was therefore no distortion

of the skin surface during printing.

The Image on the plate consisted of a fine
grid of 0.054 in. squares. The surface properties of
the plate were such that a film of water would adhere
readily to the plate surface except on the lines of the

grid which were strongly water-repellent.
The first step of the printing process was to

dampen the plate surface lightly with water. An inked
roller was then run over the plate surface several times.
As the ink used was also water-repellent, it adhered only
to the grid lines which did not have a surface film of
water. The skin was placed, epidermis up, onto a piece
of thin card to which it adhered. The surface of the
epidermis was carefully dried and the whole assembly was
placed, epicermis down, .on the inked plate and pressed
gently into contact. On removal from the plate, a very
well defined grid was transferred to the surface of the

epidermis.
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Analysis of Stress Relaxation Data

(a) Emnirical analvsis of stress-relaxation curves

Using the graphical method described by the
British Rheologists Club (194u4), it is possible to analyse
the result of a stress relaxation test into the form:

o(t) = A +

. A exp(-t/tr)

1 r

nes

bl
-

AIX.1

e & 6 0 0 0 0 0
This method can be used only when the time
constants T, have widely spaced values, as it is not
accurate enough to resolve values which are not so spaced.

The first step in this method is to write out

the results in tabular form thusty

.t ® 0 00 0 0 000

6(?) ¢ o9 6000 00

From equation A.IX.1l

as t + « o(t) » Ao

i.e. the stress o(t) tends to a stable value. This was
found to occur in skin at times greater than about 5000
seconds. The value of Ao found in this way is
subtracted from the data so that:

1

a(t) - AO ='A1 exp(-t/le .+ a‘o.ooo AJIX.2
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if 7 »>> 15 etec, and t = 7132

then log o(%) - Ao ze Ellog Ay ' : A.IX.3

-

if log o(t) - Ao is plotted against t

a straight line graph is obtained for t = 1.

This is shown in Fig A.IX.1. The slope of this line can
be measured and is equal to -?%. The intercept of this
line on the log o(t) - Ao axis 1is equal to log A;. Thus

both 1, and A; are determined.
Valtes of 4 exp(-t/Tt;) can now be calculated

for the values of T used to tabulate the original data.
These values ére then subtracted from the values of

a(t) - A, so that:
o(t) - A=A exp(-t/1;) = A, exp(-t/1,) *+ ... AJIX.Y

The above process is then repeated for t = 7, so that 1,
and A, can be evaluated. Further terms of the series

can be determined as necessary.

(b) Samn_e calculations of stress relaxation

behaviour of network model
The nodel is defined by:

a« = 53°  g(0) = 130 1b/in? y = 0.4 1b/in

t sec. 1 2} 5]10 20 50 100

B(t) 1b/in%|{117|107|96|87.5{79.5[67.5] 62.5
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Case (i)
The model is given a strain e; = 0.22 at t = 0,

and then held at this strain. Under these conditions

at t = 0:

6 = 42.8° 6(0) = 0.21 1b/in2
the side link stress = 595%23 = 0.143 1b/in?
1inx stress = &0 - 0,218 1b/in2
tané

the cross

The deformations in the network under this action consist

- of two distinét effects:~

(1)

&n immediate response to the applied stress
at ¢t = 0. This may be considered as the
elastic part of the overall viscoelastic
behaviour. )

a time-dependent response. This is the
viscous part of the overall viscoelastic
behaviour. It is these time-dependent
deformations which are considered below.
The eifect of these deformations is added
to the initial elastic deformation. When
the viscous deformation is described as
negligible, it is to be understood that it
is very much smaller than the initial
elastic deformation.

In analysing the stresses in the network, it

is found convenient to consider the stress in the cross

member.
change in

As this has no time-dependent properties, a
the stress in the cross member must be

.



accompanied by a change in the length of this rember.
Under stress relaxation conditions the ends of the model
are held at a fixed separation so that any stress

relaxation effect must imply:-

(1) a recuction in cross member stress
hence

(ii) an increase in cross member length

hence .
(1iii) an increase in side member length.

The relative importance of these effects cepends
considerably on network configuration angle 6 &and thus
on the initial stress and can best be assessecd 3y
considering the relaztive significance of the tire-
dependent deformations of the viscoelastic side members,
The side link is assumed to have linear viscoelastic
properties defined by a stress relaxation test carried out
at a high stress level.

Consicdering the side link independently of the
network, the maximum possible time-dependent ceformation
which can occur in this link in a time t is the creep
deformation which would result if the stress ¢ in this
member remained constant during t. As in the network
being considered, o cannot increase with tirme, any
other deformation of the side link must have a smaller
value, ' To determine whether the time-depencent
deformation of the side link will produce a significant
change in the network geometry, the effect of this maximum
~deformation is first considered. To calculate the creep
deformation of the side links it is necessary to obtain '
the creep compliance T(t) of the side links, this function

being defined by the  equation:
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ey(t) = o T (t)

when o4 is the suddenly applied stress in a creep test.
By assuming that the side links have linear

viscoelastic properties T'(t) can be calculated from
B(t) by the approximate method described by Ferry (1951),

The approoriate eguation is:

T'(t) = (sin mw)/m7 8(t) A.IX.5

when m is the siope of the graph of log B(t) against log t

aT a given time t. The function T(t) calculated in this
way is:
t - ‘sec. 1 2 5 10 20 50 | 100

[(t) in%2/1b|.0083|.0090|.0101}.0111{.0122|,0144},0155

at t = 0 the instantaneous deformation of side links is a

purely elastic effect, therefore:

$(0) = —~— = .0077 in2/1b

In the example being considered, the maximum possible
deformation of the side links in time t is given by the

creep deformation:
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g T(t) - r(o)
thus, with.c

t
this deformation is 0.001l1l in./in.

