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"The Biomechanical Properties of Human Skin"

The aims of the research project described in

the thesis were to investigate the mechanical properties

of skin, to develop relevant analytical concepts and to

explore clinical applications. 	 *

Chapter I gives a review of the published

literature, consistinp of a brief description of the

anatomy of skin, a more detailed survey of the nature and

mechanical properties of the components of skin and a

critical review of all known work on the mechanical

properties of skin.

The pilot experiments 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 in Chapter III, including
a semi-empirical network concept and the general theory of

continuum mechanics pplied 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 tn vivo testing

techniques are described in Chapter VI and possible clinical

applications of the wozik covered in this thesis are discussed

in Chapter VII.



(vii)

There is an extensive bibliography and various

appendices, presenting the details of experimental and

analytical techniques which were not fully discussed

in the main text.

No separate list of the mathematical notation

enrnloyed is given as each symbol is explained as it

arises.
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1.1	 A'to''v of umn k''i

The skin is the largest organ of the human body

and is responsible for several very important functions.-

()

(ii)

(iii)

(iv)

(v)

containment of body flds and tissues

protection from physical and biological environment

control of body temperature

control of blood presstre

sensation of touch, pain and temperature.

Skin is a stratifieQ tissue consisting of two

distinct layers, the epderrnis aria tnie dermis, as shown in

Fig 1.1.

The epcerrnis iS tne body's sniela against its
environi'rent and also restricts the loss of body fluids by

evaporation.	 The epidermis tself consists of several

layers as shown in Fig 1.2. 	 As a result of cell division

occurring mainly in the basal layer, epiderrnal cells are

constantly moving away from tne dermis towards the skin

surface. The layered appearance results from changes in

the shape and character of ti)e cells durng this process.

The stratum malpighii consists of living epithelial cells

of cuboidal form.	 This layer merges gradually into the

stratum granulosum in which tne cells become squamous in

form and granules of the horny protein keratin appear

within them.	 The stratum corneum consists of dead, horny,

fully keratinised cells wnch resemble scales. 	 This layer

is much thicker over'the paims and soles where the skin is

subjected to considerable pressure. 	 Also in these regions

a thin fourth layer, the stratum lucidum, consisting of

hyalin, is found 'between the stratum granulosum and the

stratum corneum.
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Fig 1.3	 The Dermis Showing the Papillary and

Reticular Layers (Stain Haemotoxylin

and Losin).

• çt
,

- :-:

_e.. ''i

Fig 1.-i The Dermis-Epidermis Junction (Stain:

Haemotoxylin and Eosin).
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Fig I.J.	 Transverse Section of Skin Showing the
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The Epidermis, Showing its Layered Structure

• (Stain: 1-aemotoxy1in andEosin).
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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 1.3).

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

corru2ated, as shown in cross-section in Fig I., 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 rOle in

the control of blood pressure and body temperature..

Various discrete structures found in the skin

are shown in Fig 1.5.

The most important of these are the sweat

glands which play a major part in the control of body

temperature.
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Fig 1.5	 Cutaneous Appendages (Stain: Haemotoxylin

and Eosin).

(a) eccrine sweat g1and

(b) hair follicle

(c) sebaceous gland.
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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_l.L%

Reticulin	 0-12%

Col1aren	 29-37%

1.2	 Mechanical Characteristics of the Fibrous Proteis

and Ground Substance of the Dermis

In considering the mechanical properties of the

dermis it is pertinent to consider first the nature and

mechanical properties of its constituent parts. These are:-

(1)	 The collap,en network

(ii) The elastin network

(iii) The reticulin network

(iv) The ground substance

1.2.].	 CollacTen structure

This fibrous protein is the major constituent of
skin; re presenting about 72% by weight of dry, fat-free

human skin (Rothman 195k).

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 1.7 to form

long chain molecules called polyDeptides. 	 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 olypeptide chains to

approximate closely to one another, thus forming a structure of

high mechanical strength. 	 Collagen also contains about 14%

by weicht of hydroxy proline. 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 collacen

molecule (Rich and Crick 196] ; Ramachandran 1963) consists of

three olypeptide chains connected together by hydrogen bonds

between carbony]. and imino groups. 	 The molecule is of the

complex "coiled coil" form shown in Fig 1.8 and isa rigid

rcd-1ike particle about 2800 in length and 10-15 in

diameter (1	 108 cm.).

In naturally occurring collagen fibrils these

molecules are joined together as shown in Fig 1.9. 	 In human

skin collagen the fibrils have a mean diameter of 1000

(Gross and Schmitt 1948).

Further aggregation of fibrils results ii the

collagen fibres which are visible under the light mictioscope.

In the human dermis these fibres vary in width from 2 to 40

microns.
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Much work remains to be done on collagen to.

describe the methods by which collagen molecules join to form

fibrils and by which fibrils join to form fibres.

1.2.2	 The mechanical Dronertles of co1aa.

investigations of the rnechaical ?ropert?es of

collagen have been conducted on collagen fibres by Hall

(1951 a), (1951 b), (1952), Mitton and organ (1960), Morgan

and Xitton (1953) and Morgan (1950 b).	 Various forms of

connective tissue which consist Dredominar.tly of collagen

fibres arranged in parallel bUndles have also been studied.

These were rat tail z.-don CPartingtcn and cod l953)

human fascia ICtC •(Oratz i93l) canine tendon (Laban 1962)

and human plantaris tendon (Walker, Harris and 3enedict

l96L).

(Mote:	 In this and subsequent sections of this chater it

will be seen that those papers referring to sim pler forms of

the tissue concerned are reviewed first. For examDle the

work on collagen fibres and the very fine rat tail tendons

is discussed before the work on the more comDlex fascia

late and canine and human tendons.	 When apers refer to

similar work they are reviewed in chronological. order).

Hall (1951 a) investigated the creep behaviour

(i.e. the time variation of strain at constant stress) of

collagen fibres obtained from ox hide.	 The fibres were

cementedto fine glass loops with 1 cm. of fibre between the

loops.. The testing apparatus consisted of a balance beam

with a chain loading system.	 The fibre extension was.

measured by an o?tical lever system. This measurement included

any extension of the glass loops but no attempt was made to



____________________________ 3

1
	 Thst No.

Test cczions:-
20°C 7.0? in :at€r

Fibre load 25 c. for 200 mins.

Ur.lcaded rest tirre between rests 21 hrs.
1)

./

50	 .C3	 153	 200
'irne - n.utes

Fi 1.13	 Repeated cree p tests on sig1e
co11acer fibre (Hall 1951 a)

4

.C .	-	 -- - - -

I0v1e

A-	
Time

Fj 1.11 Fnnt arid recoverb1e	 of

co1aen fibre extensicn (1 1951 a)
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ascertain the magnitude of this arror. The fibres were

tested in water at pz7.O and 20°C O.l°C.

rig	 snows te result of a series or

consecutive test5 on a snge rbre.

rig	 shows now £all spt tne bre extensions

into two parts:-

Ci) A plastic extension resulting in permanent

set (AB in fin)

(ii) A recoverable, vjscolastjc extensiOfl (BC in

fig).

al suggested that the plastic ex'ersi3n sig-

nified the breakdown and :'€.forir.g at ciffarcn t sites of

hydrocen bonds and that the vicoc1&st1c effects were

attributable to the fibre 	 o'nd .bstance.

Us:ng tne same aPparatus, hal	 D)

investigated tho variation with	 of the :oad-extension

Droperties of co.laacn. The chain loading system was motor

driven to give a loading rate of a,roximate.y gm./min.

it wa :ound 'chat :ibres were not sgnficantly

arfected by Varatiofls o: pi between L#. anc .0.0.

A tycal load-extension curve of a fibre tested

at pH7.0 is shown in rig 1.12. 	 ria.l noticec that tnis curve

approached an asymptOte (AB in fig). 	 By measuring the slope

of this asymptote he obtained values df Young's Modulus bet-

ween 71 and 210 kg./rnm. 	 Although the number of fibres con-

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

fibre cross-sectional area and this "modulus", small cross-'

sectional arés giving"high valuesof modulus. No explanation

of this,phepomenon was offered.
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Fig 1.12. Load-Extension Curve for Sing1 Collagen Fibre

(Hall 1951 b)
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at 7.OpH, both internal energy and entropy increase with

extension. This behaviour is not consistent with elastomer

theory. Hall suggestedthat collgenhad 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 fibres 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

breakin g 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 values 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 193).

The tensile strength of the fibres varied from

37 kg./mm for thin fibres to 14 kg./mrn? for thick fibres.

1t was also found that short fibres were generally stronger••

than long fibres. The authors attributed both of these



20

15

10

Stress -

Kg.fmm

5

0
5	 10	 15	 20	 25

Extension

Fig I.1
	

Stress-extension curve for single collagen

fibres - average result. from 395 fibres

(Morgan 1960 b)
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effects to the variation in fibre cross-section along its

length.	 This inpljes that thick fibres have a greater

relative variation in c:os section than thin fibres.

Various mechanical praconditicning techniques

had no significant effect on the ultimate strength of the

fibres. Changes in relative humidity had an appreciable

effect, the maximum fibre strength occurring at 35% R.H.

Taking this maxi	 as i30,the strength at saturation (133%

R..) was 78 and at dryness (0% R.H.) it as 2.

The raze of loading had a pronounced effect on

the tensile strength, maximum values being recorded at a

loading rate of 2 g./min.whan the fibres :ere tested at

0, 33 and 66%	 At lC0 R.H. no maximum was found

Z)lQw 2 g./mn. the hghasr loading rats used.

The stress-strain curves found during this test

programme were analysed by Morgan (1960 5). The ayerage

curve found from 395 fibres is shown in Fig I.JM. 	 This

could be adequately exprssed by a power law expression of

the form

a = 0.386 E123

where E' strain and a = fibre stress - Xg./sq.mm.

The weight per unit length has a marked effect on the load-

extension curve, thin fibres (i.e. fibres with low weights

per unit length) being more extensible under the same 1ca

than thick fibres.	 Morgan failed to show that if, by taking

account of the effective fibre cross-sectional area, the

reults are plotted on a stress-strain basis, then thin

fibres are less extensible at the same stress than thick

fibres.	 This again suggests that thick :bres have a

greater relative variation in cross-section than thin fibres.
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Fig 1.15 Stress-strain curve for rat tail tendon

(Partingtor. and Wood 163)
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ter.on (Partington a	 wood 1963)
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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.

Partingtori 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 specimen.

Load extension curves were obtained using a

simple apparatus which extended the specimens at a constant

strain rate of 1%/mm.	 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 1.15. 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 1.16. 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 1.17 Effect on load-extension curve of treating
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as a check.

A group of tendons which were treated with the

enzyme hyaluronidase A gave the result shown in Fig 1.17.

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 im portance of this

substance in providing the bond between collagen fibres is

clearly shown.

Gratz (1931) investigated the mechanical properties

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

around muscles.	 It consists of a sheet of thick parallel

collacen bundles oriented a1onc the direction in which the

fascia is normally subject to tension. The material is

thus very strong in this direction .but is very weak in the

transverse direction.

A stril of fascia was tested in an unsi,ecified

standard engineering tensile test machine. The test was

nresumablv 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-stra.in curve obtained by Gratz is shown in Fig 1.18.

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

successive load increments. 	 This was surprising as the

author also carried out creep tests on the tendons and must

have appreciated the im portance of allowing for the visco-

elastic nature of the material. 	 For these reasons, the

stress-strain results obtained by Laban are of little value.

Walker, Harris and Benedict (l96 L ) have investigated

the mechanical properties of specimens 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 sDecirnens 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. 	 Mo account ?as 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
lb/sq. in.to 21,300 lb/sq. in.	 These values agree well

' with the figures quoted by Cronkite (1936).
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1.2.3	 Elastin structure

Elastin, or yellow connective tissue, is the other

major connective tissue com ponent of the dermis, accounting

for 2-4 per cent, of the fat-free dry weight of human skin

(Montagna 1956, Rothman 1054).	 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

e?ldermis to the dermis (Montana 1956). 	 The fibres are

t:inner than those of collagen and are observed to run into

one another, thus forming a continuous structure, whereas

col1acen fibres are separate entities.

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 microscope 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 aiino acids, glycine and proline but the

content of other amino acids is markedly different. 	 In

'artcular, it has a negligible content of hydroxyproline

and hydroxylysine which 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 collagen-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

sti'ucture 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 in,to 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 vulcanised

rubber (Ayer 1964).

1.2.4	 The rechanical Dro!Derties 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

(l950l951; 1960).

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
bundles of fibres in the clamps. This system was mounted

vertically with the bottom clamp 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 applied tension in dynes
A, b constants

the authors obtained a good fit to the experimental data.

Fig 1.19 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 sane ligament.	 The authors suggested that this was due

to the branching network arrangement of the fibres in the

ligament.

Wood (l95') also experimented with strips of

ligamentum nuchae both in the native state and after various

treatments. Atypical result of a test on native ligament

is shon in Fig 1.20.	 The testing technique used was

described by Wood and Chamberlain (1954). The 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.

Wood investigated the effect on the tensile test

behaviour of ligament after treating the s pecimens so as

to:-

Ci)	 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 1.21).	 This extension was not recoverable.

Beyond this extension the material became much more rigid

and behaved in a manner typical of collagen fibres. 	 Wood

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 therefore 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 y increasing the

number of cross-linkages between the elastin molecules in
the manner outlined by King and Lawton (1950).

The walls of arteries contain a large proportion
of elastin.	 Banga and Balô (1961) investigated the
mechanical behaviour of strips of human carotid artery

taken at autopsy.	 The a ge range covered was from l' 'to 89

years.

Thin rings of artery were excised and cut to form

stris 1.2 to 1.7 centimetres in length.	 The wet weight of

these s pecimens was from 5 to L3•5 mg.	 The specimens were

tested in Ringer's solution at 22 0C.	 The ecui pment used

was a modified chemical balance.

