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l o INTRODUCTION 

The present Hork has been carried out in the 

Rheumatism Research Unit of the University Department of 

Medicine at Leeds . In this Unit one of the major 

fields of investigation has been into the nature of joint 

stiffness . 

Altered stiffness occurs in numerous disorders of 

connective tissue . For many years increased stiffness 

has been recognised as a major manifestation of joint 

diseases, such as ankylosing spondylitis (Forrestier, 

Jacqueline and Rotes Querol, 1951; Hart and l1cLagan, 1955; 

Blumber g and Ragan, 1956) , rheumatoid arthritis (Sho~t, 

Bauer and Reynolds, 1957) , degenerative arthritis (Abrams, 

1953), primary generalised osteoarthritis (Kellgren and 

Moore, 1952), and gout (~albot, 1953) . The term 

''articular gelling" has been applied to increased stiff­

ness which is most troublesome after periods of rest in 

one position, noted by patients with different forms of 

arthritis (hollander, 1953) . Stiffness is usually 

accompanied by pain a.nd is often considered to be due to 

muscular spasm associated with pain, although Taverner 

(1954) has clearly shown by electromyographic studies 

that these may not be rel ated. In ankylosing spondylitis 
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Forrestier, Jacqueline ~nd Rotes Querol (1951) found 

that 17. 5% of their patients had stiffness without pain. 

Patients with active rheumatoid arthritis commonly 

complained of w ... king in the morning 1...ri th greatly increased 

stiffness which may persist for several hours . This is 

so characteristic that it has been termed "morning stiff-

ness11 • 

Investigating morning stiffness Wright (1959) 

measured the strength of grij of patients with rheumatoid 

arthritis throughout the day . He found a marked weakness 

in the morning which improved in the first three hours of 

the day. However, study of control subjects without 

arthritis disclosed a similar diurnal pattern. 

Wright and Johns (1959) therefore devised an appara­

tus "Yrhich they later modified (Johns and Wright, 1960) 

for the measurement of j oinv stiffness directly. They 

showed that the major physical components of joint stiff-

ness vJere elasticity and plasticity; Frictional stiffness 

even in the most badly damaged j,oints \./as very small and 

vi~cous stiffness contributed on~y l~fo . Except in 

neurological diseases such as ParY~nsonism and myotonia 

congenita reflex muscle contraction played no part in the 

production of stiffness measured at the joint (Wright 

and Joh~s, 1960 and 1961) . 
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In order to ascertain the proportions of stiffness 

produced by passive stretching of the muscles and peri­

articular tissue the wrist joint of the cat was investi­

gated (Johns and Wright, 1962) . Rheologically this was 

comparable to the metacarpo- phalangeal joint of a child . 

It was found that the periarticular tissue produced 50% 

of joint stiffness during the normal range of joint 

motion. 

Certain hereditable disorders of connective tissue 

have well recognised alteration of joint stiffness . The 

most striking example from this point of view is Ehlers 

Danlos syndrome, \vhich is characterised by hypermobili ty 

of the joints (Benjamin and ~-Ieiner, 1943) and increased 

extensibility of the skin (Burrows and Turnbull, 1938) . 

The skin is often described as hyperelastic in clinical 

practice (Jansen, 1955; Zaidi, 1959) . This is a confusion 

of terms which can be misleading resulting in a discussion 

of the pathological lesions of connective tissue in this 

disease in terms of the physical causes of hyper·elastici ty. 

In fact in physical terms the skin shm·TS decreased 

elasticity (or elastic stiffnefs) . The original descrip­

tion of Job van Meekeren (16~2) of a man with "extra­

ordinary extensibility of the skin" (figure 1) is more 

accurate than the modern tendency to talk in terms of 

hyperelasticity. Other hereditable disorders of connec-
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tive tissue shm.Jing decreased joint stiffness are 

lvlarfan 1 s syndrome (l.cKusick, 1956) and osteogenesis 

imperfecta (Slott and Burgess, 1937) . Patients with the 

Hurler ' s syndrome on the other hand often demonstrate 

striking limitation of extensibility of joints (Hubeny 

and Delano, 1941) . 

Having established that alterations of stiffness at 

the joint could be caused by changes in the periarticular 

structures independent of muscular attachments, it became 

desirable to devise means of studying the rheology of the 

connective tissue, which makes the major contribution to 

this stiffness . In vivo studies of connective tifsue 

are limited and it was therefore decided to undertake a 

rheological analysis of skin in vitro, since this is the 

most readily accessible source of connective tissue . It 

is well knm .. m that in connective tissue dj sorders, such 

as rheumatoid artnritis, the connective tissue is profoundly 

affected throughout the body, includirg the skin (Short, 

Bauer and Reynolds, 1957) . 

Considerable advance in the knmvledge and structure 

of rubber and plast1cs and other polymers has been made 

through similar studies of their elastic and plastic 

properties . This has been convincingly demonstrated in 
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the study of the creep behaviour of a series of butyl 

rubbers, differing in molecular architecture (Alfrey and 

Gurnee, 1957) • Connective tissue in normal and patho-

logical situations studied similarly may well yield 

information about alteration in elastic elements (collagen 

and elastin) , alteration in their cross linking or wicker-

work and alteration in the viscous medium (ground 

substance) . An extensometer for determination of the 
-

rheological properties of skin in vitro has therefore been 

devised and constructed, and a rheological analysis of 

skin has been made . 

Some workers have attempted to describe the rheolo-

gical behaviour of certain biological tissues by assuming 

some type of structure and then working from first prin-

ciples mathematically in an attempt to derive an equation 

'l...rhich would fully explain the behaviour of the tis sue . 

The classical thermo- dynamic analysis of Frenkel (1946) 

and use of the kinetic theory of elasticity by Wall 

(1942 a and b) and Hall (1951 a and b) are typical examples 

of this . The mathematics of this type of investigation 

are of a high order and in some cases are such that it 

would be impractical or far too tedious to use such methods 

in the analysis of experimental work . Moreover, no 

theoretical equation has been found vihich completely and 

accurately describes the behaviour of biological tissue . 



This is because the structure is extremely complicated 

and has not been fully evaluated. 

It was therefore decided to make a prelim ·nary 

rheological investigation of skin and to attempt to 

determine an empirical mathematical equation vThich would 

characterise the results . Having done this it vras 

possible to interpret the constants of the equation in 

terms of various properties of the material . By this 

means obvious physical differences in terms of specific 

components of skin could be detected and quantitative 

comparisons could be made . 

Using the approach of the "integrative school" of 

rheologists (Scott Blair, 1949) the rheological properties 

of skin have been characterised mathematically. The 

complexities of measurement have been explored and methods 

designed to accomplish this . The effect of physiological 

factors on the determined constants and their significance 

related to the observed structure of skin have been 

descrited. Some data on the effect of disease states will 

be presented. 
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11. SURVEY OF PREVIOUS WORK . 

A. A CRITICAL ANALYSIS OF R.flliOLOGICAL TECHNIQUES AS 
APPLIED TO BIOLOGICAL TISSUES. 

The analysis of the results of various workers who 

have investieated the rheological properties of connective 

tissue is difficult . This is not due to lack of workers 

in the field, but because there is no standardised or 

generally accepted method, and consequently each investi-

gator has developed his mvn technique, so that results are 

not directly comparable . The various techniques used can 

however be classified into groups vThich depend on the same 

fundamental principles . 

lo Constant rate of stress 

2. Creep and constant stress 

3. Constant rate of strain 

4. Stress relaxation 

5. Impact 

6. Dynamic 

7 . Special and empirical 



1. Constant rate of stress . 

This teclmique is one of the most popular in the 

field of biological rheology. In principle the specimen 

is subjected to a force which increases at a constant 

rate and the corresponding deformation is recorded. It 

is then assumed that the stress (usually tensile or com­

pressive) which exists in the specimen in the direction 

of the application of the force increases at a constant 

rate . This assumption is only valid if the deformation 

of the specimen is small, as a large deformation will 

produce a change in cross- sectional area, which will cause 

an inaccuracy in the value of the stress . If the value 

of Poisson's ratio is known for the material, some form 

of compensation for the change of area can be made . 

Unfortunately many workers have disregarded this and carried 

out experiments on tissue, the deformation of which is 

sometimes excessive, without modifying the results to com­

pensate for this source of error (~rafka, 1937; Green and 

Loughborough, 1945) . 

If results are required for comparison, and not for 

theoretical mathematical analysis , the use of large defor­

mations can be justified, providing that all specimens 

are deformed by approximately the same amount . 
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Consequently although there would be an error in the stress 

value, it would be the same for all specimens . 

The simplest type of constant rate of stress system 

is the form used by Green and Loughborough (1945) in which 

the specimen was hung vertically between two small jaws . 

A cord from the lower jaw passed over a pulley to which a 

pointer was fixed; this moved over a scale to give indica­

tions of the extension, and the cord was then fastened to 

a small bucket . The constant rate of loading was 

achieved by letting small lead pelletts slide down a shute 

into the bucket, thus increasing its mass and hence the 

load on the specimen. This system, whilst being adequate 

for simple investigations, could not achieve any high 

degree of accuracy. One reason for this was the diffi­

culty in controlling the rate at which lead pelletts were 

dropped into the bucket . A means of overcoming this 

would be to substitute some liquid, for example mercury, 

in the place of lead pelletts; the flow could then be con­

trolled accurately by means of a small needle valve, to 

achieve a smooth and predictable rate of loading. Appa-

ratus utilising this general principle has been used by 

Krafka (1937) . He recorded extension automatically with 

a smoked drum and pointer instead of the scale . This 
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eliminated the tedious, inaccurate task of taking 

manual readings . 

A similar apparatus was also used by Harkness and 

Harkness (1959) in their excellent studies on changes in 

the uterine cervix of the rat . They used a smoked drum 

f or recording extensions . Weights were applied manually 

at the r ate of 25gm. every 15 seconds . This resulted 

in a stepped stress strain curve but the effect was small 

enough to avoid interference with the results . 

A popular method of achieving a constant rate of 

i ncrease of load has utilised a length of light chain 

hanging in a loop, one end of which is coupled to the 

specimen via a lever, pivotted at its centre, and the 

other is wound round a drum which is rotated at a constant 

speed, thus increasing the length, and hence the weight 

of chain hanging in the loop. This method was used by 

Hall (1951) and provided the basis of some very impressive 

work on collagen fibres . A similar, but rather more 

refined method was used by Morgan (1960) who also worked 

with collagen fibres . His apparatus was capable of 

testing eight specimens simultaneously. Each was fitted 

with its own chain loading system on a common winch shaft . 

Two small metal plates were fitted parallel to each ot her 
I 
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one to each ja'\.r at the end of the specimen. Separation 

between the plates increased as the specimen was extended, 

thus forming a simple variable capacitor. An electronic 

instrument was used capable of scanning the eight capa­

citors in a pre- determined sequence, and interpreting the 

results as extensions of the various specimens. This 

system was reported as being accurate to within O. Olmm. 

and was used on specimens 0. 6cm . long and loaded at the 

rate of 6 grams per minute . 