0.143 15/in?
1C0 secs.,

If this deformation occurs with the side links in the
network the resulting change in 6 is 0.06° and *his in
turn implies a change in the cross link stress of less
than 0.4%. This may be considered negligible. Therefoée,
in the time scale of the experiment being considereé, the
maximum possible change in the network stress is negligibly
small. There are thus no apparent stress-relaxation
effects. This also implies that the stress in <he side
link 1is constant during t and, therefore, that the maximum
possible side link cdefcrmation is the actual deformation
under these conditions.

Case (i)
ey = 0.66 o = 11° 6(0) = 3.7 1b/in2

Repeating the calculation described atove, the
percentage decrease in the cross link stress which would
result from the maximum possible side link deforrmation
after 100 seconds is found to be 33%. This is obviously
significant and implies that the effect of the time-
dependent deformation on the network geomet?y can no longer
be neglected over a period of 100 seconds. ! Because of the
number of variables involved, it is not possible to obtain
a simple estimate of the point at which this effect becomes
significant. This is best done by trial calculations.
This point is, of course, chosen arbitrarily, in this case
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a percentage cacrease of cross link stress of greater than
10% was considered significant, this corresponding to an

initial strain e; = 0.6. '

It should be appreciated that it is not the
overall change in stress <that is significant but the
difference between the actual and maximum possible
deformations of the side lirk.

In the case now being considered, this eifect is

sipnificant over a period of 100 seconds so that it is not

¢

ct

possible to consider th the stress in the side links is
s

a
constant over this period in calculating the time-cdependent
deformations. However, during a short time interval 6t,
it is still nossible to make this assumption. The
deformation is therefore considered to occur in a number of
discrete short steps with the stress being reduced at each
step. As the side links are assumed to have linear visco-
elastic properties, the deformation corresponding to each
step can be directly added to give the total deformation..
This property of linear viscoelastic materials is known as
the Boltzmann superposition principle.

Consicering the deformation of the network in a
short time interval from t = 0 to t = 8t; it is assumed
that, during this time, the stress in the side links is
constant. The creep strain in the side links in the time
6§ty is then calculated as in the first example. The
resulting deformation of the network and hence the small
change 8o0; in applied stress is then found. It is then
assumed that this change in o occurs suddenly at t = 6t;.
The resulting creep strain in the side links during a
second short time interval ét, is then calculated, making

use of the Boltzrann superposition prineciple, i.e.:
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at t = 6t ey = 0 r{st,)
at t = 8t + 8ty €70 T8ty + 8tp) - 6o, T(8T,)

The resulting change é6, in o is then calculated
il t

and the process repeated unt 100 seconds.

- [ ~

n
Thus, at the nth increment t = I 8§t

-

= - T'(t - ¢ T eoscesoe
€n co T(t) oy T(t t1)

- 5°n-l T(8+ )

«

Tig A.ZX.2 srows how this tvpe of incremental

analysis approximates to the exact solution.

Case (333)

With further Increase in the initial straein it
was found possible to dispense with the above calculations.
As the angle o becomes small (<5°) it is possible for
large changes to occur in the cross member.stress and hence
the side member stress without appreciable ceformation
occurring in the side links. This is because this
deformation is & function of cosé which is very insensitive
to variations in & when 6 is small, Under these conditions,
it may be assumed that the length of the side member is -
constant and that stress relaxation conditions prevail.
Thus the network behaviour is a direct function of B(t)

and no further calculation is necessary.
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Develovment Problems with Constant Strain Rate Testing

irn Vivo

In the course of the constant strain rate tests
in vivo, described in Chapter VI, several problems were
encountered, In view of the fundamental nature of some
of these, no further tests were attempted. ‘

The major difficulty was found in the use of
the Instron Optical Extensormeter as a strain measuring
device. Because of the small extension of the gauge
length which obtained (< 0,15 in.) it was necessar»y 1o
use this instrument at its highest magnification setting.
In this condition, the chart movement is ten times the
gauge length extension. This meant that the strain
record was only about 1.5 in. long. Much more serious
than this was &n effect known as "stepping" of <he

chart cdrive servo sysxter This wes caused by the

onsidereble Ifrictionel forces arising in the ch
mechanisn. 70 overcome these forces, it was necessary
for the chart servo motor to develop a considesrable tTorgue
while remaining stationary. When friction was overcome
the drive mechenism would then advance in a sudcden steD
until the servo system reached its correct null position.
Thus the chart advanced in a series of steps of about
0.15 in. insteacd of in a smooth manner. As lower
magnifications were obtained by altering the gear ratio
between the servo motor and the chart this effect was
much less troublesome at these settings.

The result of the stepping effect was that any
given strain value could have had an error of :10%.
Also, it was found that consecutive time marker pips
used to correlated the load and straip readings would
occur without movement of the chart. It was thus
difficult to correlate the load and strain readings.

Instron Limited have suggested that this

stepping problem can be overcome by increasing the gain
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of +the system at the optical head gear box. A larger
output at this point would allow the use of a lower
rmagnification at the chart drive end of the system, and,
as explained above, this would reduce the stepping effect.
Llso, arrangements are being made to record the load
outout on the Instron zen recorder so that the load-
strain record will appear on one chart.

The method of support for the subject's arm
was not entirely satisfactory as any large movements of
+he subject resulted in erroneous strain readings. One
solution of this problem would be to discourage facetious
remarks among +those concerned!

" Problems such as the support of the arm will
obviously arise at any site wnhich is used for this type
of experiment and their soluticn has to be related to
the particular difficulties involvedé in a given case.

When the above difficulties have been resolved,
it is anticinated that this technique will prove to be

convenient and valuable.
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