Although the load-extension curves obtained ( Fig
1.22) were markedly non-linear, the authors expressed their

results in terms of an elastic "modulus" given by

load at 5D% 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.

Bergel (1961) investigated the pressure-radius

relations for lengths of excised arteries held at their

original in 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 R±nger's solution. 	 A 6 cm.. length

of artery was held vertically at its in vivo length between

supports of a suitable diameter. 	 Pressure was applied

internally, in steps of 20 mm. ig up to a maximum of

240 nun. 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 ircremental modulus obtained at

high ?ressure were of the same order as elastic rnoduli

found for collagen.

King and Lawton (1950; 1951; 1960) have in

investigated the behaviour of elastic-rich tissues, in terms

of the elastomer theory developed by Wall (l9'2 a; 1942 b;

1943), James and Guth (1941; 1943; 1944; 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 cylinder

with various boundary conditions.

The thin shell theory was compared with pressure-

volume relationships of cat bladder obtained by Sirneone
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and Lampson (1937). 	 Good agreement was found up to an

increase in diameter of over 200%.

The thin cylinder expression was compared with

pressure-volume relations obtained by Hallock and Benson

(1937) from isolated s pecimens 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 chain eiastomer molecules in the artery

wail appeared with advancing age.

This work suggests that the mechanical properties

of elastin and of tissues rich in elastin 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.

1.2.5	 Peticulin

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 collagen but show the same regular 700 striations

under the electron microsco pe.	 1n human skin, reticulin

fibres are found chiefly in the papillary . layer of the

dermis 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

which are formed initially appear to be of reticulin. In

both cases the retiu1in is either transformed into or

replaced by true collagen.	 For this reason, reticulin is

believed to be a primitive form of collagen.
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Nothing is known of the mechanical properties of
reticuJ.in because of the difficulty of obtaining samples.
It is probably similar to collagen in this respect and, as

it makes up only O38 of the dry weight of skin (Montagna

l56) its contribution to the mechanical properties of skin
can reasonably be neglected.

1.2.6	 Ground 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 althou gh it has a large water content. The major

constituents of the ground substance are a rou of substances

known as mucoolysaccharies. 	 These are long chain carbo-

hydrates.	 The most important mucopolysaccharides in the

dermis 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
mainly 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 l96). 	 It is

found to increase in quantity at sites of wound repair

(Delaunay and Bazin l96').	 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 properties 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.

1.3	 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.

Ci)	 Uniaxial tensile tests

(ii) Biaxial tensile or membrane tests in vitro
(iii) In vivo tests

1.3.1	 Uniaxial tests in vitro
Investigations of the mechanical properties of

skin which have utilised uniaxial tensile test techniques

have been carried out by Rolihauser (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 this 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, 1965c), Evans (1965),

Kenedi, Gibson and Craik (1965),!Craik and McNeil (1965)

and Kenedi, Gibson, Daly and .Abrahams (1966).
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This work will not be 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 i-.troduced a considerable error in

measuring the initial length of the specimen.

Tyica1 results obtained by Rollhauser are

shown in Fig 1.23.	 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 Q.957) also tested 52

abdominal skin specimens obtained from cadavers.

A 10 cm. square was marked on the abdomen as

shown in Fig 1.24 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

striDs 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 subjec to the following major criticisms:

Ci)	 Specimens were tested in air with no control

of temperature or humidity
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Cii) A load of 10 gm. was applied to the

specimen before the initial length was

measured. This, together with the weight

of the specimen, must have produced a large

zero error in the strain measurements.

(iii) Strain measurements were calculated from

grip movement and were therefore 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

lenrth 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 interesting to compare the value of 1.1

quoted by Leider and Buncke (l95 L ) with the value of 1.25

quoted by Rothman (1961).

However, in an attempt to compare results

obtained from stri ps of different thickness, a serious error

was introduced by the assum ption 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 proDortiona]. 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
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of loading skin to the point of rupture and was motor-

driven so that the load could be applied smoothly.

However, several features of this apparatus meant that their

data was of limited value f or comparative purposes.

The secimens were again tested in air with no

control of temperature or humidity. The load weighing

Dart of the apparatus consisted of a coil sPring, the

f.tifln of which gave the load. 	 The deflection of this

srin was of the same order as the deflection of the

specimen. The spring was attached to one secjmen grip,

The other grifl being driven down at a constant rate.

tecause of the :iiy non-linear nature of skin, this meant

t:at the secimen was neither tested at a constant strain

rate nor at a constant oading rate. 	 In view of the

vscoelastic properties of skin which result in it being

sensitive to rate of strain and rate of loading, this

means that the results obtained cannot strictly be corn-
nared with those of other workers or, indeed, among

themselves.

Extension measurement was again based on grip

searat±on and was therefore subject to the same error as

before.	 Also, the tye of grip used, a straightforward

clamp, has been found 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 1.25. The specimens

were obtained from the same 10 cm. square, No I being

excised clqse 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 concluded it would be ur.wise to com pare results

from skin specimens taken from different parts of the body.

A total of 267 s pecimens obtained from 89

cadavers were tested.	 In order to facilitate comparison

of their results, each stress-strain curve was characterised

by ' parameters (see Fig 1.25):

Ci)	 :M50: the "modulus t' for the first 0.05

kc./s q . mm. of stress

r r
i.e. M 50	 - .	 kg./mm3sLraln at 0.05 g./sq. mm.

(ii) E? max: the ?trOdulusIt 4 ven by the sloe

f t:e final part of the stress-strain curve

(iii) The ultimate tensile stress based on the

unstressed cross-sectional area

(iv) The strain et specimen rupture

The variation with age of each of these parameters

'zas examined by separating the results into a series of age

croups 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 showed that the implied

assumption of a Gaussian distribution was not justified.

The only one of these parameters 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

much 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 Rotier (1958 b) therefore decided

to compare the properties of specimens taken from above

ad below the umbilic. 	 This was done in an identical

-.anner to that described above using specimens taken from
15 cadavers.	 It 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 properties of the specimens.

Normally 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.

During this time they were left hanging in the air. The
weight of the second stri p had decreased by 1'4% 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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The values of EM max found after exposure were comparable

with those found by ?ollhauser but the values of strain at

rupture were still higher than Rolihauser's. 	 The authors

therefore concluded that Rollhauser had allowed his

sPecimens to e exposed to air ror some time before test

and tat he had not started ns load-extenson cur'ies from
a true load zero.	 W.lc tr.is may we.l rave been true,

t:eir values of strain at rupture are still much higher

than those found by other workers.	 This strongly sugesrs

that they must have suffered from s pecimen s.ippa .e in the

grips.

An investiFation of the mechan.cal properties

of uinea pig skin has been reported •by Beckwith et al.

(1963), Glaser et al. (1965), Must et al. (965) and

Marangoni et al. (1965).
As the aim of this research was to develop a

standardised testing technique for a rational investigation

of tne wound healing process, tests were carred 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 a].. (1965), a standard wound 1.5 ins, long by 0.1 in.

dee? was made in the back of a guinea ig ?arallel to and

close to its spine.	 The machine automatically inserted a

series of sutures 0.]. 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 ofa 0.25 in. wide strip cut
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perpendicular to the wound axis.	 A "waisted" specimen
was not necessary as failure always occurred at the scar.
For comparison purposes, specimens of unwounded skin ware
also prepared.	 These were of uwaistedtt form, the test
section being 0.25 in. wide.

The s pecimens were tested in air with no control
over humidity and temperature. 	 Testing was done as quickly
. possible to minimise exsiccation. A measure of strain

both in the direction.of and transverse to the applied load
was obtained by taking a series of photographs of the
sDeclmen as the test proceeded.	 A grid of 0.014 in. squares
was printed on the specimen to facilizate these measurements.
t was claimed that the results were not affected by strain

rate, provided that this lay between the limits 0.007 in.!
!n./sec. and 3.0 142 in./in./sec.

Varjous difficulties became apparent at an
early stage in this test programme.

The first of these manifested itself as a
peculiar tthumptv 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 1.26.
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 at al. (1965) minimised
this error .by reducing the width of the specimens to .0614 in.
This will obviously reduce the error in width measurement
for the purely geometric reason shown in Fig 1.27. 	 The
authors stated that reducing the width of the specimen
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reduced the tendency to curl but offered no explanation

for this.

A very important effect, which must be considered

whei using very narrow specimens, is that, if the specimen

width is comparable to the dimensions of the collagen network

in the dermis, a fundamental change in the character of the

tissue will occur. Those fibres which are oriented in

directions apreciably different from the axis of the

secimen will be cut short and will have no ability to carry

load.	 Only those fibres oriented roughly along the secien

axis will carry the load and will thus determine the

properties of the specimen.	 In theory, this would mean

that, in the limit, a very narrow s pecimen would have the

same rroperties as a single collagen fibre.

Glaser et al. stated that their specimens could

be considered to be homogeneous as the width of their

specimens (.O5 in.) was 25,000 times the length of an

average collaFen fibre bundle.	 This is clearly nonsense

as it implies a fibre bundle length of 4O R. The length
of a collagen molecule is 2,800 R.

It was appreciated that testinc the specimens

in air would inevitably result in some degree of exsiccatiori.

This was minimised by careful handling and rapid testing

techniques (arangoni 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 temperature and humidity during the actual test.

In spite of the high degree of test control

achieved, a considerable variation in results was still

found so that, in order to obtain meaningful resiilts, teach

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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Fig 1.28 Stress-strain curve for guinea pig
skin (Glaser et al. 1965)
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(1)	 The ultimate tensile stress based on the cross-

sectional area of the unstresed S?ecimefl

(ii) The work input to the secimen to produce a

stress of 500 lb/sq. in.	 This was given by:

area unc	 stres-Strn cur"e
total volume of slecimen	

.n.1/cub.in.

(iii) The wor-: ir.?ut as shown but to a stress of

l,3 lb/ir.

(1'.') The	 a:imum s tjffnestt.	 ThIs was ecuivalent

to the EM max of Jansen and !ottier

Cv)	 The strain at specimen rupture

in the case of the wounded skin s?ecimens, the

work inut to rupture was used instead of parameters (ii)

and (iii) as these s pecimens failed at stresses below

503 :b/sc.in.	 It should also be noted that parameters Ci)

ad Cv) were determined by measurements on the gauge lencth

of a reduced section s pecimen.	 A].]. other parameters were

found from parallel sction secimens, the strain being

determined from the gri p separation. As the length to

width ratio of these s pecimens was about 15:1 the error

involved in this was probably small.

A typical stress-strain curve for unwounded

guinea pig skin is shown in Fig 1.28. 	 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

expressionof the form:	 -
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,1
aKc

ere	 a stress in specimen - lb/ifl

strain

K, i 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 considerably

lower than, for example, the soulvalent figures found by

Jansen and Rottier.

An intensive investiation of the mechanical

proeries of human skin has been described by Ridge (l96)

and R1e and Wri ght (l64 a, l96 b,and 1965).

3oth autosy and biopsy skin s pecimens were

used, these being obtained from standardised sites on the

abdomen, back, forearm and thigh.	 Care was taken to

subject the secimen to only minimal tension during removal.

The sPecimens were oriented either parallel or perpendicular

to the cleavage lines of the skin (Cox l9 L 1, Lancer 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 dermis removed wliile 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 uns pecified method which did not involve freezing.

Standard shape, reduced section test specimens

were prepared using a cutting die. The gauge length of

these was ]. cm. long by,O. L cm. wide.
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The initial tests were carried out using an

Instron testing machine.	 However, because of the

inconvenience of using this machine ) the testing facility

shown in Fig 1.29 ws constructed.	 As the movement of the

chart was directly related to the jaw movement it was used

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

the reduced section secimen which was used, this was an

obvious source of error. 	 As the basic aim was to

develop a standard test for comparison purcses and no.t

to determine the absolute stress-strain relation for skin

this error was necccted because of the great simplification

of extension measrement.

The toD jaw was supported by a spring system in

such a way that a load of S cm. had tQ be a?l1ec to the

jaw before any load was registered on the chart. This

meant that the .n2.tlal length o the specimen was measured

with a load of 5 cm. on the specimen. 	 This introdced

an a,recjable zero error in strain measurement.

A tvDical load-extension curve obtained on

this aPparatus is shown in Fig 1.30. 	 The extension given

was the actual jaw movement. 	 As no details were given

of the initial jaw distance it was not ?oSsjble to

calculate strain values.

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

E a + b log LwhereE 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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Fig 1.30	 Load v. extension curve for human skin

(Ridge and Wright, 1964 b)
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At loads above 150 crn. another expression was
fitted to the curve, V.

•	 Li= : + L
:ere E	 extension

L = load
i, :<, b	 constants

As histoThical exa:ination showed that iost of
e cca"en fibres ware oriented in the direction of the

a p1icd load during this hase of e>:tension, t:-en the load-
exte.53fl	 11	 •st have been primaril y a aasure of
coi1en elasticity.	 This art of the load-e:.:tension
:rve :•as therefore subjected to a very dctai:ed analysis

-h asic am	 is research was to determine the
eff.ct of coilacen diseases on the mechanical properties
of cc:.lacen.

Although this auation was urely empirical,
?.idre attempted to re.ate the various constants to

rticlar Thvsical features of the skin. The constant
k was assumed to c'ive a measure of the nuiber of fibres
oriented in the direction of the load and the index b was
thcuht to de pend on the elasticity of the collacen.
Because of the difficulty of establishing a true zero
point for a material such as skin, the constant i was
introduced to correct the difference between the experimental
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 nave a very marked effect on the
index b.	 Astandard rate of 0.2 jns./min. was therefore
used for all further testing. 	 -

Tests on specimens oriented along and across
Laner's lines showed that the index b was not dependent
on orientation but that • h constant k had consistently
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higher values for specimens oriented across Langer's lines.

No sificant difference was found between

autopsy and biopsy material taken from similar sites.