An ingenious system was used by Conabere and Hall 

(1946) . The apparatus consisted of a tiltable platform 

fitted with a column at right angles to it. From the 

top of the column a pendulum was suspended and the speci­

men 1-ras mounted between small projections on the pendulum 

and column in such a way that when the platform was hori­

zontal and the pendulum vertical there was no tension in 

it . On tilting the platform a tension was produced in 

the specimen due to its pulling the pendulum from verti­

cal. Consequently by controlling the angle of the pendu­

lum to the vertical by tilting the platform it was 

possible to induce a constant rate of loading in the speci­

men tested. This however had disadvantages in that it 

was non-recording and the constant rate of loading was 

produced manually . Furthermore, no provision was made 

11 



for testing specimens under liquid . 

Numerous writers (Hunter, 1936; Krafka, 1939; 

Crompton, 1949; Roddy, 1952) have with varying degrees 

of success used a commercially produced instrument known 

as the Scott incline plane serigraph (described in detail 

by Booth, 1961). This instrument produces a constant 

rate of loading and is used mainly in the textile industry. 

It consists of a tiltable platform on which runs a small 

trolley. The specimen is mounted between the end of the 

platform and the trolley. If the platform is tilted in 

a suitable manner mechanically, a constant rate of load­

ing can be achievedo The stress strain graph is drawn 

automatically. This is a useful apparatus but for biolo­

gical work is limited because the specimen cannot be 

tested under liquid. 

One of the pioneers in the study of the rheology of 

biological tissue was Roy who worked with beautifully 

constructed equipment and despite the earliness of his 

work produced some extr emely interesting results in conn­

ection with the elasticity of arterial wall (Roy, 1880) . 

A specimen of artery was distended by incr easing the 

internal pressure with a variable mercury column. The 

volumetric distension of the specimen was manifest as a 

volume of fluid displaced. This was detected by a dia-

12 



phragm, the deflection of which was amplified by a lever 

and produced a recording on a smoked drum. 

An interesting micro-eA~ensometer was developed by 

Probine (1959) and used on plant cell walls . The prin­

ciple of this machine was as follows :- a long arm was 

fixed to a pivotted vertical shaft A and was free to 

rotate in a horizontal plane . A flat spiral spring had 

its inner end fixed to the shaft and the outer end driven 

about A as an axis, by a synchronous motor operating 

through a worm drive . As the free end of the spring was 

driven from its rest position the torque on the shaft A 

was increased at a constant rate and tended to cause a 

displacement of the arm. The test sample being mounted 

between a fixed pillar and a point on the machine arm 

prevented the movement of the arm, and a constant increase 

in torque therefore resulted, the specimen being loaded 

at a constant rate . The extension of the specimen was 

measured by a capacitance system connected to the hori­

zontal arm. The signal from the capacitance system was 

fed via an amplifier to chart recorder, the chart of 

which was driven by the same synchronous motor that drove 

the free end of the spiral spring. This system has much 

to commend it but is limited to small specimens, due to 

13 



the size of the control spring and the torsional forces 

necessary. 

No reference has been found in the literature to the 

use of an instrument which could load at a constant rate 

and yet compensate for the reduction in area . Since 

l arge extensions were often reported many results obtained 

must be treated with reservation. 

2. Creep and constant stress . 

The creep testing technique is probably the most 

simple in the field of rheology, but has been used by 

relatively few workers for tests on biological tissue (Roy, 

1880; Probine, 1959) . In this system the specimen is 

subject to a constant force and the change of deformation 

recorded as time progresses . The specimen is usually 

mounted vertically between two jaws and some mass is 

attached to the lower one . Many systems have been adop­

ted for recording the extension, which is usually very 

rapid at first and diminishes to an almost imperceptible 

amount after a certain time . This technique however is 

subject to the same criticism as the first in that the 

area will change for large extensions and consequently 

results in a higher stress . The principle of the constant 

stress system is identical to that of the creep test . 

14 



However, some form of compensation is built into the 

appar atus , so that the deforming force alters to produce 

a constant stress as the cross- sectional area of the 

specimen changes . 

Probine (1959) working with plant cell walls used a 

micro- extensometer in which the eA~ension was applied by 

a constant mass suspended in liquid. Extensions were 

recorded by a low speed cine camera observing the specimen 

through a microscope . This system whilst fulfilling the 

basic requirements has the disadvantage of not presenting 

the information in the most useful form, since a stress 

time curve still has to be plotted manually. The early 

work of Roy (1880) involved a useful piece of apparatus 

consisting basically of a horizontal lever pivotted at one 

end. The lower end of the specimen was attached to a 

point on the lever near the pivot . The upper end was 

anchored to a point vertically above . The stress was 

applied by a mass hung from the lever. A stylus was 

attached to the free end of the lever and recorded exten­

sions on a smoked drum revolving at a constant speed. The 

apparatus was limited to relatively short extensions, 

since the tension in the specimen became less as the lever 

fell further below the horizontal . 

15 



The true constant stress system while having con­

sider able application has received little interest in 
\ 

the field of biological rheology, despite the fact that 

the technique has been used considerably in other areas . 

The fundamental problem of causing the force to vary with 

extension in such a way that the stress would remain 

constant is complicated; nevertheless numerous good appro­

ximations have been made . An example of this is the 

paralJel plate Rheometer (Scott- Blair and Coppen, 1941; 

Scott- Blair and Veinoglou, 1943) . The principle of this 

apparatus is that if a mass is suspended from a horizon­

tal arm which is pivotted at one end, the torque produced 

by the mass about the pivot reduces as the arm falls 

below the horizontal position. Thus if the specimen is 

mounted vertically between some point on the arm and 

another fixed point above it, the tension in the specimen 

is reduced as it is extended. This interestingly enough 

is a principal of the apparatus used by Roy (1880), 

although the possibility of this being a constant stress 

system did not appear to be considered in his paper . 

Other devices have been employed in the pursuit of 

a constant stress system, for example vrires or filaments 

of material have been tested by suspending from a fixed 

support with a mass on the lower end (Andrade, 1910) . 
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The mass is shaped in such a manner that if it is allowed 

to come into contact with a liquid, the tension in the 

specimen is reduced in proportion to the amount the 

weight is permitted to sink. An alternative system has 

been used in which the effective tension in the specimen 

is reduced by means of cams (Andrade and Chalmers, 1932) , 

but with both these systems considerable difficulty is 

experienced in producing the theoretical shapes accurately. 

Nevertheless once satisfactory equipment has been deve­

loped, it should be relatively simple to use . 

3. Constant r ate of strain. 

This technique is common in many fields of rheolo­

gical testing such as engineering, teA~ile and leather 

industries . It consists of extending the specimen at 

constant rate and observing the change in force necessary 

to produce this extension. The popularity of this system 

probably lies in the fact that with relatively simple 

apparatus accurate results may be obtained. Unfortu­

nately, however, with nearly all biological tissue the 

results are dependent on the rate at which the specimen 

is extended. It becomes difficult and in some cases 

impossible to compare the results of specimens which have 

been tested at different rates . Consequently it is 

important that rates of extension should be standardised 
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and the value stated with the r esults obtained. 

There seem to be few refer ences to these extenso­

meters in testing biological tissue, possibly due to 

the fact that specimens are small and so are the forces 

necessary to produce the extension, giving the impress­

ion that very precise equipment would be required . 

Nevertheless extensometers of this type can be made with 

extreme accuracy. 

Houever, irrespective of the nature of the problem 

to be investigated, the various apparatuses work on the 

same basic principle . With apparatus of this type the 

specimen is usually mounted vertically between two jaws, 

the top one of which is connected to some load measuring 

system, usually mechanical or electrical. The bottom 

jaw, which performs the actual extending, is connected to 

a nut which runs on an accurately made screw thread. 

This screw is caused to rotate at a constant speed, con­

sequently extending the specimen at a uniform rate . Both 

load detecting and extending systems are usually connec­

ted to some form of recorder on which the stress strain 

curve is produced. 

The properties of skeletal muscle have been inves­

tigated by a system of t his type by Schottelius (1957) 

who used an apparatus developed by Talbot , Lilenthal, 
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Beser and Reynolds (1951) . The elasticity of elastin 

from ligamentum nuchae and its alteration by enzymes 

has been studied with our apparatus (Hall, 1964)o 

4. Stress relaxation. 

In this mode of testing, the specimen is subject to 

a sudden deformation, which is maintained while the 

resulting load is observed to diminish with time . If a 

gr aph is plotted of load against time, it is usually found 

that the curve gradually becomes parallel to the load 

axis, even though in some cases several hundred hours may 

be necessary (Wood and Chamberlain, 1954; Abbot and Lowry, 

1957; Popplevrell and Ward, 1963) . This technique can in 

some cases yield important information regarding the 

structure of the material, for example the work of 

Schottelius (1957) on shortened skeletal muscle . 

A simple and effective apparatus has been developed 

for the measurement of "linear plasticity" of leather 

(Popplewell and \.ard, 1963) . The specimen was mounted 

vertically bet\-.'een two ja'\ors, the top one of \.rhich was sus­

pended from the centre of a stiff, steel beam which was 

supported at its ends . The deflection of this beam 

caused by tension in the specimen was measured by a dial 

gauge mounted at its centre. In order to achieve a very 

rapid extension the bottom jaw was fitted to a piston 
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which moved in a cylinder. Nitrogen gas under high 

pressure was admitted to the cylinder, causing the pis-

ton to move . Full extension could thus be achieved in 

less than 0 .1 seconds . The rapid initial relaxation 

was r ecorded by taking a cine film of the dial gauge and 

a stop watch . Tests were carried out at controlled 

humidity for relaxation times up to 104 minutes . 

An interesting and refined piece of apparatus has 

been built by Wood and Chamberlain (1954) . A very rapid 

extension was produced by a loaded spring, which \~Tas 

released by the action of a trigger and forced the exten­

ding jaw against a stop which determined the total degree 

of extension. So rapid in fact was the extension that 

it was found necessary to employ a hydraulic damper to 

prevent the extending mechanism from bouncing when it hit 

the stop. Load was determined as in the previous appa-

ratus by measuring the deflection of the centre of a steel 

beam. However, in this case the ~mall displacement of 

the spring was measured by observing the capacity between 

the two small parallel plates . This change in capacity 

was measured electrically. The corresponding variations 

of tension were displayed on the vertical axis of an 

oscilloscope vri th time on the horizontal axis . Indica-

tion of time lapse was achieved by superimposing a 50 
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cycle per second oscillation. This same apparatus was 

used by Wood (1954) in the investigation of tensile 

properties of elastic tissue and a similar system was 

used by Chamberlain and Snowden (1948). 

Investigation of stress relaxation of elastin has 

been carried out (Hall, 1964) using the equipment deve-

loped by the present author. A specimen was rapidly 

extended by revolving the stretching mechanism, a process 

which could be carried out in one second. The chart 

mechanism was run with the electric clutch un- energised. 

A stress-time curve was produced with load on the hori­

zontal axis and time on the vertical axis . 

5. Impact testing. 

As the name implies, this method involves subject­

ing the specimen to an impact and observing the resulting 

deformation or degree of destruction. This is a specia­

lised technique, and is only suitable for certain applica­

tions . It yields little fundamental information regard­

ing the structure of the specimen and consequently has 

rarely been used. 

Various forms of impact testing have been evolved. 

Some of these depend on measuring the amount of energy 

required to break a specimen. An example of this is the 

Izod impact testing machine (Low, 1949) in which a pendu-
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lum with a heavy mass is dropped from a given height to 

hit a specimen situated vertically belm.r the fulcrum . 