The authors proosed a simple mechanism of

skin deformation in which the part of the load-extension

curve described by their first equation corresponded to

a process of collagen fibre orientation within the viscous

grour.d substance. 	 The second eQuation was considered to

describe the extension of the oriented fibres. 	 Although

histoloicalevidence was produced to su pport this

theory , sections were only made of unoaded and fully

loaded secimens. 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 140 yrs. and 90 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 elasticity.
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Diagram iii apparlittiM for nwasllrilug the Mtrvtehiflg f thi 'kin (not drawn to Male).
4, brass drum, with: I, ,mutk •t to water mnnnometcr (B) and reservu.jr ( I ): , inner brass rina.
holding skin (M) in jw.sition; 3, outer brass rings, holding akin (.) in position. Ii. lever, with:
4, knife edge on stand on uuU•r ring of drum; i, enuntcr.balamwing weight: U. shunt arm, angled
over centre of akin; 7, long arm, nine times the length of short arm. K, scale (em.).

Fig 1.31	 Ap7aratus used bs Dick (1951)
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I3.2	 Biaxial and membrane tests in vitro

As skin in vivo is subjected to membrane

stresses caused by the internal pressure of body fluids

and tissues, various workers have attempted to simulate

these conditions ii-. vitro.	 The only useful r.sults of

:js type were obtained by Dick (1951) and Ragnell (l954).

Dick attempted to simulate the in viva

ccndizioflS using the aparatus ahown in Fig :.31.

The skin s pecimens were obtained from cadavers

using a techniçue which was intended to maintain ithe

exjstlng tensions in the skin. 	 A circular ring of jnternal

diameter 5 cm. with 8 sharp s pikes roecting from one face

s forced into the skin surface so that the oints

enetrated the skin. 	 The skin was then excised so that

t:-.e s?ikeS held the circular specimen at its original sizes

and, it was assured, at the same tensions 	 The number of

sikes used seemed rather small to achieve this end and

there 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

40 specimens.

In obtaining stress-strain relations from this

data, Dick assumed that the deflected form of the specimen

a spherical cap. in view of the anisotropic nature

of skin and of the tensions maintained in the specimens,

this would not be the case.

No details were given of the rate of loading

although the author did note viscoelastic effects when he

said that, at the higher pressures used, the skin was

-"slow to rspond".

Dick presented his results in the form of

graphs of stress v. pressure.	 At the higher pressures,
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these graphs were of straight line form. As the change of

deflection and hence of radius of curvature of the specimen

was found tQ be quite small for large pressure changes at

these pressures, one would expect this result,

At low pressures, however, the shave of the

curve was modified by the large changes of radius of

curvature which occurred and by the existing tension in

te secmen.	 y extrapola ing te curves acx to the

stre s s axis Dick obtained values of stress which he assumed
to be the stresses which normally existed in the specimens
w:an i, situ.	 Although the accuracy of these values

cannot be very high s they ars the only reasonable values

which have been quoted ror t.ese stresses.

Tynical values obtained for skin SDeClmcns

taken frot the lateral aspect of the thich were from 7 gm./

cm. for a 14 year old female to 2 gn./cm. for a 65 year old

male.	 This reduction with age was found consistently.

Ey comparing the results of these tests with

a histological study of the structure of skin Dick (1947)

put forward an explanation for the widely differing

properties of young and old skin.	 1-le suggested that the

greater tensions found in vivo inyoung skin and the more

elastic nature of the response of young skin was due to the

existence of a well-formed elastin network and that the

loss of these properties with age was due 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 lin&s than in the

Darallel direction.
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Tests were carried out on 3 cm. diameter

circular samnies of human skin taken from cadavers. 	 A

circular grid was nrinted on the samDles before excision.

The specimen was rlaced, dermis down on a film of oil on

a circular table and loads were applied in a radial

direction by 22 ecually s paced wires.	 The initial loads

were such as to restore the arid on the specimen to its

oriinai size.	 Unfortunatel y , these loads, which would

ha'!e cr,iven an indicaticn of the value of the tensions

existir.c : vivo, were not measured.

Surimoed on these initial loads was a

upiaxial load -air either aralle or perpendicular to th

c.rection of anc er's lime.	 5v measurim the change n

diameter cf the arid in the direction of this anlied load,

a form cf load extension curve was obtained. Tram results

obtained in this wa y Tanell concluded that "the extensibility

of human skin is one third Freater at right angles to the

lines of Lamer than it is along them". 	 iowever, as the

stress-strain relation of skin is ver y non-linear, the

statement nec no reann	 f tne extension measurements are

riot made between the same absolute stress limits.
As no control of tem perature or humidity was

attempted and as no account at all was taken of the visco-

elastic nature of skin, the results presented by Ragnell

give no ir.formation of value on the mechanical properties of

skin.

1.3.3	 In viva tests

Various workers have attempted to measure certain

mechanical properties of skin in vivo.

Kirk and Kvorning (l9 L 9) carried out a large

number of tests using an apparatus originally designed by
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Schade (1912; 1021). 	 A spherical indentor was pressed into

the skin by a known weight and the resu1ing movement of the
indentor was recorded against time. 	 Altbouh the results

obtained were resonablv consstent and showed definite

vriations with aae, the prcerties measured must ha½ been

nredomir.antiv those of t:-e subcutaneous tissue.

The same crfticisrn can be made of the technique

used by Jochirs (1934, 1048), who measured the force

necessary to ccmnress a fold of skin.	 lie also measured

the ccrtraction of the skin between two arallel J±nes

drawn on the surface when these lines were pressed towards

each other until a fold just started to form. 	 This

measurement s•:ould be extected to be related to the initial

tension i th skir. but, aca!n, it would be irr.nossible to

account for the effect of t.c subcr.ecus tissue.

Sodeman and Burch (1C3) peormed sim1ar

tests using a calibrated, s pring calier instrument which

applied loads to a pair of cubes cemented to the skin surface.

1.2.4	 Dvna.ic tt

The term "d"namic" test is here ±aken to mean a

test in which some rorm cf c yclic 1oadjn is used as distinct

from the static or quasi-static loading which was employed

in the tests described above.	 The load cycle is usually

of sinusoidal form because of the convenience of the

resulting mahematics.

Von Gierke, Oestreicher, Franke, Parrack and von

Wittern (1952) have described ex periments of this type in

which sinusoidal loads were applied normal to the skin surface

over a small circular area, their measurements being made on

the thigh and on the upper arm. The results of these tests

were expressed in terms of the mechanical impedance Z

defined as the comnlex ratio of the -eriodic force F applied
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to the area of the skin surface to the forced velocity u

of the area.	 Z can be s plit into real and imaginary parts

thus : -

r
Z =	 ! + jQ

where	 R mechanical resistance

C)	 chanicca-etance
--

he resistance R may be said to reresent viscous friction

effects.	 :a reactance Q includes the affect of both the

rass and the elasticity of the maer±a1. The results

showed th.t u to frccuencies of th crdr of 5 kc/s. the

tissue behaved like an inconressible viscous fluid.

Above about 23 kc/s. tha behaviour ccrres-onded to a

frictior.less, compressible fluid, i.e. normal acoustical

transmission.

It canr.ot be said that the above results

describe properties of the skin as the underlying tissues

must also have been involved.	 However, they do give some

interesting information on the behaviour of soft tissue

under conditions which cannot be produced otherwise.	 The

excellent areer,ent obtained between theoretical and

exerimental results also suggested that linear, viscoelastic

theory is adequate to describe the behaviour of soft tissues

et small deformations.

1.3	 Surmarv

Although no individual investigation among those

considered has given a complete description of the mechap.cal

behavioir of skin, an over-all picture does emerge	 Ir



LO

particular the importance of the microscopic network concept

of skin structure was realised by several workers, although

there was no atterrpt	 de to carry this concept further.

The viscoelastic nature of skin was also well established,

although again this was not investigated in detail and the

iortance of a:.iowing for the effects of viscoelesticity

uas not eneraliy apreciated.

There is an obvious need for the develo pment of

ly re .nec testng techniques :n orcer to obtar. nore

raaningful results than those obtained in the work discussed

in this review.



Chapter II

Pilot Experiments
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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.

11.1	 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 Fig 11.1.

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 1e8 hours of death, being stored

at 40C until tested.

The subcutaneous fat was removed using the knife

shown in Fig 11.2.	 The skin was stuck, epidermis down, on

a ground glass plate using Evostick adhesive diluted with

ether.- The fat was then removed as shown in Fig 11.3.

The specimens were tested in air at' room

temperature (18-25°C).	 A waisted specimen (Fig 11. 14) was
held in a horizontal position between simple clamp grips,

the weight of the grips being supported by rollers (Fig II.

5). 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 11.6. The gauge length was defined by attaching two

hairs to the specimen using Evostik impact adhesive.

Initial tests brought two major problems to

light:-

Ci) it was not possible 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. -.

The first problem was partially overcome by

measuring the. initial gauge length before the specimen was

mounted in the grips.

The effect of the viscoelasticity 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 thià time.

Typical stress-strain curves obtained uing this

technique are shown in Fig 11.7. These curves may be

conveniently split into two parts:-

(i) a primary extension in which a large

deformation occurs at loading levels below

the sensitivity of the machine (cO.25 lbs).

(ii) a secondary extension characterised by

rapidly 'increasing stiffness of the

I
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specimen.

The strain c 2 measured perpendicular to the

specimen axis is plotted in Fig 11.8 in terms of the strain

ratio k defined by

k:.2.
Cl

when	 Cl: X-Xxo

£ 2 =
yo

= original unstressed gauge length

X : length of gauge length at stress a

original width of unstressed specimen

y : width at stress a.

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 required in performing.

mechanical tests on it.

Consideration of the volume changes oôcurring 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 a continuous material

and that Its highly unusual mechanical properties might

best be explained by consideration of its microscopic

architecture.	 -
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11.2	 Histology of Stressed Skin

Fig 11.9 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 11.10 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 prepared 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:-

(1) 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 allthe 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,
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(b) Stressed Skin
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(c) Stressed Skin	 (d) Stressed Skin

a	 100 lb/in	 a	 1000 lb/in

0.55	 = 0.65

Fig 11.9 . 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 11.11.

The behaviour of the elastin fibres in stressed

skin is shown in Fig 11.12.

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.

11.3	 Requirements for Refined Uniaxia]. 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:

Ci) The highly non-linear stress-strain

characteristic

(ii) The marked viscoelastic properties

The first of these places certain requirements on the

load measuring apparatus. 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

extension. The apparatus must be "hard", i.e. the

deflection of the load measuring device must . be negligible



Fig 11.10	 Clamp for Maintaining Soecimen at

a Fixed Extension Whilst in Fixative

Fig 11.11	 Transverse Section of Skin Specimen which

had been Stressed at 50 lb/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 viscoelasticity of skin, 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/mm?

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 the dermis. Optical measurements



(a) Unstressed Specimen

.- ,.; r••
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-

:

(b) Specimen Stressed to '450 lb/in

Fig 11.12	 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 addition 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.

11.4	 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:

Ci) 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

aähieved 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.	 -



Chapter III

Theoretical Considerations
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There are, in general, three possible types of

analytical treatment of the mechanical properties of a

material such as skin:

• (1)

(ii)

(iii)

An empirical approach based on fitting

mathematical expressions to the

experimental data.

A semi-empirical approach involving the

analysis of a physical model of skin

based on its rnicxo-architecture.

A rational approach using the tech-

niques of statistical mechanics or

continuum mechanics.

111.1	 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 behavj.our of skin.

Th rsult of thc pilot experiments dsoribed
in Chapter II were 1 plotted ..on log-log graph paper. 	 In

every case a good straight line :was obtained (Fig 111.1).

The following equation could be fitted to the

experimental data:,

where	 a..: applied tensile stress

c = strain in direction of a

A, b = constants

• The constants A and b were ploted against age.

The index b showed.a consistent decrease with increasing
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age above '40 years.	 Below this there was no apparent

dependence on age.	 The coefficient A showed no dependence

on age.

These results agreed well with the data obtained

by Ridge (l96'4) 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 thát.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.

111.2	 Semi-EmDirical Method - A Network Concept of Skin

Histological investigation of skin has shown that

the dermis consists of three principalcomponents which will

dominate its mechanical properties:

(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 histology of skin subjected to uniaxial

stress has shown that the collagen 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 or by

the ground substance and elastin fibres. As more and

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 111.2.

111.2.1 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 111.3.	 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.

The application of a load p to this unit will

cause a deformation to the position described by half angle

o as shown in Fig III.. 	 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 0 tends to zero.

Under these conditions, the force in the cross

link is given by:
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p tan 0	 f(cross link deformation)

f(sin a - sin 0)	 111.1

The form of the function f(sin a -'sin 0) depends on the

physical properties of the ground substance. This
function was therefore indirectly assessed by solving equation
111.1 for various forms of the function by numerical

procedures. The simplest function which gave a reasonable

fit to the experimental data was:

p tan o	 2y (sin a - sin 0)'	 111.2

This equation in p and 0 can readily be solved numerically

by Newton's method.

The corresponding strain can then be calculated

from:

where c	 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 0 is small.	 It

will be a sufficiently good approximation to calculate the

deformation of the side links under force p and add this

directly to the strain calculated from equation 111.3.

• This process is shown diagrammatically in Fig 111.5.

The lateral contraction accompanying this

extension can be found from:

'sinu-sinO
£2	 sin a + 6	 III.t

where £2 = strain perpendicular to the direction of p

6	 thickness of side link
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The mechanical behaviour of this model can therefore be

defined in terms of the four parameters:

a	 initial half angle of unit

B	 side link stiffness

cross link stiffness coefficient

= 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 111.6.

The curve for a v. c has the sloping asymptote

AB and the curve for a v. £has the vertical asymptote CD.

Comparison of the load-extension curve with Fig

111.5 shows that the strain OA corresponds to the limiting

strain of a network with rigid side links and is given by:

c (urn)	 i - cos acos a

1	 1	 111.5cos_ i +	 (urn)

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 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 is:
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2+

1 +	 - cos u
Cl-

111.6

However, from Fig 111.6 it can also be seen that: 9

___ P
C1 cosa	 6

Equating with 111.6 gives:

+-ci (urn)]B	 2cos 111.7

•The cross link stiffness factor y is found from the

solution of equation 111.2 shown in Fig 111.7. The value

of a is known from equation 111.5. Therefore, from the

value of_. cL correspding . to..ar%y.. given value of p, a

value of 0 can be determined from equation 111.3 and hence

y can be determined from Fig 111.7.

• The value of 6 can be found by considering c2

(lim), the value of £2 given by ..the vertical asymptote of

the	 v. e2curve.

From equation III. as 0 tends to zero:

un
	 sin
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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 111.8). 	 None 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 canio-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 111.9). These results are

also discussed in Chapter .V.

• 111.2.2	 Network with viscoelastic elements

To take account of the viscoelastic properties of

skin it •is necessary to consider th behaviour of the

network when the perfectly elastic members of the model are

given time-dependent properties. Three possible
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arrangements of the model can be considered:

(1)	 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 111.10 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 111.11 shows the effect of having only the

side members time-dependent. The behaviour is the converse

of that described above, 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 apparent throughout the ètress range (Fig III.

12). This type of behaviour was not found to be relevant

to skin.
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111.3	 Rationa]. Theories

There-are two techniques whereby the behaviour

of materials subject to finite strains can be rationally

analysed:

(1) Statistical Mechanics

(ii) Continuum Mechanics

111.3.1	 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 s 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.

111.3.2	 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.

(1) it is isotropic in the undeformed state

(ii) 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 1 (i	 1, 2, 3) with respect

to a fixed. rectangular Cartesian coordinate system moves

to a position x(r) at some later time r.
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)
	

111.9

when, either Q RTaR	 P E

or	 QE	 P:RTOR

and	 D is a matrix functional of P

a is the stress matrix at point x

E is the strain matrix at point x1
and is defined by:

IE..
L	 J

2E1	 x.	 x.
	 6..

3-
fi. i	 j
[O,i^j
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If the deformation of the material is defined

byF: {r1 ] __-ç-

ax1(T)
:-

this can be split into a rigid body rotation R and a

pure, homogeneous strain M

thus F RM

RT is the transpose of R.

It is further shown in Apendix A.IV that for the

type of material considered, equation 111.9 can be

written in the form:

Q(t) : J {Ig,1T1 + *2 M1}dt1

+ Jf 
{ITT2 + I*T1 2 + * 5 T 1 M 2 + *6M1M2}dtidt2

IS•..S.S SIS SS SI
	 111.10

where:	 -	 .--
T : tr

T 8 : tr 15(t a ) i(t 8 )	 etc

M: f(t)
*i; *2 are functions of t -
*3 -*6 are functions of t - r 1 ;t - 'c 2.etc.	 These functions

characterise the mechanical properties of the material

and have to be found experimentalLy 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 111.10 wer considered. 	 For this reason

it would be impractical to use this type of theoretical

ápproach to obtain acornplete description of the

mechanical properties of skin.

111.3.3	 Uniaxial experiments

•	 However, it :is still of interest to investigate

the viscoelastic properties of skin by means of stress-

• relaxation and creep ests 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 111.10 as the rnatrices P and

• Q will only have one non-zero component, thus:

P	 a	 Q	 E (creep test)	 •	 -.

	

or P:E	 Q	 dstressrelaxationest).
-	 -.	 .	 .	 .

	

-n	 I

In the case of a creep test (to obtain the

relations appropriate toa stress relaxatjonjt is only

necessary to interchange a and E). Equation 111.10

becomes:
•	 .	 .1

be	 •.	 •- .	 .	 -
t	 •	 -- V 	 .31	 !,(.

.E(t) = f J(t-r) a(t)d -	 .

'	
rj	 .	 -

t t	 i..- •. : •	 .	 .	 •	 19

1010 K(t-r 1 ; t-r 2 ) b'(T1i a(r 2 )dT 1 dr2

I : • 1.i	 •	 •	 •.	 -•Tv	 e.	 .

+ JJf L(t-Ti; tT2 t—T3) 6(r1) &(t2) aCT 3 ) dr 1 dr 2 dt3

	

.	 t.If	 f£	 ••	 •	 ••	 .1.•	 •	 .

	

T. 	 •	 .

- ,t	 )•••	 ti	 3	 7	 1	 •	 -	 '_1	 ••• -
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Only the first three terms will be considered. It

should be noted that:

2E	 (i)2 - 1ax

and that if. the material is homogeneous:

2E	 (..)2	 - 1x

The classical strain component c is defined by:

xc :- ]

E	 c	 111.12

it is shown in Appendix A.V that the functions
J(t - r i), K(t - q; t - 12), L(t - 11; t - 1 2; t - 13)

can be completely determined by the test programme shown

in Table 111.1 and Fig 111.13.	 It will be seen that,

even in the uriiaxial case, a large number of tests is

still required. For example, if n 8 (i.e. 8 different

values of k and 8 different values of £ are considered),

a total of 59 tests will be required on one specimen.
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Table 111.1

Stress Relaxation Test Procramme for

Non-linear Viscoelastic Material

Test	 No. ofTest
No.	 Straining Programme	 Description Experi-ments

1	 E(t)	 c 1 H(t)	 one step	 1

2	 E(t)	 c 2 H(t)	 1

3	 E(t)	 c 3 H(t)	 1

'4	 E(t)	 a 1 H(t) + b 1 H(t-k)	 two step	 n

5	 E(t)	 a 1 H(t) + b 2 H(t-k)	 n

S	 E(t) = a 3 H(t) + b 1 H(t-k)	 n

7 E(t)	 aH(t)+bH(t-k)+cH(t-L)	 three step

10, x < 0
H(x) ::I

L1' 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 £ in the range 0 <k <& •	 n is the number of points•

required to define the functions in equation 111.11 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 ohly rational approach.
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Ward and Onat (1963) have shown that the method can be

applied to the analysis of the creep behavioir 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 111.11 reduces

to:

t
c(t)	 fJ(t - r) c,(t) dt

which is the uniaxial constitutive relation for a linear

viscoelastic material.

A test programme of the form given in Table 111.1

was carried out on a specimen of skin. The results of

this test are analysed in Chapter V. This practical

application of the continuum mec1anics theory makes much

clearer many points which are not obvious from the

inevitably somewhat abstruse matrix algebra presentation

given above.

III.	 Summary

It is apparent 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 has 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
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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 application to skin but can, subject

to simple modifications, be applied to a wide variety of

connective tissue structures (Fig III.l').

Continuum mechanics theory is, in principle,
capable of analys.ng 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 results of the pilot exeriments

described in Chaflter :1 as a basis, more refined tsting

technicues were developed to investigate the mechanical

properties of skin -.n vro.

IV.J.	 J.ia1 TensIle Tests

The classical enginaerng a proach to

investigatng the mecnancal propartes C: any matera1
s the uniaxa. zensle test.	 Ts s a bascaily simple

technicue with which lare numbers of pe:imens can be

tested in a reasonable time.	 in t	 case of skin, it

may be thought desirable to use a biaxial testing tech-

nicue because skin n 'vo is in a state of.biaxial

tension.	 However, because of the large number of para-

meters wnicn 4ave to e measured ifl sucri tests and the much
more cOmplicated equipment required, it ws decided to

restrict the investigation to the uniaxial technique. 	 it

was felt tnat this would provide more meaningful results

from a larger number of secimens.

IV.2	 Des!n of	 uiment

Trie requirements ror uniax:al tensle tests of

skin outlined in Chapter II were used to draw up a

s pecification for the design of suitable equi pment (Table

IV.l).	 or 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.l	 Secien 1oadin apDaratus

The testing frame is shown i Fig 1V.l. 	 The

crosshead A was driven in the vertical direction by the

hollow lead screw B.



Fi g' IV.2	 Load Measuring ar. Recording Equipient

Fi I\'.3	 Crosshead .Drive Motor and Gearing
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The motor of thi crosshead was transmitted by the push

rocs CC to the lower crosshead D below the frame. Any

suitable type of pecimen grip E.could be iounted on this
crcsshead.	 The upper grip F was suspended directly from

the load cell G by means of a rod passing through the

hollow lead screw.. This arrangement ensured that the

tension in the s pecimen was measured accurately with no

possibility of error due to friction effects.	 Load cell

ouzDut was displayed on the Transducer Indicator (A in

rig 1V.2) and was smultaneously recorced on tne Soutnern

Electrics Ultra Violet Recorder, type 2005 (3 in Fig IV.2).

The attenuator bo C allcwcd the effective sensitivity of

the system to be varied durinR the zest. Therefore, a

hih sensitivity could be used durr, the ±riitial large

extension at very small :0ad3 which s cnaracterstc of
skin.	 The sensitivity could thcn be reduced as the load

increased towards specimen failure.

The crosshead driving facilities are shown in

detail n Fig V.3.	 Rapid traverse of tne crosshead was

achieved by the handle A driving v	 the bevel gears B.

The worm gear drive C could be o perated eitbr manually

or by the reversible incuction motor D, trie gearng being

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

Environmental control of the specimen was obtained
using the tank and ternDerature control equipment shown in

Fig IV.4.	 The tank was mounted on vertical runners and

was counterbalanced so that it could easily be lowered to

facilitate specimen loading. 	 The liquid used in the tank

was Ringer's solution. 	 The temperature of this solutinn

could be maintained at any desired value above ambient to

within 0.5°C by means of two 1 kw heaters arid the

Fielden temperature controller. 	 A rnall Dump was used to

maintain a gentle circulation of the solution through the

tank.



Fi	 immersior. Tank and Tenperature Control
Equipment
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Fig IV.].	 Tensile Testing Machine Designed and

Built in the BioEngineering Unit
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Cc) a waistd s pecimen	 Cd) the finished specimen
is made with this
"Pastry cutter"
type punch

Fig IV.5	 Preparation Qf Specimen
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IV.2.2	 Siecimen nrnration

Skin samples were obtalnec :rom cadavers at

autonsy.	 Abdomnal sk.n was excisec :rom tne area below

tne umbilcus except in the case o: .nzants, when skin

frcm the whole length df the chest was excised. Various

stgs in the preraration of the snecimens are shown in

F1 :v.s.	 me grid printed on th specimen was used for

strain measurement as described 5e.cw. 	 Th dimensions

of t:-.e	 :v.E.	 .:i specirs were

tested within 6 hours of dh, being stored in Ringer's

sction at L°C until reuired for test.

IV.2.3	 e±n

3ecause skin is subject to arecabe deformations

under very smal. stresses,it was imossibe to use any

form of mechanical device ccntacting the secimcn t measure

t:- deformation durir test. 	 An otica. strain measuring

technique was therefore necessary.

A hotographic method. was used, the deformations of

a rid prr.ted on the ejderm.l surface of the specimen

being recorded at short time intervals by the equipment

snown n ig V.7.	 ccause o: tne large extensons

oan1ng n skin, it was necessary :or tr.e camera to be

movec Gown during trie test to kee	 ts ot.cal axis in

line with tne centre or tne s?eclmen.	 rcr this reason,

the camera was mounted on a screw oerated vertical slide.

The negatives obtained by the 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 exposu'e time of 1 m.sec.

The flash gun also provided a very convenient pulse which
was recorded on the u.v. Recorder so that the strain



Cu) Grid o Csressed Spccier.

(b) Grid on Stressed Specimen

• Tiç IV.8	 ?hotographic Strain Measurement - Typical

Results



68

Fig IV.9	 Watson's Stereomicroscope used for
Measurement of Negatives



Fig IV.1O	 Wedge Action Grips
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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.l0. 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 pameter.

The .majority of tests were therefore carried out

using a load cell with a maximum load capability of 20 lb,

this load being much lower than the expected failure load

for most specimens (around 100 ib). 	 This cell had the

further advantage of giving a higher sensitivity (.05 ib)

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 lb cell to give greater

sensitivity (.005 ib).

The actual test was very quick and simple to carry

out. With the specimen mounted in 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 negatjves and the load-time record from the u.v.

recorder allowed a stress-strain curve to be obtained.

IV.3	 Test Programme with Refined EguiDment

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 lb load cell and the remaining 13
being with the 2 lb cell.

Further tests were carried out to determine the

effect 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 Iaanger's lines.

(iii) The introduction of stress concentration

in the form of puncture patterns, small

circular holes, etc. on the specimen.



I

Fig IV.].].	 The Instron TT-CM Tensile Testing. Machine
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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.'	 Instron Tensile Testing Machine

At a later stage in the testing programme, an

Instron Floor Model TT-C (Fig IV.11) became ava•ilable.
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 sensitivity range available from each load cell.	 A

brief specification of this instrumentis given in Table

IV.2.

The specimen preparation technique used with this

machine was identical to that used previously.

IV.L.l	 PhotograDhic 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

FigIV.13	 Camera timer unit
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FIQ. az 14. INSTON OPTICAL EXTENSOMTE.

'1- I

FI.JZ 15 SPECIMEN MAPKING FOR US WtTH OPTICAL EXTNSDMETR,



Fig IV.16	 Toggle Action Grips for Instron

Fig IV.17	 Specimen Loading Jig
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IV. 14.2	 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.l Le. 	 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	 Griis and sDecimen loading lip

The grips used are shown in Fig IV.16. 	 These

were of serrated jaw, straight clamp action type. 	 The

beam spring mountedon 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 toggle levers.

To load a specimen, the grips were mounted in

the jig shown in Fig IV.17 and 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 thisposition,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 Zr T•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.Le. L	 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 solution returned by the overflow to the

main tank thus maintaining a constant circulation. At the
end of a test, a valve allowed the solution to return to

the main tank via the supply pipe.	 The tank door could

then be opened to allow access to the specimen.