The pendulum is then permitted to continue swinging 

freely, the loss of energy being indicated by the dimi-

nished amplitude . This type of apparatus however is 

only suitable for solid material such as bone . 

A system has been used by Tate (1964), working in 

our department, in which a strip of aponeurosis was moun­

ted betvTeen tvm jaws. The lower jaw fitted firmly to 

the baseplate of the apparatus and the upper jal..r was 

mounted to one end of a lever with an amplification fac­

tor of five . The other end of the lever was fitted with 

a 20 lb. mass giving a total available force at the 

specimen of 100 lbs . A proving ring, fitted vri th a dial 

gauge, the maximum deflection of which was retained, was 

mounted in the link bet1,.1een the top j a\.r and the lever. 

The test was carried out by releasing the 20 lb. mass . 

The actual tension required to rupture the specimen was 

recorded on the dial gauge . This apparatus was developed 

to investigate the problem of the burst abdomen following 

surgery. Because it produced the rupture of tissue 

under sudden loading conditions, the values of maximum 

tensile stress recorded differed from normal static ten­

sile stress due to plastic effects . 
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6. Dynamic systems . 

In this mode of testing the specimen is subject to 

high frequency oscillation and the resulting forces and 

deformations observed. This method is capable of yield­

ing a great deal of information, but the complexity of 

the apparatus and the mathematical techniques required to 

process the results are often prohibitive . A typical 

system of this type consists of a transducer in the form 

of a dynamic oscillator. This is energised by the tune-

able oscillator system and imposes a vibration of fixed 

amplitude on the specimen. The resulting forces are 

detected by a sensitive pickup and, after amplification, 

can be displayed on one axis of an oscilloscope screen, 

while the displacement is displayed on the other axis . 

From the resulting figures on the screen the character­

istics of the specimen, for example the dynamic Young ' s 

modulus, may be calculated (Bergel, 196lij . 

Buchthal, Kaiser and Rosenfalk (1.949) used this 

technique to investigate the properties of muscle fibre . 

Load to the specimen was applied by an electro- magnetic 

transducer and the displacement was measured by a photo­

electric system, to reduce the problem of inertia. The 

loads and extensions were displayed on the screen of an 

oscilloscope . The configuration of the resulting 
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Lissojous figures gave an indication of the properties 

of t he material . This was an ambitious system and 

produced some very interesting results . 

Bergel (196~ investigated the dynamic response of 

arteries by subjecting them to an internal hydraulic 

pressure . This pressure was subject to pulsatile varia­

t ion, produced by an electric pulsator and the resulting 

pressure vraves recorded by a sensitive pickup. The 

results were again displayed on the screen of an oscillos-

cope . Ths visco- elastic properties of the aorta were 

then investigated at various frequenci ei . 

7o Special and empirical techniques . 

Numerous workers have devised specialised techniques 

to solve their m.Jn particular problems, without yielding 

any fundamental information regarding the properties of 

material (Dick, 1949; Hall, 1952) . In these cases only 

comparisons betvJeen specimens can be made and no funda­

mental properties can be calculated, as it is not known 

in many cases exactly what is being measur ed. 

A novel and original system for testing skin was used 

by Dick (1949) . The specimen was mounted as a circular 

diaphragm, one side of which was subject to hydrostatic 

pressure which could be i ncreased uniformly by raising the 

effective head . The deflection of the centre of the 
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diaphragm was amplified by a lever and read off a scale . 

There are certain disadvantages vii th this type of 

equipment . The first was that tension in the specimen 

was calculated from the displacement of the centre of the 

diaphragm. This was based on the theory for the deflec­

tion of diaphragms which only holds for deflection con­

siderably less than those experienced in this case . Thus 

it is difficult to assess the accuracy of the tension 

measured. Furthermore, our present work has shown that 

properties of skin vary in different directions . The 

relatively large size of specimen required (effective 

diameter 5 em. ) eliminated the possibility of using biopsy 

material . The method precluded the determination of the 

humidity at which the specimen was being tested and this 

is kno~n to effect results considerably. No facilities 

were provided for automatic recording of results. Never-

theless, the equipment was used to produce some interest­

ing data . 

Various types of fatigue tests have been carried out 

on fibres, often in the leather industry (Maeser, 1944; 

Carter and Kangy, 1954) . In this type of experiment the 

specimen is bent backvrards and forwards until it ruptures . 

The total number of cycles which may run into several 

million is recorded, and gives indication of the durabi-
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lity of the material . 

An elegant piece of apparatus which is an adapt­

ation of the chain loading system previously mentioned 

has been used to investigate the energy and entropy 

effects of collagen fibres (Hall, 1952) . A specimen 

was immersed in water, the temperature of which was 

varied. The specimen was subject to a load which in 

spite of the temperature changes was varied in such a way 

as to maintain a constant length. This viaS achieved by 

having the winch of the chain loading mechanism driven 

by a mag- slip servo system which was controlled by the 

length of the specimen. This equipment enabled some 

interesting investigations to be carried out which throw 

light on the structure of collagen fibres . 

An apparatus used by several workers (Kirk and 

Kvorning, 1949; Kirk, 1950) is known as the Schade elasto­

meter (Schade, 1912) . It consists of three small hemi­

spheres arranged in a triangle . These are pressed 

lightly against the skin of a patient . A fourth hemi­

sphere situated in the centre of the triangle is then 

pressed against the skin under the action of a known force 

and the corresponding deflection observed. It is diffi­

cult to decide what is actually being measured by this 

apparatus, as numerous f actors will influence the results , 
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for example skin thickness , skin tension and the condi­

tion of the subcutaneous fat . It is for these r easons 

that the equipment has not enjoyed wider usage . 

Clark investigated the effect of hydrostatic 

pressure on the dural sack and eyeball (Clark, 1932; 

Clark, Weed and Flexner, 1932; Clark, 1933). The diffi­

culty of the method lies in the lack of uniformity of 

the surface . Mathematical analysis of the results would 

be formidable , as it is unlikely that a truly spherical 

shape would be preserved. Consequently, it is doubtful 

if any really valuable information can be obtained from 

this technique . 

Jochimes (1943) described a device for measuring the 

11 r esiliency11 of skin. This system depended on measuring 

the force necessary to compress the skin of a patient 

into a fold . A similar system in the form of a spring 

loaded caliper (Sodeman and Burch, 1938) has also been 

used . These are both sucject to the same criticism as 

the Schade elastometer and it is difficult to tell what 

is actually being measured . 

A system has been developed by Doerks (l9Lt-9) in which 

two parallel lines ar e dr awn at a set distance apart on 

the surface of the skin of a patient . The two lines 

are forced together under the action of a light pressure, 

and their separation measured at the point where a fold 
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is just about to form . This technique, if carefully 

used, could possibly give some information as to the 

tension and extension of skin under normal conditions . 

Again, however, it is subject to the same difficulties 

outlined in discussing the Schade elastometer. 

An apparatus working on a similar principle to the 

Schade elastometer has been described by Tui et al 

(1950) . The displacement or depression of skin under 

the action of given weights gave an indication of response 

to treatment of scleroderma. 

8. Ideal system. 

An ideal system would be one which would require the 

satisfaction of a number of conflicting conditions . It 

would be simple and capable of producing reproducible, 

accurate results . It should measure characteristics 

which could be interpreted in terms of physical properties 

of the material under conditions which are completely 

known and reproducible . It is preferable that the results 

be recorded automatically, so that the errors of human 

assessment can be eliminated. This can be achieved for 

example either by an analogue system, where the results 

can be presented as a stress strain graph for instance 

(Probine, 1959) or by a digital system where a number of 

numerical values are pr inted outo 
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B. THE C011PONENTS OF SKIN AND THEIR MECHA11ICAL 
PROPERTIES 

1 . THE COMPONENTS OF SKIN 

Chemical and histological investigation of skin 

reveals that it is made up largely of fibres of collagen 

and elastin (Weinstein and Boucek, 1960) . Reticulin is 

also present in small amounts (Highberger, 1936) . These 

fibres form a meshwork and are surrounded by ground 

substance. 

Collagen. 

Collagen is often referred to as white fibre from 

its microscopic appearance . It is a family of proteins 

and accounts for approximately ?~p of the dry fat free 

weight of skin. Chemical investigation reveals that it 

contains numerous amino acids, of which a large proportion 

(one-third) is glycine (Bowes , 1955) . It contains two 

unusual amino acids hydroxyproline (about 15%) and 

hydroxylysine (about 2%) . 

The molecular structure of collagen is found to be 

very complex and has been studied by x- ray difraction 

(Rich and Crick, 1958) . The generally accepted structure 
• 

consists of three polypeptide chains coiled together in 

a helical fashion like a three stranded rope . The three 

chains are held together by hydrogen bonds between CO and 
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NH groups of glycine residues in adjacent peptide chains . 

Every third amino acid in the chain is glycine, but the 

other third of the amino acid residues consists of proline 

or hydroxyproline . Glycine has only one hydrogen atom 

in place of the side chains of the other amino acids, and 

the sites where it is found form a sort of groove running 

spirally round the molecule . 

The collagen molecule is very large and has a mole-

cular weight of about 340,000 (hall, 1961) . Electron 

microscopic investigation reveals that these are rigid 
0 ~ 

rods of about 2, 800 A long and about 14 A in diameter 

(Schmitt and Hodge, 1960) . This molecule is usually 

referred to as tropocollagen. Microscopic examination 

of collagen fibrils shows that they have a banded appear-

ance . These cross striations occur regularly at inter-
o 

vals of approximately 640 A (Curran and Clark, 1963) . 

There is in addition a more pronounced system with a 
~ 

periodicity of 2, 400 A (Hall, 1961) . Harkness (1961) 

refers to this periodicity as occurring at intervals of 
G 

2, 800 A units . 

It has been shown (Bear, 1952) that the tropocollagen 

molecules arrange themselves parallel to one another in 

great numbers to form a larger unit known as a fibril . 

In the case of human skin these fibrils have been found 
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~ 

to range from 600 to 1100 A units in diameter (Schmitt, 

Hall and Jackus, 1942) . Large numbers of fibrils are 

arranged parallel to one another to form an even greater 

unit known as the fibre . These are several microns in 

diameter and can be seen with the naked eye. They form 

the basic meshwork from which skin is built up. 

Elastin. 

Knowledge of the chemistry of cutaneous elastin is 

not nearly so advanced as that of collagen. One reason 

for this is that elastin is not easily available in large 

amounts in skin, since it only makes up 2- 4 per cent of 

the dry weight (Rothman, 1953; Weinstine and Boucek, 1960) . 

Elastin fibres are often referred to as yellow 

fibres, a characteristic which enables them to be distin-

guished easily from collagen fibres by microscopy. 

Elastin is made up of a large number of amino acids, of 

which glycine, alanine, valine and proline form the major 

part . Histologically elasti~ appears like closely folded 

chains (Burton, 1954) . The extensibility of elastin has 

been explained by the fact that the number of polar amino 

acids is comparatively few (Gross, 1950), hence there must 

be few cross bonds between lateral molecules and the 

fibres can be stretched r eversibly. The few cross bonds 



32 

that are present however must be extremely strongly held, 

since elastin is insoluble in all the common protein 

solvents (Lloyd and Garrod, 1946) . Microscopically 

elastin fibres appear to be homogenous , highly contorted 

and branched; their diameters vary from a few Anstrom 

units to many hundreds (Rothman, 1953) . 