IV. L4.5	 Testtechnicue

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 usd on the BioEngineering Unit machine. The load

cell used for the majority of tests had a maximum load

capability of 2 Kg. ('&.' ib) but, with the wide range of

amplifier gain settings available, a sensitivity of 0.1 gm.

(.00022 ib) was available. Another load cell of 50 Kg.

(110 ib) maximum capability was used for some tests to

allow the behaviour at higher loads to be investigated.

IV.5	 Tes't Programme with Instron
A total of 18 uniaxia]. tenile tests was performed

with the Instron.	 Of these 12 were carried out using the

photographic strain measurement technique, the remainder
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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.

IV6	 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 extensiozi (or load). 	 It

was also required to perform more complicated ±wo step and

three step tests (Fig IV.21) these being of only stress

relaxation type.

IV.6,l.	 Modifications to armaratus

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	 Nodification- 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 Instro.	 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 maiitain a constant load on the specimen.
Strain measurements were made photographically as in the

uniaxial tensile tests.

IV.7	 Stress Relaxation and Creel) 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.L

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.e and it is also fully

discussed in Chapter V.

Eight single step creep tests were performed

with various loads and test durations.

IV.7.].	 Load cycling tests

.Because the experiments involving multi-step tests
requireda number of tests on the same specimen, it was

decided to investigate the effect of repeated load cycles

on a specimen. The result of such a load cycling test is
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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 pattern.

All specimens used in the stress-relaxation and creep

experiment were therefore subjected to five such load

cycles before test.

IV.8	 Suarv

The specifications of the testing equipment used

in these investigations and details of th testing programme

carried out are given in Tables IV.l to IV. L below.
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Table IV.].

Specification or Uniaxial Tensile Testing Machine

Designed and Built in the BioEngineering Unit

Load Measurement	 Electrical Load Cells (Inter-
changeable)

Maximum Load	
200 lbCa ia city

Sensitivity	 .0]. lb

Accuracy	 l% of Full Scale Load

Load Recordinc	 Continuous Record on u-v Recorder

Crosshead Drive	 Constant Soeed Drive; Speed
Selected by Change Gears.
Rapid Traverse and Fine Manual
Positioning Facilities

Strain Measurement Photographic

Environmental	 Specimen to be Immersed in a
Control	 Constant Temperature bath of

Ringer's Soluton duriflg Test.
Temperature 37 C	 O.5 C; pH7.O.
Immersion Tank to be easily
Removed to Facilitate Specimen
Handling
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TABLE IV.2

Secification of Instron Floor Model TT-CM

ad cell ranges:-

eli A

eli B

ell CM

eli DM

eli FM

0-2, 0-10, 0-20, 0-50 gms.

3-100, 0-200, 0-500, 0-1000, 0-2000 gms.

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

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

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

Crosshead Speeds:- 	 0.005 to 50 cm./min.

Chart Speeds:-	 0.2 to 50 cm./nu.n.

oad recorder system:-

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

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

Maximum accuracy:-	 of indicated load or
% of recorder full scale

whichever is the greater
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Table IV.4

Stress Relaxation and Creep Tests

Initial Relaxation'
Type Testing Strain	 or Creep	 Ageof

Machine	 or	 Time	 (years) CommentsTest	 and SexStress	 (seconds)

Jc
i o.4s	 10,000	 L43 M

0.3 q	10,000	 52 N

0.53	 10,000	 39 F
Bi oáw,in- ________ ___________ ________ _________
eering
Unit	 0.27	 10,000	 85 N
Machine________ ____________ _________ _________

0.35	 1,000	 73 M

Sinrie
Sre	 0.1e4	 1,000	 56 F
Stress_________ ____________ _________ _________
Relax-
ation	 0.7	 1,000	 61 F

-	 100	 8 M Several

Tests-	 100	 57 M

Instron	 -	 Carried

	

100	 63 F

out on-	 100	 5 F
________ ___________ ________ Each

-	 100	 77 M 1Specimen

Table IV.4 continued on next page .....
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Table IV .4 (continued)

Initial Relaxation
Type Testing Strain	 or Creep	 Aeof

Machine	 or	 Tire	 (years) CommentsTest	 and SexStress	 (seconds)

C ornpl e te
! Uitj	?roc-

rarnme ofSteD	 Bioe.ng-	 -	 500	 45 FStress ineering	 1,2 & 3
Relax- Unit	 Step
ation Machine	 Tests

1 1b/in	 100	 48 M 4 Tests
_________ ____________ ________ were

Perfor-
2	 It

________ __________ _______ ed in

Order
5	 tt	 It

________ __________ _______ of Inc-
reasing

Single	 10 " StressStep Instrori	 ________
Creep

	

1
	

I,	 57 N

	2
	

I,	 II

______ ________ do

	

5
	

I,	 It

	10
	

tt	 I	 It



Chapter V

Analysis of Experimental Results
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V.1	 Uniaxia]. 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

analysi& produced four parameters from each test:

(1)	 a - this angle defines the unstressed

configuration of the model

(ii) 8 - the linear stiffness of the side links

of the model.	 In skin 8 represents a

a linear approximation to the slightly

non-linear stiffness of the collagen

fibres.

(iii) y - the non-linear stiffness factor of the

network cross link.	 The force p in the

cross link is given by:

p	 y(cross link deformation).

(iv) 6 - the width of the network side links.

V.1.1	 Pilot exDeriments

Fig V.1 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 ofthe 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

y and 6.	 The values obtained for a and 8 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.1.2	 Tests on bioenr!ineerinc! unit machine

Fig V.14 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./rnin.

Specimens immersed in Riner's solution

Temperature 37°C

t,H 7.0

Maximum load at end of test 20 lb

The reneral 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 an 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 ranre.	 This is due to the improved accuracy of the

zero strain measurement.
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The side link stiffness 8 (Fig '.6) showed

considerable variations but no relation was found with

ac!e.

The cross link stiffness factor y, although

showing large variations, tended to increase with age

(Fig V.7, note logarithmic ordinate scale).

The side link thickness showed a reasonably

consistent decrease with age (Fig V.8).

None of the four parameters shoved 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 fi'ures.

The interpolation of these results (and the

results of all other tests) is discussed in the final

section of this chapter.

A further 13 tests were carried out on this

machine, these being identical in all respects to the tests

discussed above except that the maximum load applied was

only 2 lb.	 Because of this feature it was impossible to

analyse the results of these tests in terms of the network

theory as it was not possible to obtain values for the

parameters a and 8 from the curv.es 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.9.	 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. As

it was not possible to use this cell at a higher

sensitivity setting, any further investigation of the



x k4ALE63	 /	 t
+ MALE AZ 49II 40t

Cl)
Cl)w

, a
-

J.4.

Fsc..	 9.

c.J.
-7

cri

800

'I)
C,,
w

400

02	 0•4

TYPICAL STRSS-ST?A ci:v:s	 HUMA4
SKIN AT LOW	 RES LEVELS.

o PARALLEL TO CAPJ:C-C,U2AL ME1Ak1
P PEPICULA TO CAkO-CAUAL MELAI4

FEMALE C2Ys.

o	 o•z	 o•4	 o•	 o•3
-.	 ,E1

Fi.	 10.	 EFFEC.T OF• £Z.!i oR1Z:7ATIOt4



88

behaviour at low stress levels was deferred until the much

more sensitive Instron machine became available.

V.1.3	 Variation of stress-strain roerties with

sr,ecien orientation

In six of the tests described above using the

20 lb load cell specimens of skin were also obtained in

which the long axis was orie.ted Derendicular to the

cranio-caudal edian as well as the normal specirens

oriented para.el t the 'edian. 	 These s pecirens were

all tested in .e oral way usi-.c 20 Th load cell.

Fir V.10 shows a tvnical cor pariso of the behaviour of

snecimens orier.ed arallel and DerDendicular to the

cranio-caudal median.	 The results of all six tests were

analysed in ters of the network theory, the results being

given in Table V.1.

Table '1.1

Network Analysis - Variation with Orientation

Acre	 J	 cz	 B	 6
r

Sex	 11	 H	 J	 ii	 I

82 F	 5 0 
2101200 

0.25 0.15 2.0

80 M	 0 42 2'4O 220 0.1 0.15 2.3 2.0

57 M	 '48 L,3	 150 180 1.0 0.7	 2.0 2.11

'44 F	 514 45 110 120 0.09 0.1	 2.6 2.0

34 M	 52 48 210 190 0.06 1 0.05 2.2 2.5

18 M	 59 51 230J2'4O O.O7J0.07 2.5 2.6

Ii	 parallel to cranio-auda1 median
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 exnerirnenrs. 	 Analysis of these tests also

showed that a was consistently lower for specimens oriented

perpendicular to the cranio cauda]. median (Table V.2).

Table V.2

Net work Analysis - Variation with Orientation

(Pilot Experiments)

a	 I
Age £ Sex

11i.LI	 i1IJ
L3 M	 I L5 L 0j293 1220

5L F	 I LLLklI23OI2LO

67 M	 1381 3311601200

7]. M	 I 2'eI 2111801180

V.I. L	The effect of sDecimen 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 presnce 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 sDecimen, in this case with an effective

"Young's !'odulus" of 0.75 lb/in	 This initial linear

extension of skin was found consistently in these tests,

aithouh the continuous record obtained with the optical

extensorneter showed the effect more clearly. 	 The values

obtained for this initial modulus (termed M 0 ) were plotted

arainst ace (Fig V.17).	 There was no significant age- or

sex-derendence.

V.1.7	 Load cvclinc' 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 programme.

A large amount of data on the effect of repeated 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



B

0•

4

2

LA

InI.nc4c'1

a CrRAN RATE
MN.

B

6

(%J

b

U)

U)

I Z34

o	
-	 I

O • I	 G2	 0S	 O•4	 05

fI.	 .I3.	 C(cL.WiJ	 rE.31

0	 0•4	 o&

19.- EFFT O CKAN1N S-rAJN RA.



93

curve had stabilised. 	 The maximum stress ap1ied was

restricted to 10 1b/in to avoid any possibility of causing

a termanent extension in the secimen. 	 With this stress,

the sDecirnen would always return to its original length

when the stress was removed.

A further series of load cycles to the same

maximum stress was then applied to the s pecimen using a

different strain rate for each cycle. 	 The strain rate

was varied in the range 6.25 in./in./min. to 0.0125 in.!in.
mm.	 A typical result is shown in Fig V.19.	 The effect

of changinc the strain rate was very small at the stress

levels in question.	 it is not possible to carry out this

tve of test at higher stress levels because of the

permanent set wnicn wou.d occur.

V.2	 ress	 1tirn	 Cree Tests

The viscoelastic ro perties of skin were

investigated by means of a variety of stress relaxation

and cree tests.

V.2.1	 Sir.ie ste stress relaxation tests
In tr.ls type or test tne skin specimen was

suddenly extended by a predetermined amount and then held
at this extension.	 The load in the s pecimen was then

recorded against time.	 Fi V.20 shows some typical results

of such tests.	 After some three hours, the stress in the

specimens is seen to decay to approximately 10% of its

initial value.	 Using the method described by the

British Rheologists Club (19 L 4) the stress relaxation curves

were fitted graphically to exponential decay functions of

the form:

a(t)	 a + a 1 exp(-t/i 1 ) + a 2 exp(-t/r 2 ) + ..... V.10
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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

empirically it is not possible to make any deductions as

to the physical interpretation of the stress relaxation

henomana observed in skin.

Stre g rel>:tion tests - netw':< 	 ecr'.'

Using the Instron machine it was ossib1e to
,erform stress relaxation experiments at very iow stress

levels.	 Also, a number of tests with different initial

extensions cou.d be erforned on one secimen Drovided

tnat tne stresses involved dia not cause any ermaner.

deformation of the secimen.. A typical result of this

t'.'?e of test is shown in Fi V.21.	 it will be seen that

at very low stresses, no stress rela>:ation effect is

present in the time scale of the exneriment. 	 As the

initial stress is increased the stress re.axation effect

becomes more marked.	 Comnarison.with Fi 111.11 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 roperties. 	 The

results of the stress relaxation tests carried out at low

stress levels were therefore analysed in terms of a net-

work nodel of this type. • As this analysis was rather

complex it is illustrated below in the form of a samile

calculation using the results of the test shown in Fig

V.21.	 To obtain values for the network arameters at

time t	 0, the stresses at t 0 were plotted acainst

the appropriate strains to give a form of stress-strain

curve.	 The appropriate network parameters were:
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0
a	 53	 B(0) = 130 lb/in.2

y	 0.4 lb/in.6

In order to define the viscoelastic 	 oerties
of the side links, it was assumed that, when the network

was in the fully oriented configuration, i.e. u was small,

the mechanical properties of the network were determined

cl" by the mechanical r)roPerties of the side members as

these were directly in line with .the anplied stress.

A further justification for this assuptjon,

Fii V.22 shows the result of a series of stress relaxation

Les carried o: at r.cner stress levels on tne same

s?ec.men.	 t can e seen tat the form o: t.e stress

relaxation curves is identical, the onl y difference being

a factor of roortionality.

Thus, in the examnie beinc considered, the

value of 0 corres pondinc' to (0	 10 1b/in was 20.	 it

was assumed that the stress relaxation nroperties of the

side links were defined by the result of this test.

These properties were expressed in terms of a stress

relaxation modulus	 (t), the variation of this with time

t beinr given in Table V.3.

Table V.3

Stress Relaxation Modulus B(t)

t - sec.	 1	 2	 5 10	 20	 50	 100

f3(t) - lb/in 117 107 96 87.5 79.5 67.5J 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 suddenly extended by a known amount and held

at this extensi3n.	 The variation with time of the form

recuirec to ma:ntain this, extension was tnen ca.culated.

This calculation was performed for extensions corresponding

to the strains used exerimentally,i.e. c 	 0.22, 0. L 5, 0.60,

0.66, 0.70.	 The result is shown in Fig V.23.