Reticulin . 

The dermalreticular fibres represent 0 . 38% of the 

dry weight of collagen of skin (Highberger, 1936) . No 

amino acid analysis of dermal reticulin has been made, 

but it is thought to be similar to that of collagen 

(Bm.res and Kenten, 1949) . The main differences between 

reticulin and collagen seems to be in their particular 

histological staining properties , reticulin taking up 

silver from silver nitrate solutions, whereas collagen 

will not (Hall, 1961) . There has been considerable 

discussion about whether in fact reticulin differs from 

collagen and whether it may be an early stage in the deve-

looment of collagen • ... 

Ground substance . 

The ground substance of connective tissue includes 

all the non- cellular, non- fibrous material which is 

present in the tissue (Well, 1953) . To the histologist 

it appears to be a protein and polysacharide bearing mass 
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lying outside the fibres (Hall, 1961) . 

2 . THE MECFlANICAL PROPERTIES OF THE FIBROUS 
COHPOI'f.t!:NTS OF SKIN. 

The usual mechanical properties which are used to 

describe the characteristics of the material are as 

follows:-

1) Tensile strength. This is the force required 

to rupture the specimen in tension and is given in units 

of load per unit area. 

2) Extensibility or elongation. This is the 

increase in length of the specimen at rupture given as a 

percentage of the original length of the specimen. 

3) Creep. This is a phenomenon observed when a 

specimen continues to extend under the action of a constant 

force . 

4) Stress relaxation. This phenomenon is observed 

vrhen the specimen is suddenly deformed and the load resul-

ting from this deformation is found to decrease wlth time . 

5) Young's modulus . This is defined as the 

gradient of the stress strain graph, and is of great impor-

tance in certain materials such as steel, where the 

relationship is linear. However in cases where stress and 

strain have a non- linear relationship to one another it is 



of little use since it is difficult to decide at what 

portion of the curve to t~~e the gradient . 

COLLAGEN. 

The mechanical properties of collagen are dependent 

on the relative humidity at which the specimens are 

tested (Morgan, 1960) . The tensile strength is at maxi­

mum when the water content is between 10 and 20% (:r'1i tton, 

1945). The pH and the temperature of the medium 

surrounding the specimen also affects the properties 

(Hall, 1951) • 

a) Tensile strength. 

It is difficult to compare values obtained by various 

workers as experimental conditions differed in most cases 

and consequently a wide range of values (betvreen 10 and 

50kg. per sq. mm . ) have been reported. With dermal 

colla.gen it was found that the shorter the specimen the 

higher the tensile strength (Mitton and Marean, 1960) . 

This is probably because there is a higher proportion of 

fibre components running at angles to the direction of 

stress in larger tlocks of tissue O·ti.tton, 1945) . 

Hiehberger (1947) suggested that rupture does not involve 

breaking of peptide bonds but rather slip betvreen or within 

the fibrils . A value of 49 kg . per sq. mm . has been 

reported for single bovine dermal collagen fibres by 
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Sleighsberger, Hann and Clayton (1960) , t-rhile a figure 

of 13 kg . per sq. mm. has been found for human tendon 

(Cronkite, 1936) , though this would appear to be low 

compared with the value of 50 kg . per sq . mm . for tendon 

collagen given by Hall and Jackus (1942) . A value of 

5 kg . per sq. mm . for human fascia lata 1 .. .ras found by 

Gratz (1931) , referring to tissue rather than single 

fibres . Bone was found to have a value of tensile strength 

of 13 kg. per sq. mm . (Elftman, 1949) . Some l-lOrkers 

have found the tensile strength of collagen by testing 

pieces of collage nous tissue and estimating the value 

from the proportion of collagen that the specimens cont­

ain. A value of 10 kg. per sq. mm . has been found for 

human dermal colJ aeen, assuming that collagen is 20;" o!' 

the t-Jet weight (Rollhauser, 1950b) . By similar means 

the value for frog skeletal muscle has been found to 

range betv1een 3 and 5 kg . per sq. mm . (Walter, 1947; 

Casella, 1950 ) • For rat cervix uteri a value of betv1een 

3 and 5 kg . per sq . mm . has been reported (Harkness and 

Harkness, 1959a) . The vlide variation betvreen these 

results is due partly to differing experimental techni~ues . 

It is also of interest to note that even when subject to 

tanning processes the tensile strength of collagenous 

tissue is only slightly reduced (Hao and Roddy, 1950) . 
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b) ExtensibilitY.• 

The extensibility of collagen is usually relatively 

low and falls betvreen 10 and 20,o, although under special 

conditions considerably greater extensions have been 

observed (Schmitt, Hall and Jackus, 1942) . Harkness 

and Harkness (1960) noted the large extensions of the 

cervix of the rat during pregnancy, and suggested that 

this may partly be due to slip of the micro- fibrils over 

one another, possibly due to some enz~natic activity. 

Morgan (1960) showed that maximum extension of native 

collagen fibres depended on relative humidity, and \-Ias 

apparently maximum at 66% relative humidity. Completely 

dry fibres were brittle and gave a lm..r value . Micro-

scopic examination of single fibres during extensions 
• • 

showed that the 640 A band spacing increased proport-

ionally (Cowen, North and Randall, 1955) . With single 

collagen fibres the incremental increase in extension 

vTas found to diminish as the load increased (Horgan, 

1960) . This phenomenon has been obser~ed by numerous 

other workers ([all, 1951; Hill, 1951; Wood, 1954) . The 

initial part of the extension was reversible and this 

was thought to be due to an orientating effect . 

Much higher values have been reported for the 

extensibility of collagenous tissues . Rothman (1953) 
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gave a value of nearly 50p for juvenile skin and our 

pr esent work has indicated that values of over 100% can 

occur in certain conditions . These large values 

obtained with ti~sue must to a considerable extent be 

due to the orientating of the collagen fibres within 

the tissue . This is born out in our work by the fact 

that the extensibility of a piece of skin is dependent 

on the direction in which a specimen is cut, although 

obviously properties of the collagen will not change . 

c) Young' s modulus . 

Comparisons between moduli have little meaning with­

out some definition of the region of the stress strain 

curve from which they have been obtained . It seems 

probable for example that some of the reported changes 

in elasticity of tissue with age have been due to diff­

erent parts of the curve beine used (Harkness , 1961) and 

values ranging from 10 to 1000 gm. per sq. mm. have been 

reported by various vmrkers (hirsch, 1944) . 

d) Plastic properties . 

There are fe\..r reports about plastic properties of 

collagen. Hm.rever Hall (195la) found that wet dermal 

bovine fibres under the action of a constant load reached 

a point where they extended at a mere 0 . 03~o per hour after 

a period of several days . 
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ELASTIN 

a) Tensile strength. 

The tensile strength of elastin is considerably 

less than that of collagen. A value of 0.1 kg. per sq . 

mm . for elastin taken from the aorta was found by 

Burton (1954) and an even lower value of 0.0675 kg . per 

sq . mm . has been reported (Hass, 1942; Krafka, 1942) . 

b) Extensibility. 

One of the mair characte1·istic properties of elastin 

is its large extensibility. Values of 100% are common 

(Wohlisch, 1943; Burton, 1954) . 

c ) Young ' s modulus . 

Hall (1964) using the apparatus described in this 

communication has investigated thin sheets of ligamentum 

nuchae . He found that stress bore a perfectly linear 

relationship to strain over a considerable range . This 

was important in that Young ' s modulus could be accurately 

determined. • In general there is good agreement betvTeen 

the results obtained by the vrorkers in this field . A 

6 value of 3 x 10 dynes per sq . em . vias quoted by Harkness 

( 1957) for ela.stin contai ned in the arterial wall of the 

dog . A similar value was quoted by Burton (1954) for 

walls of blood vessels . The same value was obtained 

for ligamentum nuchae (Kr afka, 1937) . However, a value 
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of less than one tenth of this was found for aorta by 

the same worker. 

d) Plastic properties . 

Hall (1964) shm-red that if a specimen of elastin 

from ligamentum nuchae was extended at constant rate, on 

r emoval of the load it returned to its original length, 

and on re- testine an identical stress strain curve was 

produced. This confirmed the result of Krafka (1939) , 

who also worked with ligamentum nuchae . Elastin 

therefore exb~bits no creep or stress relaxation. 
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C. THE MECHANICAL PROPERTIES OF SKIN. 

There are surprieingly few references to work on 

mechanical properties of skin. The most significant 

wor k in this field has been done by Wohlisch(l927) , 

Jochimes (1943) , ~enzel (1949) , Rollhauser (1950) , Dick 

(1951 ), Kenedi , Gibson and Daly (1963 ) and Kenedi (1964) . 

I t i s of interest that most of the work has been carried 

on outside Great Britain, there having been apparently 

l ittle interest in the subject until recently in this 

country. The properties 1..rhich have been described t-rill 

be discussed under separate headings . 

1 . Tensile strength. 

Tensile strength has been most frequently investi-

gated. It has been found to vary 1..rith age , sex, the 

site and direction from which the specimen has been taken, 

and various disease states . The most complete study of 

the variation of the tensile str ength 1.-ri th age has been 

carried out by Rollhauser (1950) , who· stated that in 

infants up to three months of age the value was only 0. 25 

to 0. 3kg. per sq. mm . I n children 3 months to 3 years 

old, it was 0. 53 to 1 .4kg. per sq. mm. In adults from 

15 to 50 years of age the average value was 1 . 61 kg . per 

sq. mm . and in persons from 50 to 80 years old 2. 05 kg . 
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per sq . mm . An average tensile strength of 1 . 8 kg. per 

sq. mm . has been quoted by Wohlisch (1927) . Much work 

on the properties of skin was carried out by \lfenzel 

(1949) . His results are qualitative rather than quanti­

tative . He reported that tensile strength was very 

dependent on the rate of loading, rapid loading giving a 

value many times that of the static loading. He also 

stated that the tensile streneth of fe~ale skin was less 

than that of male . With pregnancy the tensile strength 

was even lower, being similar to that of a baby. The 

effect of certain diseases , such as Cushing ' s syndrome 

·Has to render the skin similar to that of a baby o1· girl . 

He noted that the strength 'o~as greater in the direction 

of Langer' s lines than it was at right angles to them. 

It has also been found (Rollhauser, 1950) that 

abnormally lovr values of tensile streneth were associated 

with patients who died from "consumptive disease" 

(presumably tuberculosis) . Hmvever the lowest values 

of all have been reported for a case of Ehlers Danlos 

syndrome vTherE. a value for a 35 year old man was 0 . 34kg . 

per sq. mm . RollQauser also suggested that the tensile 

strength could be due partly to its water content, and 

postulated that the lower values obtained for juveniles 

may be due in part to this . Indeed Dick (1949) showed 
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that the properties of oedematous skin differed 

widely from those of normal, but quoted no actual values 

of tensile strength. Rollhauser also noted that diff­

er ences in tensile strength of skin between individuals 

were closely paralleled by similar differences in tensile 

strength of tendons , suggesting that the properties of 

collagen throughout the body varied similarly. This 

finding was also endorsed by Wenzel (1949) . Wohlisch 

(1927) observed that the tensile strength of epidermis 

plus dermis was greater than the tensile strength of 

dermis alone . This suggests that in spite of its thin­

ness the epidermis has appreciable tensile strength, 

although compared with the total tensile strength it is 

negligible . 

2. 

age . 

Distensibility. 

The distensibility of skin decreases with increasing 

Rollhauser (1950) quoted values of extension of 

5~o to 59% for strips of skin taken from infants at 

birth . For children it varies between 37% and 52% and 

for adults 24% to 4~; . This finding was born out by 

the work of Dick (1949) . Work carried out on the Schade 

elastometer (Schade, 1912; Kirk and Kvoning, 1949; Kirk, 

1950) showed that the 11 elastic" behaviour of skin varied 
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with age . However, as previously mentioned, the 

results from this apparatus could be due in part to 

factors other than the properties of skin. Various 

other workers have carried out in vivo tests (Jochimes , 

1934; Doercks, 1949; Tui, 1950; Olmsted, 1951) but these 

results are subject to the same criticism as those from 

the Schade elastometer. 

Abnormal cutaneous distensibility has been observed 

clinically in patients suffering from Ehlers Danlos 

syndrome (Job van Meekeren, 1657; Jansen, 1954; Ellis 

and Bundick, 1956; McKusick, 1956; Robinson and Ellis, 

1958) but quantitative observations are sadly lacking for 

this disease . 

3. Young's modulus . 

It is difficult to quote a value of Young ' s modulus 

for skin since, in common Hith many other biological 

tissues , the stress strain curve is not linear. The 

general form of the curve for various biological tissues 

is well established, commencing tangential to the 

extension axis, gradually bending towards the load axis 

(Werthheim, 1841; \.Jundt, 1856; Roy, 1880; Dick, 1949; 

Wenzel, 1949; Rollhauser, 1950; Hall, 1951; Horgan, 1960; 

Harkness, 1961; Kenedi, 1964) . With a curve form of this 
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type it is imperative that the load at which the modulus 

is calculated be quoted . This houever has not been 

done by many workers and their results are difficult to 

compare . 

4. Non- specific properties . 

Numerous workers have observed that skin of the 

normal individual is permanently subject to a slight 

tension (.t!.vans, CovTdry and Nielson, 1943; Dick, 1949; 

\venzel, 1949) . This tension, it is generally agreed, 

becomes less 1.-1ith advancing age . It was found to be 

greater in one direction than at right angles to it 

(Langer, 1861) . Wenzel (1949) investigated the shrinkage 

of pieces of exised skin due to the relaxation of this 

tension and found that it was greater in men than women, 

the respective values being 14% and 10 .7% . He also 

found that these reduced respectively to 6 . 3% and 8 . 2% 

when taken at right angles to the direction of principle 

tension. 

~Jenzel also reported that a piece of skin could be 

apparently •aged" by mechanical conditioning. The 

precise mechanism of this is not understood, though it 

is probably due to some f atigueing process acting on the 

wickerwork or cross links of the structure . On the 

other hand Goldzieher (1949) and Chieffie (1950) , stated 

that by the application of massive doses of hormonal 
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preparations, such as estrogen and androgen a regene­

rative process may take place, particularly in senile 

women, and produce "a more youthful type" of stress 

strain curve . 
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D. THEORETICAL APPROACHES TO THE STRUCTURE OF COLLAGEN 

Numerous theoretical approaches have been derived 

to explain the behaviour of elastomers, most of which 

originated in the rubber industry, and have been applied 

by some workers to the field of biology (Hall, 1951; 

Trelaor, 1958) . A few of the more popular systems have 

been discussed below. 

1 . Kinetic theory of elasticity. 

Wall (1942 a & b) attempted to explain the behaviour 

of rubber by co.sidering the entropy of the whole system, 

and by using statistical methods arrived at the equation:-
. 
2 

where F = force 
N = total number of 

molecules 
Boltzman' s constant 
absolute temperature 

k = 
T = 

1 
= initial length 0 

1 = extended length 

Unfortunately this method may be limited to rubber 

on account of its large extensibility, and cannot be 

expected to apply for all polymeric substances, since no 

account has been taken of intermolecular forces, or 

deformation other than free rotation effects . Hall (1951) 

found this analysis inadequate to describe collagen, 
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where elongation at r~pture is only of the order of 

25% as opposed to about 700% for rubber. 

Much work has been done (Meyer, Susich and Val'<o, 

1932; Guth and Mark, 1934; Kuhn, 1934 and 1936; Pelzer, 

1938) by applyine reasoning sL~ilar to the above at the 

molecular level. This analysis has been further deve-

loped by Frenkel (1946) who produced the following equa-

tion 

F=kT D-~ 
a2z lj 

..J 

where F = force 
a = length of chain link 
Z = number of links 
1 = length of chain 

Hall (195lb) developed this expansion:-

For a bundle of n molecular chains , we have 
-

F = nkT}31
0 2 

o L~2z -1 

Where 1 is length of chain when extended by a force 
0 

F and 
0 -

Where 11 is length of chain vlhen extended by a force 

F1 hence 
. 

(1 -1 ) - (2 - 2 ) 
l 0 (ll 10) 
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Let F = 0 then 11 - 1 - 1 the extension produced by 
o o e 

a force F1 therefore 

Fl = 
-

l 
e 

+ 21 
0 

-

1 (1 +1 ) 
o o e ••••••••••••••••• ( 3 ) 

Schmitt (1944) found that collagen fibr ils showed 

alter nate light and dark bands when examined under t he 

el ect r on microscope, and that on stretching the light 

bands extended at the expense of the dark ones . Hence 

i t does not follow that 1 in the above equation will be 
0 

equal to the total length of the unstretched fibre . Let 

1 = L a constant to be determined. 
0 

The equation now reduces to:-

F + a1 le + a2 le 
2 

+ a3 F le 

-
Where a = - n 3 + 2 

1 - -
a2z 2 c 

-- 0 ••••••••••••• (4) 

Hall found it possi ble to fit t' is equatlon by the 

method of least squar es to the curve obtained from 

collagen fibr es tested over a wide range of pH. The 

constants a1 a2 and a3 were calculated, but it i.s diffi­

cult to inte r pret the fact that a3 was found to have a 

negative sign. For thi s reason it is seen that this 
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approach is not completely adequate to descr i be the 

behaviour of collagen. 

2 . Thermodynamic analysis . 

The stress required to extend a rubber- like sub-

stance can be divided into internal energy and entropy 

components (Wiegand and Snyder, 1934; Frerucel, 1946; 

Treloar, 1958) . 

Let T = absolute temperature 
F = force to extend fibre 
1 = length of fibre 
~ = heat absorbed 
E = internal energy 
W = v10rk done by material = Fdl 

~ = entropy: d¢ = g& 
T 

irom the first l aw of thermodynamics 

dQ =dE + dW ••••••••••••••••••••• (1 ) 

And from t he second l aw 

Tel¢ = dE + dW 
- dE - Fdl •••••••••••••••• • •• ( 2 ) 

Therefore at constant t emperature 

I 

- T t) ) -
I 

••••••• • •••••••• ( .3) 

Differentiating (3) wi th respect to T we get 

'\ .: - ~'\~ '-1_i._ I () f 
.1 - -:::. - I .... -~1 - -J? Ti "' - .)" \~ T ~ . (I I .. T c.) '-' ~ ••• • •••• •• •••••• ( 4) 

Similarly, for constant length 1 from (2) 

-l . 

) ·=~ 
I - J ) \ . · . 

. (' :: I v -- -- - -I '- X 
• 

••••••••••• • •••• ( 5 ) 

•••••••• • ••••••• 0 ( 6) 
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Differentiating with respect to 1 we get 

I - ---
••.........•.. ( 7) --

' ...... ' 1\ -r <...' ~A. 

Combining (7) and (4) 

() .: 
..... - --

l --~ 
- \.. I -

c.. 2 T •••.........•• ( 8) 

i . e . Haxwell ' s identity 

combining (8) and (3) 

--
T 

' -
•••.•.•••••••• ( 9) 

The problem of \oTork done by the change of volume of 

the specimen in a hydrostatic pressure has been investi-

gated by several workers . Elliott and Lippmann (1945) 

introduced an additional term to equation (9) which became 

~ 

I • 

'­• ; F - ,- ~:f. - ;q d T A . 
t-1 ll' r 

I 
<-\ 2. v I 

where M = ext ens ion modulus 
V = volume of specimen 
P = hydrostatic pressure 
p = thermal coefficient of 

linear expansion at 
constant deformation at 

A= 
--

zero pr es sure 
anisotr opy factor 

t ' II 
.:.l~ ~--1-

!J )J - -• t~ I • 

for isotropic mater ial 
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Hm.rever Hall (1952) found this additional term to 

be very small, i . e . 10-3 for collagen fibres and there-

fore neglected it . Treloar (1958) stated this '.ras less 

than F 1 by a factor of 10- 3 - 10-4 for rubber. 

King and Lrovton (1950) introduced a term - PdV into 

equation (1) as part of the work term, but it was again 

found that this could be neglected for rubber- like 

materials, some of which exhibit isovolumetric eA~ensions 

of up to 300 per cent (Holt and McPherson, 1936) . 

Equation (9) while being a description of the pro-

cess of eA~ension is not in its most convenient form . 

Multiplying (8) by T we have 

I ~..c . 'r { - -- - --

Substituting in (9) 

~..:. \ - ; : - f.t.j' 
~7J} . JJ_ 

<.. :(f i I 

-

• • 

• 

Integrating (12) for a change of extension between 

l and l 

• L 
\ ~ -Li. --

•• 
' I '\ 

c~ -·-1 
' l '- .. 

(13) 

That is, we have an, expression giving the total ,.;ork 

done during extension f'• F.'-:... in terms of the SUL1 of 

the changes of internal energy and entropy. (The term 

, ' ' 
is a more convenient expression than T .f'- ~-• which 

c...L '" 
I 
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is equal to it) . 

Hal~ (1952) successfully applied this method to 

collagen fibres in water which had previously been 

acetone- dehydrated and suggested that the components in 

equation (13) are in the ratio of 3: 2 . 

3. A developed statistical method . 

An analysis , which is a development of a statistical 

method but for smaller extensibility, has been evolved 

for systems involving chains with independent links , 

which it is thought, may be applicable to the strkcture 

of collagen. This employed the inverse Langevin function 

(Guth and James , 1943; Hall, 1951) . 

This may be written in the form:-

where F = force 
B = constant 
A = extension ratio 1 -

a = limits extens . 1o 
0 

the inverse Langevin 
function defined by 

L (X) = coth X - l = Y -
X 

L- l (y) = X 

However, it is a difficult problem to fit such an expression 

to a curve, and it has been shown that this does not 
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completely describe the curve obtained for skin 

(Kenedi, Gibson and Da:y, 1963) . 
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111. STRUCTURE AND PfiYSIOLOGY OF SKI~ 

Human skin consists of two distinct layers , epidermis 

and dermis (plate 1) . The epidermis is external and 

subject to the adverse condit·ons of everyday life . It 

is much thinner than the dermis . Its thickness varies 

considerably with the site from which the specimen is 

taken and age and sex of the donor (McCleod and Muende, 

1946) . These two layers are sub-divided furthur . 

l . EPIDERMIS . 