It was found tnat the model benaviour coulo De

s1it into three phases:

(1)	 for c	 0.6, there was no apparent stress

re...axat:	 e::ect .n tre t.me sca..e (u ct C luC secs.)

bejnc :znsicered.

(ii) for C.EC <	 0.70 the model exhibited a more

comle:.: behaviour.	 The time-de'endent

deformation of the side links was sufficient to

cause an a p reciabe change in the model c!eometry

wth a consecuent tme-oeendent cnange in tne

rorces :n tne model.

(iii) for c > .70, the network was nearly fully

oriented and the side elements were almost

direct,v in line with the applied stress.	 The

stress relaxation properties of the network were

thus defined by the properties of the side

members.

Sample calculation's 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



0

-Jo

-j
0N

C)

-7

C

U)

Lii

I-

1

(A)

(

c

:

..c: -	 =
— ; — -i -

ii

I	 I

I' e-j

'I)

Li

Li
LJj

.2	 (i')

L	 C)

U)

2

00

I-



97

side members which was necessary .n the calculations.

The stres-strain behaviour of collagen is known to be

•s1ihtly non-linear (Noran 1960) so that this assumption

is only an approximation to the true conditions.

V.2.3	 Sin-le ste p cree tests

Concurrently with the sinie step stress

relaxation tests discussed in the revious section, a series

of creep tests at low stress levels was performed.	 This

was done ±mm'diately after the stress relaxation tests on

a c'iven secmen.

Ucir.- the same data as was used to redict the

stress relaxation curves from the network model, the

cree behaviour of the model was calculated and comared

with the ex,erimenta1 data. 	 These calculations were

simpler than fcr the stress relaxation case as, because

the cree p deformations of the network occurring after

the initial sudden extension were always small, the forces

in the network could be assumed constant throughout the

creep deformation.

As the actual creep deformations were very

small, it is not satisfactory to produce the results of

these experiments in raDhical form (Fig V.2k). 	 The

exDerimental and theoretical creep deformations at various

loads after a time of 100 seconds are given in Table V.3.

for the same secimen which was used for the stress

relaxation test discussed in the Drevious section.
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Table V.3

Experimental and Theoretical Creep Deforrr.ation

Stress a 1b/in
	

1 I 2 I 5	 10

Strain c 1 at t	 0 .593 I .S L15 1.688 1.716

Experimental
Strair.c at _____________
t	 13C SeS.T

I Theoretica.

.602 .6601.597 .725

.600L659 .712 .767

z wi. be seen that the theoretical results were

ir. close agree 	 t with the experimental data at the lower

stress levels but that there was an a ppreciable difference

at a stress of 13 lb/in 2.	 This acain indicates that the

assumption of linear viscoelastic behaviour for the network

si&e members is not strictly Dermlssjble.	 The creep

behaviour of the side members predicted from the stress

relaxation data on the basis of this assumption represented

the true behaviour of the material Only to a first order

apProximation.

V,2.'i	 Stress relaxation cvc1inc tests

..ri tr.e stress re1axaton and creep tests

described above, the sDecimens 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.



10

8

-1

f7LTTTTTTTT=I040
6b7

--

34
-=	 - 

O29

2	 0 22

013

0	 20	 40	 bO	 CO	 100
TM t SECOP.40S

II, Z5. REPATa	 3TRESS RELA'ATIOJ EPE1MENTS
0 ..J SPECMEP1 W;TI-t !O PEV10US LOAJG
usroF'1. EACN GOu? CF TESTS IS CARZE
OUT AT TH, SAME STAU4.

I'J.
2

J

lJ
'1
b



99

The test procedure was as follows:-

(1)	 specimen extended at constant rate to a
suitable value of -rin and then held

at this strain

(ii) stress relaxation for a period of 100 seconds

(iii) s pecimen returned to original length and

allowed -o rest for five minutes

(iv) extension at same constant rate to the

same rair. then stress relaxation for

100 seconds

(v) returned to oriina. lenc	 rested for

five minutes then c.'cie reeated severa:.

times at same	 'an

(vi) the above rocedure was reneated for a

series of increased srins.

The result of such a test is shown in Fig V.25. 	 it is

seen that at any civen strain, the initial stress is

reduced on successive cycles and that the magnitude of

the stress relaxation effect is also reduced.	 At any

iven strain, the value of (t) as t increases is seen to

anroach the same value for each successive stress

relaxation at that strain although the values of a(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 type of

test.	 In this case the successive stress relaxations

were started at the same stress instead of the same

strain.	 Açain the magnitude of the stress relaxation

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	 !'ulti Ste Stress Pelxat!on Test

in order to assess the possibility of applying

the general theory of non-linear viscoelastic materials

i,resented in Chater I to assessing the behaviour of

human skin, one s,ecimen of skin was subected to the

uniaxial test programme suggested by Lockett (15).

V.3.1	 Tht

The s cimen wa subjected to 20 loadin' cycles

to a maximum stress o twice the maximum stress to be used

in the succeedin test nroramme.	 There was r. discernible

difference between successive c ycles after this treatment.

The test roramme proper was split up into three

main types of test:-

(1)	 sinle step tests, in which the sreciren

was suddenly extended to a preset strain

c 4 at time t = 0 and then held at this

strain. The stress in the specimen

was recorded with time.	 Six such tests

were performed with different strains

on the same secimen

(ii) two step tests in which the specimen

was given a strain a 1 at t	 0, held at

this strain until t k and then given a

further strain b..	 This strain was

maintained and the stress in the secimen

• was recorded with time.	 Three tests of

this type were performed with the same

value of k and different values for a1
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and'- b.	 These were selected in a

manner which -uch sim plified the analysis

of the resuts, viz.

1st test	 a1
2nd test	 ai	 b2

3rd tert	 a.3

This whole rocedure was reeater for a

nuher c'! different values of .

('11) three	 tets in which a trair a was

aoraie' •''	 ' an' 1 held constant un'!il

t	 '.	 f'r'c'.r	 tra- h i,a- then

arl e' anI -'i': onc'tant until	 = P.

and th' a fnal strain c w 	 anplied and

hel r cns 1 ant. th s t ress in the sneciren

tr.	 jc'i rercrded with tir'e.	 This

tt	 r •at.ec with the sa	 values of

a, b an' ' frr a nuher of different

values of	 nd P. in the ran"e	 k	 9..

nal.'is c'f results

The results '.f three of the sincile step tests

are shown in Fir '!,?7 and are seen to be of the usual form

for such tests.

The functions 11(t), K(t, t), L(t, t, t) were

obtained from these curves by the methods of analysis

described in Charter III and Appendix A.V.	 The

variation of stress a(t) with time t is civen by:

a(t)	 C1 J(t) + "	 '(t, t) + c L(t, t, t)	 V.2



101

-	 :-
- arid b	 These-were selected in a

-s	 -
rn	 z.cn	 csrplif'ed the arialvsis

	

-	 -	 -. .,-c. !-	 .	 _ 1 - .	 .

of the results, v ..
I..	 •	 -:................-	 .

?
-

-.4	 -	 -
/ 1st test	 a1

.. 2nd test	 ai
-	 .-

.'z.-"	 . -J 3rd tect	 a3	 b1	 .

	

- —	 -
. :	 ;;'C...-- -: --' . - 	 -	 .	 -	 .	 :	 --.- .	 1, -, -,	 • -	 3 --- - -	 - - — -	 - -

Tri,,is...who1e procedure wa renerited fo €1

	

-.-'-	 :	 -	 .	 .	 .	 .	 .	 .

nunber of different values o L-

;ciiir three st a r estc i'i which ' strn a ws
..........._.-.-•.•..:_ ...•-_..
._	 _	 apDlLe.d.....at.t	 C	 held cons 4-a--it until--

P fu'tn	 star1 b was	 n
•:-	 -J	 ..'.

	

- -	 .anpled and held con stant until t
b •---"_. •-	 ..	 -	 ..-.	 .	 .

- and then a	 ril st-a1-i c wa	 nrlied and

	

.. '	 :_.,... -	 .	 .. -.	 —.	 ----.	 .	 . . --	 .	 ...
-	 e1 co"ctant, the strecc n the necimen

recdec ith tire	 Ts

-	 -	 tst es reate	 th the a' vlue of

b and c 'or a ru'r of dfferent
.i.	 .---,-	 ..	 -

.:vaauos of k and P. in the ran g e 0	 k < P..
i,"	 ;J	 -

- ......- ..	 ,... .-..	 .. ..	 - ........... . ..	 .

	V.3,2	 An1 S1S f ecults

	

p:/	 -	 •.	 .	 ---	 -.	 -	 .
r'fl results of three of the sa.ric'le ste p tests

are showrin ..Fi V . 27 and are seen to he of the usual form

	

-	 7
..for such .tests.. ' --	 ::- •.	 .

'41--	 -
.-....S.T:;:-zThe functioris . J(t), K(t, t), L(t, t, t) were.:..

.obtainforn-theS curves by the methods of analysis
-	 ._	 . . •. ..-h-:-	 ..•.	 .	 .(.'	 . .	 .	 .. .	 -i

described in ChaDter III and p endix A V.	 The

v'rfation of stress -c(t) with tire t is given by

-	 n-I:	 . -	 -	 — -
•	 -	 - - -

c3 L(t, 't, t)	 -	 V.2

	

,	 .L . - -	 - - -	 -	 1 -
- ...	 -	 -	 --	 -

- .'	 .-.

............ -.............-.1-,___ 	 -	 '	 -



102

where c is the constant strain in the material. 	 For
<ci the terms in c and c can be neglected and

equation V.2 reduces to:

a(t)	 c 1J(t)
	

V.3

which is the equivalent expression from linear visco-

elastic theory.	 That equation V.3 does not describe the

behaviour of skin is readily shown by plotting a(t)/c1

against c (Fig \'.28).	 If equation V.3 was correct

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

case. It is therefore necessary to consider e quation V.2.
Althou gh only three terrns are given in this equation,
it should be appreciated that further terms might be

needed adecuately 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.

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) ha a negative value, the
sPecimen would have a negative modulus, i.e. it length
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would reduce under tensile stress. 	 This is clearly non-

sense as this 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:-

Ci) the basic assumtions of the theory do not

apply o skin, in particular it is definitely

known that sk	 s ot a continuous material

but has a comlex multi-,hase network structure.

(ii) the three terms considered in the eouations of

the theory are not sufficient to describe the

behaviour of skin

Although this type of theory is not at present a

ractical approach to the problems presented by skin, it

should be appreciated that future mathematical developments

in this field may radically alter this situation.

V. L& 	 fliscussion 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

aoproximation 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

consistnt 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

"inkaes" 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 8 varied within wide limits but

showed no dependence on age or sex. 	 It is obviously

necessary to consider other variables such as the disease

history of the donor to find the reasons for this

variation in 8 which in turn irnrlies a variation in the

mechanical properties of the collac!en fibres.

As y is a urely enpirical factor it is not

,ossible to çive any physical interpretation of its apparent

increase with aFe other than to say that it indicates a

change in the ground substance and elastin network with

increasing are.

The ap arent reduction with age of the parameter

o surgests that the colla c en 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 significant 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 principle, the continuum mechanics approach

is capable of producing a correct solution, the

difficulties involved in considering more than three terms
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inthe 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 in vitro by mechanical stress.

This could ossibly imly that some form of consolidation
of the "linkapes" between collagen fibre bundles takes

place.	 For example, if these linkaces are in the form of

mechanical entan1mer.ts between adjacent fibres, the

"knot" so formed could be pulled tighter. 	 It has not yet

becn possible to demonstrate any form of ccnnection between

the fibre bundles histologically.

V.5	 ______

Taken as a whole, th results presented give very

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

network consisting of:-

(i) 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 e].astin 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-

lable viscoe].astic properties but the

apparently perfectly elastic behaviour

sh.own by skin in the initial extension
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region shows t:at the elastic properties

Dredornnate.	 This implies that the

viscosity of the ground substance is

either so low that stress relaxation

and cree effects occur in too short

a tme to De measured or so great tnat

these effects occur too slowly to show

up in he tine scale of the experiments.
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Concurrently with the programme of in vtro

tests described in the previous chapters, an investigation

of the mechanical porperties of skin in viVa was carried
out.	 The aims of this were twofold:-

(i) to determine the basic mechanical character

istics of skin in viva and, if possible, to
relate these to in vitro results.

(11) to examine the possibility of applying

knowledge of the mechanical properties of

skin to a variety of clinical rob1ems.

This topic is discussed in Chapter Vii.

VI.l	 Uniaxial Tensile Tests in t'ivo

Human skn .n vi.jo can be regarded as a membrane

wrich is normally su2ect to a biaxa1 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 uniaxia]. 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 a p 1icatiôn (Fig VI.l).

When possible, the dimensions given in the Fig were

ahhered to,but in some cases this could not be done

because of the size of the test site or difficulty of

access by the instrumentation to the site.

VI.1.l	 In viva loadinR apDaratus

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

measuring 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 perendicular to

each other.	 The load measuring beams were identical

to those used on tne >ark : dynomater. 	 One p r o:

arms could be removed if only one .oad pair was required.

This instrumer.t was mounted on a more complicated stand

giving a much wider range of adjustment.

As both of the above instruments were often

used under sterile conditions in the operating theatre,

they were designed to be readily sterilisable, this being

achieved by exposure to araformaidehyde vapour for a

minimum period of 36 hours.

VI.l.2	 Load aljcation 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

apart 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 Eastmn 910 adhesive, this

being avery 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 lb 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

the tab to the same site merely resulted in the removal

of further layers of the epidermis and was, to say the

:east, uncomfortable to the subject.

3ecause of the above, the adhesive tabs were

replaced by the suction tafls shown in Fi g VI.4.	 The

var.ation of the force required to detach the tab with

aD1ied vacuum Is shown in Fig VI.5.

IV.l.3	 Strai	 sureTne'.t

easurements of strain in these ex periments were

based on the deformation of a gauge length marked between

the load application points. 	 This was measured by means

of the dial gauge calipers shown in Fig VI.6.