Five separate layers have been described in the epi­

dermis though some of these are ill- defined and there is 

the gradual transition from one form of cells to another. 

From the external surface inwards these layers are, stratum 

corneum (horny layPr), stratum lucidum, stratum granulosum 

(granular layer), stratum Malphighii (prickle- cell layer), 

stratum germinativum (basal layer) . The stratum 

corneum varies in thickness from 0 . 02mm. on the flexor 

surfaces of the forearm to 6. 0mm. on the soles of the 

feet . It forms an effective protective barrier against 

mechanical and chemical injury and undue absorption or 

loss of water . Below this the stratum luc~dum is seen 

in section as a semi- transparent line, due to the presence 

of eleidin. The layer is best seen in the soles and 

palms . The cells of the stratum granulosum are diamond 
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shaped, and filled with gr anules, which are coarse , 

i rregular in size and shape, and strongly light refrac-

tile . The stratum Malphighii comprises squamous or 

prickle cells , which are polygonal and form a mosaic, 

becoming flattened towar1s the surface of the layer, and 

spaces traversed by intercellular bridges or prickles, 

enabling lymphatic fluid to circulate between the cells 

(Lever, 1949) . The deepest layer of the epidermis is 

the stratum germinativum and consists of columnar cells 

with their axes normal to the dermal interface . At their 

bases these cells project downward in the form of the 

tufts which are embedded in the corium. 

There are epiderma~ appendages , which although asso­

ciated with the epider~is penetrate into the dermis . 

These are the sweat glands and hair follicles . The epi­

dermal portion of the duct delivers sweat to the surface 

of the skin, and in the dermis is situated the gland part 

of the sweat or ecrine gland and a portion of the duct . 

The hair follicle passes through the epidermis deeply 

into the dermis . Sebaceous glands are present over the 

surface of the body with the exception of the palms and 

soles . From one to six sebaceous glands are grouped into 

a pilo- sebaceous follicle , which may or may not contain a 

hair . The gland consists of a number of fatty cells , 

55 



which exude an oily secretion, sebum. 

DERMIS (corium) . 

Below the epi1ermis is a much thicke~ layer of dense 

fibrous tissue , the dermis , which is responsible for the 

strength and elasticity of the skin. It is this layer 

which supports and protects the various cells and vessels 

associated with the skin. 

The dermis is nor:nally considered to consist of two 

layers (l1cCleod and i~uende , 1946) , the papillary layer 

and the deeper reticular layer which merges gradually with 

the subcutaneous tissue . 

Papillary layer . 

The papillary layer consists of a loose structure of 

collagen fibres and forms the bed for the epidermis, there 

being no separating layer between it and the basal layer . 

This junction forms the site of many pathological condi­

tions, as both parts are served by a common nutrient and 

lymphatic system. 

The papillary layer is so called because of the 

presence of papillae - conical projections which contain 

terminal capillary loops and certain nerve endings, giving 

rise to the notation vascular and sensory papillae . The 

density and size of the papillae varies from site to 

site, being greatest in t he soles and palms . It has been 
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estimated that there are as many as 100 per square milli­

metres of body surface (Or.nsby and Montgomery, 1943) . 

One or more papillae may spring from a common base , which 

is a bulbous projection into the r eticular layLr, a rete 

peg. The papillae are ar ranged in linear serLes or con­

centric whorls in certain parts of the body, and in some 

places the effect is so pronounced that it becomes visible 

to the naked eye, and forms the chara~teristic patterns of 

finger prints . 

Reticular layer . 

The reticular layer consists of a tight mesh"Yrork of 

large bundles of collagen fibr es arranged with their axes 

horizontal, there being a preponderance in the direction 

of Langer ' s lines . There i s also a small number of 

elastic fibres whi ch form a second meshwork within the 

collagenous system. The inter stices between the fibres , 

as in the papillary layer, ar e f illed with a semigel/ 

semisol mucopolysachar ide compound, knO\.rn as ground sub­

stance (Rothmen, 1953) . 

Huscle . 

Skin contains muscles the most common of which are 

the erector pili muscles which are associated with the 

hair follicle . The function is to cause the hair to 

stand erect and also to cause the sebaceous glands to 
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express their contents . They are of the non- striped 

type and terminate high in the der~is close to the epi-

derm5 . 

Blood and lymph vessels . 

The skin is provided with a vascular system for both 

blood and lymph. The larger vessels are found deep in 

the derm~s and radiate upwards in the form of branching 

caoillaries which serve the various glands and cells . 
,1; 

3. LANG~R' S LINES . 

It has been found that if the skin is pierced in 

situ with a sharpely pointed instrument the result is an 

eliptical hole rather than a circular one . This must be 

due to the fact that the tension in the skin is not the 

same in all directions . The major axis of the elipse 

corresponds to the direction of maximum tension and the 

minor axis to that of minimum tension. 

The first observation of the disparity between the 

shape of an instrW!lent and the shape of the skin vTound 

produced by it v:as made by Dupuytren (lo.-~4) . On 20th 

August, lt,Jl, he 1.o1as called to treat an attempted suicide 

at the Hotel Dieu in Paris . This attempt had been made 

with a stilletto and had r esulted in the oroduction of • 

three small precordial wounds . These wounds Dupuytren 

observed were linear not circular in shape . He was in 

some doubt whether to believe the assertions of his 



patient that the wounds were produced by a round 

bladed stilletto, or his own observations which strongly 

suggested an instrument which had a linear cutGing edge . 

He therefore performed experiments on a cadaver and 

demonstrated that wounds maie in the skin with a conical 

instrument were linear not circular in shape, and that 

the direction of these wounds differed in different parts 

of the body. 

If many such holes are pierced in the skin over the 

whole surface area of the cadaver and the major axis o~ 

the elipses joined up, a series of lines will be formed . 

These are known as Langer ' s lines (Langer, 1861) . They 

are sometimes referred to as lines of cleavage, and give 

the direction of principle tension over the surface of 

the body. The general pattern of Langer ' s lines are 

shown in figures 2 and 3 (modified from Foman, 1939) . 

Langer ' s lines are important in surgery as they form 

the preferred direction of incision. The siles of an 

incision made along the Langer ' s lines \Jill be pulled 

together, thus tending to heal more readily, resulting in 

minimal scarring. Conversely, incisions made across 

Langer ' s lines , tend to be pulled apart and heal less 

readily producing bad scars . 
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Kocher (1892) was the first surgeon to recognise 

the surgical importance of Langer ' s lines , and as a 

result of his work the Langer' s lines in certain parts 

of the body are someti~es referred to as Kocher ' s lines . 

Langer' s lines lie in the direction of mini~um 

extensibility and perpendicular to the direction in which 

the skin may be stretched most (Ormsby and Montgomery, 

1943) . It has also been shown by Cox (1942) , who carried 

out many investigations to establish accurately the 

direction of the lines, that if histological sections were 

taken both in the direction of and perpendicular to the 

lines, the fibres tended to be orientated in the direction 

of ~anger ' s lines . This accounts for the fact that skin 

is much less extensible when extended along the lines than 

across them. 

Cox also stated that Langer ' s lines coincided with 

crease lines, Jhich are visible on the su~face of the 

skin in most areas of the body. Exceptions to this 

coincidence of Langer ' s lines and crease lines were found 

in the palms, the soles, the flexor aspects of the knee 

and elbow, and the extensor aspects of the ankle . 

Cox also stated that Langer ' s lines may be demonstrated 

on a piece of skin which had been excised from the body. 

This clearly showed that the lines were a property of the 

skin itself and not the underlying tissue or the 
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lV . MATERIAL AND METHODS 

A. PR1PARATION OF SKIN FOR EXPERIMENT 

l . METEODS OF OBTAINING SKIN SAMPLES 

Both autopsy and biopsy specimens were used . The 

techniques for obtaining this material are described belm.Jo 

Autopsy S£ecimens . 

Samples of full thickness human skin were taken from 

the abdomen, back, forearm and thigh . The specimens from 

the abdomen were taken from a paramedian position in the 

epigastric region . Those from the back were taken from a 

similar position dorsally. Those from the forearm were 

taken from the volar aspect in the lateral part of the 

left limb. The upper limit of the incision was t1rm inches 

below the medial epicondyle of the humerus . Those from 

the thigh were taken from the left leg on the lateral 

aspect, the upper border of the specimen being one inch 

below the greater trochanter of the femur . 

Great care was taken in dissecting the specimen to 

ensure that it 1r1as not stretched or deformed . An incision 

with a sharp scalpel was made around the site, producing 

a specimen larger than that required for experimentation. 

The specimen was freed on its undersurface by sharp 

dissection, leaving a layer of subcutaneous fat on the skin. 

It was never held under tension to facilitate removal . 
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The direction of the sample in relation to the body 

surface was noted, so that it could be positioned with 

respect to Langer ' s lines . The specimens were obtained 

at autopsy vli thin 24 hours of death, and prepared for 

testing the same day. 

Biopsy specimens . 

Specimens were taken from the forearm of patients by 

Dr. V. \-/right . The position was the same as that for the 

autopsy material . The area was anaesthetised by infil-

tration of 2% procaine around the site from which the skin 

vias to be taken. An eliptical incision was made slightly 

wider and longer than the dimensions of the specimen 

required . A full "Lhickness skin biopsy 'I..Jas obtained, the 

same precautions against stretching being observed as with 

autopsy specimens . The wound was closed with three 

mattress sutures to prevent bleeding and superficial skin 

sutures as needed . One limitation of biopsy material is 

that the sample obtained is sufficient for only one test . 

Biopsy specimens of skin were also obtained during 

abdominal operations . This source , while proving very 

useful, had the disadvantage that specimens were taken from 

different sites according to the nature of the operation 

and so comparison of results was difficult, and the use of 

such material was finally abandoned . 
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2 . CUTTING Of SPECIMENS 

To enable a rheological analysis of the proper ties 

of skin to be carried out, i t -vras necessary to be able to 

cut the skin into strips of uniform cr oss sectional area, 

and also maintain a fair degree of reproducibility between 

any two individual samples . 

Pr eliminary experiments were carried out to investi­

gate the cutting properties of skin, and to get an 

approxi mate idea o~ the s tress strain relationships . 

Autopsy specimens were used at this stage, and a size of 

4 x 2 x 250mm. was chosen, since this was the optimum size 

f rom a biopsy point of view. 

Pa rallel blade cutter. 

Difficulties in cutting specimens of skin arose from 

the toughness of the epidermis and the plasticity oi the 

dermis, which was greatly deformed as soon as any cutting 

'o~as attempted. 

No accuracy could be achieved by cutting with a single 

blade, and a cutting die was produced of the design shown 

i n figure 4c, having two parallel blades of hardened high­

carbon steel mounted in a mild steel block, to give high 

rigidity under load. The skin was placed on a hard 

wooden surface and strips of accurate width were cut by 

pressing the cutter into i t . After carrying out tests 
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FIG . 4a 

. .­. . .. . .. 

FIG. 4 b 

SPECIMEN SECTION FOR THICK AND 

THIN SKIN 

FIG 4c 

PARALLEL BLADE CU T TER 
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on skins of vari~u. t ickne ~c~, it ' ~ noticed that the 

shape of the cro r ~ecti~n varied accor1ing to the tllck-

ne('Os, due Lo the ·c the 'hicker the skin t' e more 

it was deforned before it uas compre'"'sed suffi~iently 

fo~ the cutting ~ction to take place . • igur-es 4a and b 

illuctrate hovr the thinner ~runples of skin ,,rere not 

'rhe section o: 

the st.ric thus formed , r~s not a p0r1.'ect r""ct :1gle, due to 
• 

the fac~ tha0 it had b en di tortcd in cutting. 

For the pr~po~cd tc ts un~formity of cr~r~-~ectional 

ur ea \las reauired r.:1ther th n '1. pc.·rticular confi Guration. 

All sneci 1 en'"' v1erc therefore cut from skins v·hich had -

previouc:oly be n reduced tc a '"tando.rd thickner-s and the 

roblem of diffel' nt di ·torti :m • i th varyin~ tr lcb lCSf" \vas 

then ol::vi 'l.lvEd . 

1 he 1 te: C'ting r.:lJlel specimens, it uas found that 

it vi~s not . o'"'sitle to en~urf'> thnt there \vas exactly the 

same length betw n the jaus (i . P. the. ' gaue;e ' length) at 

ea.ch experiment . I G \·Jas necessa~J to r1. ply a correlation 

to sto.ndardis the gauge length at lcm. and so obt~in 

c~mparable res 1~~ . Standard.i A.tion formulae given in 

a,.pendix 1 . 

The parallel cutter ·ua,.. ruit ble for cutting the skin, 

tut introduced difficultier in testing the specimen. On 

mounting the test-piece in the j aun of the extensometer, 



it v1as found that even at small loads there was a tendency 

to show signs of premature rupture in the neighbourhood 

of the jaws - a phenomenon knovm as ' necking ' (Steeds, 

1951) . This resulted from the jaws crushing the fibres 

of the specimen and thus causing a weak spot . This gave 

unreliable results as it \vas not possible to kno\-T at \.Jhat 

par t i cular instance during the test necking commenced, and 

therefore hovr to compensate for it o 

Modified cutter. 

The problem of necking at the jaws is common to 

tensile testing of many materials, e . g . rubber, leather 

and metals , and has often been overcome by using specimens 

whose width increases in the region to be gripped by the 

jaws (Ewing, 1899) . In this way even if there was exten­

sive damage to the fibres by the jaws, the tendency to 

neck was eliminated, due to the r eduction in stress . 

A suitably shaped cutter (plate 2) was produced fo r 

skin, according to the B.s.s . 1910, having tvm blades 

forged from sharpened tungsten steel strip, secured para­

llel to each other in a wooden block backed by a steel 

percussion plate (see figure 5 for shape and dimensi ons) . 

This cutter vTas found to -vmrk as well as the original 

parallel blade and was used for many hundreds of specimens . 
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When using the ne\v shape of specimen, it was found 

that the distance between the j a-vrs was immaterial, and 

thus the need for length standardisation was eliminated. 

This was because it could be assumed that the extension 

took place in the narrm.J portion of the speci~en, which 

is of constant length. Any change in distance between 

the jaws was accounted for by the wider portions of the 

specimens where the extension would be negligible on 

account of the lower stress . 

3. THICKNLSS CONTROL 

As the thickness of skin varies, it was felt that 

samples should be cut to a thickness which removed all the 

sub- cutaneous fat and also part of the dermis . In this 

way, a comparable specimen consisting of the full thick­

ness of the epidermis, and part of the dermis would be 

produced. 

A microtome of the sledge variety -vras used and, being 

heavy and robust, was particularly suitable for this 

application (plate J ). It had a sharp six inch blade , 

which moved on slides in a horizontal plane, having a 

travel of about one foot . The specimen was mounted on a 

table directly under the blade, and was automatically 

raised by desired increments between l!J. and 30j.J. at each 

stroke of the blade o The table also had provision for 
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til ting in the two horizontal planes to achieve align-

ment of the specimen. 

It was not possible to cut the skin in the condition 

received from the subject due to the mobility of the 

specimen. In normal microtome work it is common prac-

tice to set the specimen in a hard wax, which penetrates 

it and forms a mat~·ix to hold the soft tissue rigidly 

while cutting. In the case of skin for rheological tests 

the use of wax was prohibited since it would not be 

possible to ensure that it had all been removed from the 

specimen after cutting and the application of hot wax to 

skin may cause irreversible changes . 

A similar problem to this was encountered by archae-

ologists in an endeavour to pr eserve waterlogged wooden 

objects from prehistoric bur ial sites in Switzerland 
. 

(Annotation , 1960) and a satisfactory ans'I.Jer was found 

using synthetic polyethylene glycol vJaxes . These waxes -

products of the petroleum industry - possess the characte-

ristic physical properties of ordinary waxes, but have the 
. 

unusual property of being soluble in water . They are 

available in a polymeric series, ranging in physical 
I 

consistency from soft materials, rather like Vaseline 

(molecular weight 600) to hard waxes similar to typical 



paraffin waxes (molecular weight 4000) . The required 

properties of the glycol for the present work were a 

melting point 30° C and the consistency of hard soap at 

room temperature . The f irst products tried were manu-

factured by Shell Chemicals Ltd . and were supplied in 

molecular weights of 600, 800, 1500, 4000. It was 

necessary to blend these to pr oduce the desired proper-

ties . Many of the mixtures had a granular structure 

and were unsuitable . A 50: 50 mixture of the glycols of 

molecular weights of 60C and 4000 fulfilled the require-

ments of melting point and consistency. 

The skin was immersed in the warmed glycol mixture, 

but on cooling the glycol did not solidify in the i~mediate 

vicinity of the specimen. I t appear ed that the water 

content of the skin was suffi cient to dissolve the glycol . 

Another compound investigated was soluble nylon, 

manufactured by I .C. I . under the name of Maranyl Cl09/ 

POV55 . This product overcame the difficulties of the 

• 
prev~ous one . It penetrated the skin and solidified 

Unfortunately, ~he compound was soluble only in 70% 

·~ 
~u o 

alcohol, which had adverse effects on the skin and so this 

product was discarded. 

Frozen specimens . 

To achieve rigidity of the specimen the effect of 
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f r eezing was studied. A piece of skin, which had 

previously been moistened with normal saline solution, 

was placed on a hard-wood block, and cooled to about 

- 10° C in a refrigerator . The freezing process was 

carried out slm-1ly over a period of 12 hours, to minimise 

the thermal strains set up in the specimen, which may 

cause breakdm-m of the structure . Although the specimen 

could be easily cut with the microtome it quickly tha"'l-Ted 

and came unstuck from the wooden block. 

Small boxes with an open top were therefore construe-

ted of various materials (figure 6) , specimens were 

placed in them, surrounded by water and frozen. Such 

boxes were placed directly on the microtome, and sliced 

down with the specimen. A much higher thermal inertia 

was automatically achieved, enabling the specimen to 

remain in the frozen state longer . 

Experiments vrith boxes made from plaster of paris, 

candle vlax and other waxes demonstrated that a wax of 
0 

melting point 56 C was the most suitable material . 

With it boxes could be produced which were hard enough to 

keep their shape, cut easily, did not crack or become 

over- hard on cooling, and were cheap, disposable and easy 

to produce accurately in large quantities . 
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The boxes were cast in a mould which could be used 

many times . They had tapered sides \..rhich assisted in 

e}...'traction from the mould, and \-Ihich pulled the box down 

squarely on to the platform of the microtome, \..rhen used 

in conjunction with tapered wedges of similar angle 

(figure 7) . 

A mould was made of glazed consolidated asbestos . 

This mould consisted of three parts, a plane bottom, a 

top having a block the shape of the inside of the box 

mounted on it, and a piece having a hole in the form of 

a truncated rectangular pyramid removed from its centre, 

to shape the sides of the box. \-lith tU.s mould the 

desired parallism and reproducibility of! 0 . 001 inch 

could be obtained. Later a more robust mould was produced 

to the same design in aluminium (plate 4) which had a much 

higher th~rmal capacity, enabling the boxes to be cast 

more rapidly. 

Prior to cutting with the microtome, the boxes were 

removed from the refrigerator and placed on a sheet of 

aluminium, which rested on a lump of solid carbon-dioxide . 

This lowered the temperature of the box to an extent that 

the skin remained frozen for the whole cutting time . 

Conditions were further improved by initially cooling the 

blade and table of the microtome with solid carbon- dioxide . 
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To overcome any tendency fo r the specimen to float 

when the saline was added, the skin was first soaked in 

saline, then placed in the box and a small amount of 

saline added (0 . 5ml . ) . The skin stuck, epidermis down-

wards, to the bottom of the box by surface tension. 

After freezing for an hour, the box was filled with saline, 

and the freezing continued. 

It was discovered that if the skin was hairy (e og. 

from the forearm of a man) the hair supported the skin 

and prevented it coming in contact with the bottom of the 
• 

box. Attempts to shave the hair from specimens removed 

from the subject were not successful and it was found best 

to shave the skin before cutting it from the body. 

"Slab cutting11 technique . 

In many experiments using autopsy samples the piece 

of skin obtained was of sufficient size to enable a con-

siderable number of specimens to be cut from it . This 

was beneficial for checking reproducibility and for 

observing the effect of changes in experimental technique, 

using some specimens as controls . 

The preparation of many specimens from a single 

piece of skin was time consuming in that for each specimen 

a w~x box had to be made, the specimen cut to size, 

mounted and cut down to thickness on the microtome . This 
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difficulty was overcome by the following method . 

A piece of consolidated asbestos 8 x ~~ x t inches, 

was mounted on the platform of the microtome (figure 8) 

and a 5/8 inch layer of hard wax Has cast on to its 

upper surface; this adhered firmly . To level the plat­

form accurately, a factor of critical importance \..rhen 

using such a large area, a thin film wa~ cut from the 

surface of the wax before use, so that it would be exactly 

parallel to the blade in \.Jidth and stroke . The platform 

was then raise j to compensate for the amount of wax 

removed (plates 5 and 6) . 

A second slab of consolidated asbestos of similar 

dimensions to the above was prepared, parallel to \vi thin 

0 .001 inches . On its surface a piece of skin was laid 

with its epidermis do\.mwards . A lovr wall of 11plasticine 11 

surrounding the skin was fixed to the asbestos (figure 9) . 

The enclosed area was filled with normal saline and the 

slab placed in the refrigerator at - 30° C for one hour . 

The slab Hi t h the skin, nmv adhering fir:nly to the 

surface, was placed on the wax slab on the microtome and 

clamped by bolts at its corners. Shaving were taken, 

cutti~g the plasticine and ice and removing excess fat 

from the skin, reducing it to a predetermined thickness 

(figure 10) . 
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When the skin was cut to the required thickness, but 

Hhile still frozen, its slab \-las removed from the micro­

tome and the specimens were cut by pressing the die through 

the skin into the asbestos . It \vas found that in 

addition to being more rapid than using \-Tax boxes there 

was less skin wasted, since specimens could be cut very 

close together . Another advantage was that several pieces 

of skin could be placed on the same slab and cut dovm 

together . 