VI.1.4	 Exterimental rechnicue

The technique was essentially the same as that

used for the pilot in vitro experiments.	 As stress

relaxation effects were found to occur in 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:-

(1) 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 result 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	 Uniaxial Test Results

in spite of the above difficulties a considerable

number of tests of this type were carried out and brought

to light some important results.

VI.2.1	 Load v. strain Dronertjes

Fig Vi.7 shows a typical load v. strain relation

obtained from a uniaxial test.	 As in the in vitro test,
strain was measured, both along and perpendicular to the

axis of the ap1ied load pair.	 The load v. strain curves

are 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-exisiing biaxial stress

field in skin in vivo must cause considerable deformation

of the skin from the absolute zero stress condition.

•	 The magnitude of strain c 2 perpendicular to the

loading axis is seen to be of the same order as the strain

c 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 c 2 /c 1 only exceeded unity at much

• higher stress levels than those produced' in the in vivo
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 viva and in 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

collagen fibre bundles of the dermis in the direction of

the applied load in the manner discussed in the previous
chapter.

Vi.2.2	 B1anchin tension

In the course of the experiments described above,

a phenomenon of considerable importance in clinical practice

was investigated.	 As the load was increased during test

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 blooI 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.lO). 	 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.11. 	 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

affeted is deprived of its blood supply and will eventually

necrose.	 Blanching tension therefore represents the

physiological 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	 Cànstant 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.l	 Loading apparatus

The loads were applied t& 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 load measuring heads AA were mounted on

nuts driven by a lead screw mounted within the barrel 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 together as required. The lead

screw was driven via a flexible drive shaft by an electric

motor equipped with an infinitely variable and reversible

gear drive.	 The load measuring heads are shown in detail
in Fig VI.l3.	 These consisted of a simple cantilever A

suitably strain Rauged.	 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 IV.

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 were corrlated 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.14 which shows a general

view of the 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 2 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 follows:-

(i) load increased at constant extension rate to

0.2 lb

(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 lb 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

lb.

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.16 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 1oadinc

cycles than in the initial load relaxation test.

Comparison with the in 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 in vivo tests which are

obviously necessary and which will be the subject of a

research project by Mr Evans.

VI. 14 	Mechanical Impedance Measurements

In addition to the static or quasi-static testing

methods described above, a radically different method of

measuring certain mechanical properties of skin in 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.
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VI. L .1	 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:

z
	

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 900).

U	 U + jv (j 2	-1)

Z is therefore also split into two similar components:

Z	 R +
	

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.4.2	 Apparatus

A general view of the apparatus used for these

tests is shown in Fig VI.l7. 	 Again it will be readily

appreciated that this technique is still in the development

stage.	 The load applied to the skin surface wasin the

form of a sinusoidally varying torque supplied by the

torque motár 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.4.3	 Pilot measurements

At present only a few pilot experiments have

been carried out with this 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.l9). 	 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 th mechanical

impedance with frequency f was measured and is presented

in Figs VI.20 and VI.21.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

z	 ,qz +

-1
tan	 (Q/R)

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

sid.n by the low torques used in these tests are very small

ir1d are certainly within the initial linearly elastic

region found in the 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

basic characteristics of skin in vivo and also as possible

linica1 tools to be used in diagnosis and for the

assessment of the progress of therapy in conditions

which 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:

Ci) 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.1 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 limit stop and restricts the

joint movement. This type of defect is also repaired by

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,1	 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

longer diagonal is transposed to lie 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 chances 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 1960; Devlin 1965).

In all of these theoretical treatments, the

assumption 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 - £
£ vII.1'

from Fig VII.Li:

4t2(5 - 4 cosO)

substituting in VII.l gives:

R = 15 - 4 coso - 1 ••	 VII.2.
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This variation of	 with 0 is shown in Fig VII.5.

It is also of interest to consider the variation

of 6 and t with 0.

From Fig VII.t:

2 sin6 - sine
£	 - in

from which:

6	 sin	 ( __a5n0	 )	 VII.3
'4 coso

also:

2t	 2in-L

Rt	 VII.'4

The resulting variations of 6 and Rt with e are shown in

Figs VII.6 and VII.7 respectively. 	 It can be seen that

6 has a maximum value at 0 600.	 Because plastic

surgeons have found by purely subjective assessment that

the best results are obtained with Z-plasty flap angles of

approximately 600 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 6 and a translation t is only used for

mathematical convenience and bears little relation to the

actual changes occurring during flap transposition in an

operation.

It is more likely that 0 60° represents a
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good comvromise 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.l	 The effect of etensibi1ity of the flaps

In the above theory, the assumption is made that

the shape of the flaps is unaltered by the transnosition.
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.l

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.l

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	 0.34	 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 require:-

(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 approximate method of

analysis as the use of exact theories of

finite elasticity would be impracticable.

VII.3	 More Complex Fla,s

The above analysis has been concerned 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). 	 In

an attempt to overcome one limitation of the plane Z-

lasty 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 will produce meaningful results.

VII. l	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.	 I



Chapter VIII

General Summary
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The orientation of the investigation described

was twofold:-

Ci) to elucidate the basic meàhanical characteristics

of .human skin and to arrive at a hyothesis

permitting the descri ption ofsuch behaviour in

analytic terms

(ii) to exnlore the i,otential significance of the

aPplication of these characteristics in the

clinical ractice of medicine and surgery.

A comhensive review of literature and some

simple pilot exeriments established that skin as a non-

linear viscoelastic material and that ver y refined

testing technicues would be recuired to obtain meaningful

results.	 These techniques have been develo ped.	 From

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 homo peneous material.	 From a biomechanical

point of view, skin is a multi-phase material,

consistinF of co1l pen and elastin fibre networks

iermeated by an apparently amorphous c!rcund

substance.

(b) The col.agen 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 áharacteristics depending on stress

orientation.

Cc)	 The much finer elastin network behaves in a

similar manner, although in this case histologically

identifiable positive interconnections exist among

the fibres. The contribution of this network to

suport.ng the applied stress a p ears very small

ad may or may not be significant in the initial

large extension under low stress which is a

characteristic of skin.	 It is probable, however,

that this elastin network contributes to recovery

on stress removal.

Cd)	 The cround substance is displaced from the fibre

networks during stressing.

Ce)	 The character of the overall behaviour of skin

changes considerably as the applied stress is

increased.	 At low stresses very large extensions

• obtain with no significant time-dependent effects.
As the stress is increased and the collagen fibres

'bare further oriented in the direction of the stress,

the behaviour of the skin becomes more a function
of the characteristics of the colla gen itself.

The time-dependent mechanical properties of the

collagen fibres result in the skin showing non-

linear viscoelastic behaviour, this effect becoming

more marked as the stress is increased.

(f)	 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.	 By giving linear viscoelastic properties

to the elements of the network which correspond to

the collagen fibre network in skin, the model is

.able topredict accurately the effects of stress

relaxation and cree p in skin.

(g) The .tlti-hase network concept is not restricted

in aplication to skin only.	 Siii1ar network

systems can be derived for other tissues, the

overall characteristic being determined by the

relative significance of the various network

components.

(h) In vvo testing techniques have been developed

and resu.ts obtained to date indicate behaviour

consistent with the concepts evolved fro the

results of the n vitro testinc! roczrame.

Further development of the investigations reDorted

is visualised as follows:-

Ci)	 The highly refined in vitro testing techniques

which have been developed permit rapid and accurate

assessment of biomechanica]. characteristics. It

is now ractical to consider a test programme of

considerably enlarged scope to ermit statistical

assessment of the significance in orma1cy and

disease of these characteristics.

(ii)	 The in viva testing techniques which have been

developed give promise of permitting an effective

assessment of biomechanical characteristics in

viva.

• This is essential from the point of view of

clinical application in fields of local flap design,
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diagnosis and the "meaurernent" of the progress

of therapy.
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A.l

Derivation of the Wiegand-Snyder equation.

Let T = absolute temperature

	

F	 tensile force

	

£	 length of material in tension

	

q	 heat absorbed during extension

	

E	 internal energy

	

dw	 work done by material during extension

	

S	 entropy

ds

From the first law of thermodynamics:

dq dE + dw

and from the second law:

Tds dE + dw

dE - Fdt A. I • 1

therefore, at constant temperature,

A.I.2

Differentiating with reepect to T, we have;

= - T 2	+ a2E -	 A.I.3
aT	 aTaL	 at	 aa&

Similarly, from A.I.l, we have, at constant length:

as - 1	 E
- T aT

a 2s _i a2E,
aTat - T aTat,

Combined with A.I.3:.

aF	 as
i! A.I.



+

Combined with A.I.2:

r -
- U

AI.5

A.2

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 £1 to £2 we proceed as follows:

Multiplying A.I. 14 by T::

TC4) - T(fi) I

U

substituting in A.I.5 gives:

i;.
U	 U

integrating between L and £2 gives:

I	 j'2 rs•+ It2..d$
'Ii	 lj	 1
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A.3.

MALLORY TRICHROME (Modified)

Staining Solutions:

A.	 Ponceau 2R
Acid fuchsin
0rnge G.
0.2% Acetic acid in Aq. dest.(

0.2 gm.
0.1 gm.
0.1 gm.
300 cc.

B.	 Light green
	

0.5 gm.
0.2% Acetic acid in Aq. dest. 	 100 cc.

Method:

1. Section to water. Treat. artefact if necessary.
2. Celestin blue	 5 mins.
3. Rinse water

	

'4.	 Haemalum	 7 mins.
5. Rinse water
6. Ponceau mixture (Soln. A)	 5 mins.
7. Rinse water
8. 0.2% Acetic acid 	 5 mins.
9. Rinse water

10. 5% Phosphotungstic acid in water 5 mins.
11. Light green mixture (So].n. B) 	 5 mins.
12. Rinse water
13. 0.2% Acetic acid	 5 mins.

	

1'4.	 Dehydrate, clear and mount.

Results:

Epithelial cells, Muscle, Fibro-
blasts

Collagen and Basement membranes

Erythrocytes

Nuclei

• Red

Green

Orange

Purple to Red



Appendix A.III



A.'

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 t. Let the mean distance between the ends of the

chain be x. 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:

dC C(x) dx

where x x0 + Ax.

Then the probability that the chain will have an

end separation between x and x + dx is given by:

dp= pdx
	 FAc/fT dC

Fx/ . I 
C(x) d

when k = Boltzman's Constant

T = absolute temperature.
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The probability function p has a maximum value

1max when x = e, the most probable extension associated

with force F.

= E.

I,	 'j	 -	 F,,

- __

cF	
=

+	 C(x)

IzT

X - X0 - + L

	

4 A	 .ir.i.X0 +	
c)F

A.II.l

Consider the link length £ 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 Xr in thex direction make a contribution er to e.

i;e.



-.1	 - _____
- I

I..

C(,j

A.6

- i i .+	 + . . • +: L1. •+ • -	 +

F / *T	 F. /ki	 F.2 / '
	

F / kT

N
=11 ; r 4./r	 I

A.II.2

er may assume values between -L 	 and t-x

	

s ] MEAN• 2 
1	 d

kT= 2L.F [E F(e-ic.q)/*T	 -

= T	 JfFf#
Zr'	 'leT)

- ,4,vfrk "-1	 -	
wHew AL. -

-w	 _T
substituting in A.II.2 gives:

F',/f(r	 r-- .. 1 N	 N
TrE= I	 J

and, since x = xl + x2 + x3 + •.... . tO XN

E F/kT = [44LL .]W'	 - F% 0 /.kT



A.?.

= w . •	() - F;0
	 .4 Cx

E

= N-fe

	

	
- .1.] -

L

substituting in A.II.l gives:

= N-t	 - —

N -1	 °-	
A.II.3.

/ (4) =

	

	 is called a Langevin function.

let

__	 -S=	 F. =	 I	 A.II.'



P=MF
•	 •=MkT

where a =
L'z	 NIL.

Xe

2°' (7' ^-
	 21.0 •_.

A.8

I—,
2	 is the inverse Langevin function..
This. is the force extension relation for a. single molecule.

Uniaxial stress-strain relation for e].astomer block

Assume that the extension is isovolumetric:

i.e. X 0 y0 z 0 = X y z
	

A.II.5

Let M be the number of chain ends per unit area

of the surface of the unstretched block. Equation A.II.'

shows that a force F is required to maintain an end

separation x for each chain where x > 0. 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 ; MFy0 z 0 - Pyz	 .	 A.II.5

To evaluate P, consider the force equilibrium at the

xy (or yz) surface:

and tsi2 € total.length of chain in z direction.

As the material is assumed isotropic:
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from A.II.5:.

'°

The number of links per chain is assumed

proportional to the distance between the ends in the

unstressed block.

=1,x 
(X.o

MT 

f-I	 ''0

in A.II.6

X =	 '.	 _f\Sf1gxo()43 3:

This is the force-extension relation for an elastomer block.
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A.1O

Derivation of General Constitutive Relations for Non-

linear Viscoelastic Material

Consider a deformation inwhich a particle

initially with coordinates Xi (1	 1, 2, 3) with respect

to a fixed rectangular Cartesian coordinate system moves

to a position x(t) at some later time r.

By consideration of invariance requirements

under the deformation, Green and Rivlin (1959) have shown

that for this raterial

a	 RSRT	 A.IV.l

where a	 the stress matrix [a..

S	 S(E) is a r.atrix functional of the strain iatrix E.

E	 IE..1J.

where

ax	 axk
ii - aX1 aX.

1 1 if j	 j
6.. =J
1J	 Loifi ^j

The matrix R is obtained by separating the deformation into

a rigid rotation and a pure homogeneous strain.

Thus if F	 fFij]

ax.(t)
where	 F1	 i(T)

J
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defines the deformation in terms of the displacement

gradients at particle x at time r, 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.l, RT denoting the transpose of R.

Ecuaion A.IV.l gives the stress matrix a in

terms of the strain. 	 To obtain the inverse relation

A.IV.]. can be written in the form:

	

RTaR	 SCE)
	

A.IV.2

then, if the inverse of functional S exists:

	

E	 S_l(RTaR)
	

A.IV.3

This is not an explicit relation as the matrix

R which is related to the strain appears in coithination

with the stress matrix a.

The equations A.IV.2 and A.IV.3 may be considered

simultaneously by writing:

Q	 DC?)
	

A.IV.4

where, either

QRTCR	 P:E

or	 Q:E	 PRTaR

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:

Q(t)	 a I + fte(t - Ti) i5(ti)di0

,tt
+ '	 02(t -	 1 ; t -. r)	 (i1)f(T2)dt1dT20

ttt
+ f f J 8 3 (t - Ti; t - T2; t -000

• S S •S •S •S S •SS
	 A.IV.5

where	 the unit matrix.	 are functions of their

indicated arguments and are polynomials of the invariants

jr Ct - t) tr. (t) dtoa

rtt
j f	 Ct - Ti; t - T2) tr f,(t 1 )	 (t2) dt1dT2
008

etc.

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

form:

Q)t) = 1[I* 1 T 1 + *2M1]dti

tt
+ r r [I* 3 T1T2 + IpT 12 + * 5 T 1 M2 + *6M1M2]dtidt20 0

5•SSS••
	 A.IV.6

where

T	 tr (T)

T	 tr(T)1CT8) ,etc.a8	 a
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M	 ó(T )a	 -	 a

'i'i; 2 are functions of t - r 1 ,	 are functions of

t - Ti and t - r 2 , etc.
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A.l'e

Analysis of Uniaxia]. Exieriments on Non-linear

Viscoelastic Material

The constitutive relation is:

t
E(t)	 fJ(t - Ti) aCt 1 ) dt1

+ (tft K(t - Ti; t - t2) aCt1) aCt 2 ) dt 1 th 2Jo a

+ çttjt L(t -
	 - 2; t - t 3 )à(t 1 )âCt 2 )à(r 3 )dt 1 dt 2 dt 3J oJ o

•S.ISSS....
	 A.V.l

Only the first three terms will be considered.

Consider a single step loading programme of the

form:

aCt)	 cH(t)	 (i = 1, 2, 3)

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

H(t)	 O t < 0

1, t	 1

Substituting in A.V.l and integrating gives

E(t; 1)	 c J(t) + c1 2 K(t,t) + c1 3LCt,t,t)	 A.V.2.

Thus, if three such tests are carried out with different

values of c then at a given value of t, it is possible to

write down three simultaneous equations in J(t), K(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:

a(t)	 a. h(t) + b. H(t - k)
1	 3

Substituting in A.V.l it is found that since te functions

K, L are symmetrical with respect to their arguments (i.e.

K(t, t - k)	 :<(t - k, t), etc.

E(t; i, j, k)	 2 ab . K(t,t - k)
.1.

+ 3 a.b. L(t, t, t - k) + 3a.b. 2 L(t, t - k, t - k)
1)2.	 J

+	 a. J(t) + b. J(t - k)
3.	 3

+ a1 2 K(t, t) + b 2 K(t - k, t - k)

+ a1 3 L(t, t, t) + b 3 L(t - 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:

aCt)	 aH(t) + 5H(t — k) + cHCt — P.)

Substituting in A.V.. gives:

E(t; k, &)	 6abc L(t, t — k, t —

+	 .e.........•••.••••••	 A.V.L&

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 —

t — P.) for a given k and P..

Further tests with a number of different values

of k and £ in the range (0 <k < P.) will allow the complete

determination of the functions L(t, t — k, t — P.).
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The Instron Tensile Testin g 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:-.

(1) the crosshead drive mechanism

(ii) the load weighing and recording system

A block diagram of the crosshead drive system is

shown in Fig A.V.I. 	 A constant speed synchronous motor

drives a synchro transmitter unit via lightweight

change gears. The gear ratio selected here determines

the crosshead s,eed.	 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 Dhase 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 system gives very precise control over the crosshead

movement.

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 1%.

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 recorded on

the chart of the pen recorder in two different ways.

Ci) 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 cnart drive gear box ratos :n use.

This system records the extension of the

whole specimen between the grips.

(ii) 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 extensorneters, 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 Measurinc' Techniques

Three different optical strain measuring

techniques were used during the investigations described

in this thesis:-

(i)	 a hotographic system used with the Bioengineering

Unit machine

(ti)	 a pnoLograpzuc system used wth the nstron machine
(iii) the Instron Optical Extensometer

A.VII.1	 P	 ora:-.ic ethod No 1 - Bloe Ineerinc! Unit

Machine

The camera used in this system was a Zenza

Eronica single .ens reflex type.	 This produced :2

negatives of 6 x 6 cm. format from 120 roll fi.m.

The film used was Ilford F.P.3 fine grain

panchromatic, this being developed in Ilford "Monophen",

a combined developer-fixer 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
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found to perform vertical oscillations of appreciable

amplitude at a frequency of 10 cycles/sec. There was,

therefore, 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 obtained with

this.equipment were excellent, several problems were

encountered in use:-

Ci)	 Only 12 shots were obtainable without reloading the

camera athouh this could be done quickly 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 S seconds.

Ciii) 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	 Photorathic 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 2L x 36 mm. format 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 obained

with Ilford 7tMonophen t' combined developer-fixer s?lution.

By using a 105 mm. lens mounted on a bellows attachment,

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 camera was fitted with an electrical motor

driven unit which enabled shots to be taken at rates up

to L per second.	 This drive was triggered exerna1ly

by the Camera Timer Unit so that shots could •be• taken

automatically at 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 lamps which would otherwise be necessary.

This aPparatus was completely automatic in

operation and was found to be much more donvenient 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 ODtical Exterisorneter

A direct record of load y e 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.l. 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 celJ.s are equally illuminated and

there is no output.	 Any deviation of the mark roduces

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.

y 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 relative 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-

consuming 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 problem

enc.ountered 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 Printinc 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 epiderma].

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, epidermis 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)	 Ernrirical analysis of stress-relaxation curves

Using the graphical method described by the

ritish Rheologists Club (194 1 ), it is possible to analyse

the result of a stress relaxation test into the form:

n
a(t) = A + Z A exD(-t/T )o	 r	 rrl

......... A.IX.1

This method can be used only when the time

constants tr 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 thus:

t

........•

From ecuation A.IX].

ast+	 a(t)+A
0

i.e. the stress aCt) tends to a stable value.	 This was

found to occur in skin at times greater than about 5000

seconds.	 The value of A 0 found in this way is

sibtracted from the data so that:

- A :A 1 exp(-t/T 1 ) + ....	 A.IX.2
0
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if Ti >>	 etc. and t

then log 0(t) - A	 -	 log A1	 A.IX.3

if log o(t) -	 is plotted against t

a straight line graph is obtained for t = ri.

This is shown in Fig A.IX.l. 	 The slope of this line can
1be measured and is ecual to --.	 The lnterceDt of this

-	 -
line on the log aCt) - A0 axis is equal to log A 1 .	 Thus

both Ti and A 1 are determined.

Va.ues of A 1 exp(-t/Ti) can now be calculated

for the values of t used to tabulate the original data.
These values are then subtracted from the values of

a(t) - A	 so that:
0

a(t) - A - A 1 exp(-t/T 1 )	 A2 exp (-t/T 2 ) + .... A.IX.'4

The above process is then repeated for t = 	 so that t2
and A 2 can be evaluated.	 Further terms of the series

can be determined as necessary.

(b)	 SamDe calculations of stress relaxation

behaviour of network model

The model is defined by:

530	 8(0) = 130 lb/in? 	 y	 0.L lb/in

t sec.	 1	 2J 5 10	 20	 50	 100

8(t) lb/in? 117 l07f96 87.5 79.5 67.5 62.5



A.26

Case Ci)

The model is given a strain c 1 = 0.22 at t = 0,

and then held at this strain. 	 Under these conditions

att=0:

0	 a(0) - 0.21 lb/in?

a (0)the side link stress	 2 cosO	 0.143 lb/in?

the cross link stress	 0.216 lb/in?

The deformations in the network under this action consist

* of two distinct effects:-

Ci) an immediate response to the aDplied stress

at = 0.	 This may be considered as the

elastic part of the overall viscoelastic

behaviour.

(ii) 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 effect 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, As this has no time-dependent properties, a

change in the stress in the cross member must be
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accompanied by a change in the length of this member.

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 reduction in cross member stress

hence

(ii) an increase in cross member length

hence

(iii) an increase in side member length.

The relative importance of these effects depends

considerably on network configuration angle e and thus

on the initial stress and can best be assessed by

considering the relative significance of the time-

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.

Considering the side link independently of the

network, the maximum possible time-dependent deformation

which can occur in this link in a time t is the creep

deformation which would result if the stress a in this

member remained constant during t. As in the network

being considered, a cannot increase with time, any

other deformation of the side link must have a smaller

value.	 To determinewhether the time-dependent

deformation of the side link will produce a significant

change in the network geometry, the affect of this maximum

deformation is first considered.	 To calculate the creep

deformation of the side links it is necessary to obtain

the creep compliance r(t) of the side links, this function

being defined by the equation:
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c 1 (t) = a. r(t)1

when a1 is the suddenly ap plied stress in a creep test.

By assuming that the side links have linear

viscoelastic r)ro perties r(t) can be calculat& from

8(t) by the approximate method described by Ferry (1961).

The aprooriate equation is:

r(t)	 (sin mir)/m7r 8(t)
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when m is the slo pe of the grah of log 8(t) against log t

at a given time t. The function r(t) calculated in this

way is:

t - sec.	 1	 2	 5	 10	 20	 50	 iOO

r(t) in?/1b.0O83[.0090j.0101 .0111 .0122 .O1 LL .0155

at t 0 the instantaneous deformation of side links is a

purely elastic effect, therefore:

1r(0)	 .0077 in/lb
8(0)

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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a	 r(t) - r(0)

thus, with a	 0.143 lb/in

= 100 secs.

this deformation is 0.0011 in./in.

If this deformation occurs with the side links in the

network the resulting change in 0 is 0.06° and this in

turn implies a change in the cross link stress of less

than 0.4%. This ay be considered negligible. Therefore,

in the time scale of the experiment being considered, 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 is constant during t and, therefore, that the maximum

possible side link deformation is the actual defornation

under these conditions.

Case (ii)

= 0.66	 8 = 110	 a(0)	 3.7 lb/in

Repeating the calculation described above, the

percentage decrease in the cross link stress which would

result from the maximum possible side link defori.ation

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 geometry 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 decrease of cross link stress of greater than

10% was considered significant, this corresponding to an

initial strain e 1	 b.6.
i 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 link.

In the case now being considered,this effect is

significant over a period of 100 seconds so that it is not

possible to consider that the stress in the side links is

constant over this period in calculating the time-dependent

deformations.	 However, during a short time interval ót,

it is still possible to make this assumption. 	 The

deforration is therefore considered to occur in a number of

discrete snort ste ps witn tne stress being reduced at eacn

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.

Considering the deformation of the network in a

short time interva.l from t 	 0 to t	 dt 1 it is assumed

that, during this time, the stress in the side links is

constant.	 The creep strain in the sid links in the time

6t 1 is then calculated as in the first example.	 The

resulting deformation of the network and hence the small

change	 in applied stress is then found.	 It is then

assumed that this change in a occurs suddenly at t 	 6t1.

The resulting creep strain in the side links during a

second short time interval t 2 is then calulated, making

use of the Boltzmann superposition rinciple, i.e.:
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at	 =	 r(6t1)

	

at t = 6t 1 + 6t 2 	c 2-a rot 1 + tSt 2 ) - 6a1 r(6t2)

The resulting change a 2 in a is then calculated

and the process repeated Until t = 100 seconds;
,	 r

n
Thus, at the nth increment t = E	 iStrr1

• c	 :	 r(t)n	 0
- °•i rt - t1) -

- .óan-i
r(tSt)

Fig A.X.2 shows how this tyPe of incremental

analysis a proxiates to the exact solution.

Case (fifl

With further increase in the initial strain it

was found possible to dis pense with the above ca.culations.

As the ancle a becomes small (<5°) it is possible for

large changes to occur in the cross member.stress and hence

the side member stress without appreciable deformation

occurring in the side links. 	 This is because this

deformation is a function of cosO which is very insensitive

to variations in 0 when 0 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 8(t)

and no further calculation is necessary.
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Develor,ment Problems with Constant Strain Rate Testir.

viva

1n the course of the constant strain rate tests

n vivo, described in Cha pter VI, several problems were

encountered.	 In view of the fundamental nature of some

of these, rio further tests were attempted.

The major difficulty was found in the use of

the Instro Optical Extensometer as a strain measuring

device.	 Because of the small extension of the gauge

length which obtained (< 0.15 in.) it was necessary to
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 an effect kow as "ste pping" of the

chart drive servo system.	 This was caused by the

considerable frictiona forces arising in the chart

mechanism.	 To overcome these forces, it was necessary

for the chart servo motor to develop a considarable torque

while remaining stationary. 	 When friction was overcome,

the drive mechanism would then advance in a sudden step

until the servo system reached its correct null position.

Thus the chart advanced in a series of steps of about

0.15 in. instead 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 1O%.

Also, it was found that consecutive time marker pips

used to correlated the load and strain 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

magnification at the chart drive end of th system, and,
as explained above, this would reduce the stepping effect.

Also, arrangements are being made to record the load

output on the Instron pen 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

the subject resulted in erroneous strain readings. One

solution of this problem would be to discourage facetious

remarks among those concernedL

Problems such as the support of the arm will

obviously arise at any site which is used for this type

of experiment and their soluicn has to be related to

the particular difficulties involved in a given case.

When the above difficul±ies have been resolved,

it is anticirated that this technique will prove to be

convenient and valuable.
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