The slab cutting method proved adv~ntageous where 

large numbers of specimens had to be prepared from a single 

piece of skin. Hm1ever, for smaller samples of skin, such 

as biopsy specimens , the wax box method proved superior 

in that more support was given to the specimen while 

cutting. 
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B. SKIN EXTENSION APPARATUS 

1 . THE INSTRON TESTI..rt 

For preliminary extension work on skin an Instron tester 

(Howard, 1960; Booth, 1961) , belongi ng to the Department of 

Textile Industries of Leeds University, was used by kind 

permission of Professor C . S. 'Whewell and Nr . W . J . Onions . 

The Instron tester is a constant rate of traverse machine 

of low inertia in which a strain gauge in a Wheatstone bridge 

cir cuit forms the bas·s of load registering device . ~he 

machine consists of tv!O main parts , one for testing the sample, 

the other for computatian of results . 

The instrument incorporates a highly sensitive electronic 

weighing system with load cells employing bonded wire strain 

gauges for detecting the tensile or comparison load applied to 

the sample under test . The pulling jaw was attached to a 

moving cross- head through a gear box Hhich provided for altera­

tions in speeds . The recorder chart was driven synchronously 

with the cross- head . A vride variety of speed ratios were 

obtainable , thus allowing a la~ge choice of sample extension 

amplification factors . The machine was supplied vri th inter­

changeable cells , which gave full scale sensitivities from 

lOOgm. to lOOkg. according to the cell . Hm·Jever, the system 

it~elf exhibited no mechanical inertia and consequently did 
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not influence the properties of the sample thr ough its 

own action. The load cell was fixed on to the upper cross­

head and the top jaws were attached to the cell spindle by 

a flexible coupling. 

When a load was applied to the cell, it caused propor­

tional change of resistance of the strain gauges, which were 

arranged in bridge circuit, and excited a stabilising 

oscillator. The circuit amplified the resulting signal, 

and incorporated a flexible means of balancing the gauges, 

so that varying wei5hts of jaws, fixtures and samples could 

be compensated for . The amplifier sensitivity was changed 

in callibrated steps of l to 5, 10, 12 and 50 . Lach cell 

provided a number of full scale load ranges . 

The zero and balance controls had different effects on 

the load weighing system. The zero knob controlled the 

recorder pen position and was not affected hy changes in 

load senfitivity through either the load selector or the 

callibration controls , but the balance controls operated the 

load cell circuit . This factor \..ras important in the 

balancing and callibration procedure . 

There was a range o ... .' chart and cross- head speeds, each 

system having its appropriate change points plus various 

gear \.Jheel combinat.:.ons . 
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Procedure for use . 

The machine was switched on to allm~ to warm up. The 

appropriate load cell was selected according to character­

istics of the specimen to be tested . The capacity of the 

cell should be greater than the expected load. If a 

choice was possible between tl.m cells, because of over­

lapping rang~s , then the higher cell was selected and used 

in its lower ranges . The coupling and j a\.J' was attached, 

and all minor switches on the recording and cross- head panels 

were checked to see that they were connected to the appro­

priate cell . The required chart and cross-head speeds 

were then selected and the gearing chosen accordingly. 

The procedure was to balance and callibrate the system. 

The load cell isolator was turned on (red light goes out) , 

the zero button was pressed and the zero control adjusted 

until the pen was at the desired zero point . When the 

button \.J'as released, it was likely that the pen \muld go off 

scale , due to the unbalance of the load cell circuit . 

Coa rse and fine balance controls were turned until the pen 

was brought back on the scale and it coincided with the 

previously adjusted zero . The load selector was set first 

at a higher range and gradually turned to the most sensitive 

range as the balance point was reached . Final balance 

adjustment was made and the load selector set at the most 
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sensitive positiono There should be no movement in the 

balance as the load selector was turned to the positions, 

provided that both the zero and balance points had been 

adjusted to be at the same point on the chart . The pen 

motor \.Jas switched off and the red light ca'lle on as the 

appropr iate callibration weight (100 grams for cell B) was 

hung from the top jaw. The red light was turned off to 

restore sensitivity to the recording SJstem and the load 

selector turned to its most sensitive position. The pen was 

adjusted by the callibration control until it was ·in the 

desired position on the chart . 

The sensi ti vi ty of the load weighing system i-Tas calli­

brated for all available ranges within its range capacity, 

as selected by the load selector switch. The callibration 

weigbt gave full scale deflection at standard load ranges . 

The desired load range was selected and the gauge len;th 

and r eturn dials set as required ; the bottom jaHs -v1ere moved 

down and stopped at the required initial distance at \-Thich 

the sample was to be ~ested . The pen motors Here then 

S\<Ti tched off (the red light went on) to red.1ce the sensi ti vi ty 

of the mechanism wllile the specimen was mounted between the 

jaws; the pen and chart motors were then turned on simulta­

neousl y and the desired stress strain curve produced on the 

recor der. 
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2 . THE SKIN EXTENSOHETER 

Preliminary v:ork on the Instron tester determined the 

general characteristics of skin, but it was found tb.at it 

was too cumbersome and not flexible enough to carry out the 

proposed test programme . A machine 1.vas therefore designed 

and constructed specifically for testing skin. 

Requirements . 

Ease of instrumentation and computation dictated a system 

using a constant rate of strain, rather than constant r ate 

of stress . 

The machine had to be capable of gripping a specimen, 

of extending it at any one of a range of constant veloci­

ties , and of indicating the resulting changes in tension, up 

to a maximum of 2kgo Automatic recording of results in the 

form of a stress strain curve would facilitate the acquiring 

of precise data, particularly at the upper end of the 

velocity range . 

A number of load r~~ges had to be pr9vided to enable 

the optimum curve configuration for analytical purposes to 

be obtained, and damping had to be adequate to .ermit 

switching f r om one ra11ge to another, \-Ti thout loss of response, 

while the test was proceeding. 

Each element of the electronic system had to be stable 

in zero and gain, 1.vi th respect to time and changes of 

temperatur e, this being achieved, if necessary, by automatic 
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stabilisation and compensation circ~its . 

An overall maximum permissible error of + 1% could -
be tolerated. 

Principle . 

In view of the small loads involved in extending a 

sample of skin an electro- mechanical (rather than me~hanical) 

system was devised . 

The specimen was mounted between two S€ts of jaws, one 

vertically above the other . The lower jat·I was mechanically 

coupled to the chart drive system of a strip chart recorder . 

Downward motion of this jaw extended the specimen by an 

amount proportionate to the motion of the chart . The upper 

jaw was suspended from the centre of a diaphragm, the 

deflection of which was directly proportional to the tension 

in the speci'llen. This deflection was amplified electro-

nically to produce a proportiona:.e deflecti')n of the 

recorder pen. 

As the extension of the specimen pro9eeded, the resultant 

increase in tension could be plotted on the chart of the 

recorder in the form of a stress strain curve . 

Extensometero 

The mechanism of the extensometer can best be appre-

ciated by examining figure 11 and plates 7, 8 and 9. 

A sturdy aluminium tube A, in the vertical position, 



accurately bored, and having a longditudinal slot B cut 

in it for part of th8 length, formed the body of the 

machine . Through the ce~t~e of the tube passed a lead 

scre1-1 C, on which ran a brass nut- block K, which was a 

sliding fit in the bore of the tube . The nut- block was 

prevented from rotating by the arm D whic:1 projected through 

the slot B and formed a mounting for the lm-Ter jaw E; thus 

as the lead screw rotated the lower jaw was moved ih a 

vertical plane and extended the specimen H. 

The upper jaw F was suspended via stirrup J fro~ the 

centre of the diaphragm G, which fitted in a circular recess 

in a projection from the body of the instrument . 

Drive system. 

Details of the drive system ar e shown in figure 12 . 

ThP- drive for the extensometer was taken from the chart 

system, \vhich in turn \oras powered by a small induction 

motor. 

The lead- screw of the extensometer was coupled to the 

secondary shaft B, which ran perpendicular to it, by a pair 

of brass spiral gears A of ratio 1: 1 . This secondary 

shaft was situated under the platform, running in two brass 

bearings, and driven by the prima~J shaft D via a system 

of change wheels E (also under the platform) at any one of 

a number of integral ratios between 16:1 and 1:16. As the 
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primary shaft revolved at 4 r evolutions per minute these 

r atios corresponded to rates of extension between 0 . 0125 

and 3 . 20 inches per minute o 

It was necessary that the drive for the prima~J shaft 

should be taken through the side of the recorder case to 

connect with the chart system. Unfortunately, a permanent 

coupling could not be made, as the whole of the chart 

mechanism was mounted on a chasis , which was hinged to 

enable it to swing out from the recorder housing for adjust­

ment and maintenance purposes . This problem \.J"as overcome 

by the use of an electromagnetic clutch, manufactured by 

Crofts Engineers Ltd . capable of transmitting a torque of 

457 oz . ins . which was calculated as being adequate for 

producing a tension of up to 2kg. at all but the highest of 

the velocity ranges . 

The clutch consisted of an annular coil F, 1..J"hich was 

mounted on the side of the recorder, housing tHo steel 

friction plates in its bore 1.-1b.ich were pulled together 

magnetically when the coil was energised. One plate G 1.vas 

fitted with splines on to the end of the primary shaft ; 

this permitted slight axial movement enabling the plates to 

engage o The other plate H was pinned to a stub shaft I 

mounted on the chart clasis . The edge of this plate had t o 

be chamfered to enable it to be Hithdravn from the coil in 

an ar c, 1.-1hen the cho.rt chasis was swung open (plate 10) . 
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Situated on the hinge side of the chart chasis was 

the chart drive system . This consisted of a small 

induction motor J which ran at constant speed, driving 

the chart roller K via a train of gears, some of which 

could be altered to give a range of chart speeds betHeen 4 

and 16 inches per minute . When used in conjunction with 

the wheels E this corresponded to a range of extension 

amplifications from 1: 1 . 25 to 1: 1280 . A second train of 

gears of fixed ratio was also powered by the motor J and 

drove the stub shaft at t he required 4 revolutions oer ... 

minute . 

With this system it was possible manually to adjust 

the initial length of the specimen in the extensometer by 

means of the knurled knob summounting the thimble and then 

on energising the clutch a drive was established between 

the extensometer and the chart drive system. 

Lead screw and micrometer head • 
• 

The accuracy of the thread on the lead screw and nut-

block was a major factor limiting the performance of the 

machine . It was necessary that these com£onents should be 

as nearly as possible free from eccentricity and backlash. 

They were therefore precision made . 

A -~- inch British Standard Fine thread \.'as cut to form 

the lead screw; this had a pitch of 0 . 05 inch. At the 
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upper end of the screw was fitted a thimble divided 

circumferentially into fifty equal graduations; thus as 

two revolutions of the screw corresponded to a movement of 

the jaw of 0 . 1 inch, each division on the thimble represen­

ted an increment of 0 . 001 inch. The thimble was spring 

loaded on to the lead scre\v and could be turned relative to 

the screw for zeroing purposes . 

Jaws . 

The jaws Here re<;uired to grip the specimen positively 

without damaging iv, to be as light as possible and to be 

resistant to corrosion. 

It was found that the most suitable type of jaws had 

two mating serrated faces . These serrations with a V 

0 
profile had an included anJle of 60 and ran across the 

face of the jaw 1..rith a pitch of 3/64 inches, and were slightly 

radiused at the peaks to prevent cutting (plate ll) . 

The jaws were made of duralumin and \.Jere pu led together 

vii th a stainless steel screw fitted \vi th a tommy- bar for 

tightening, the total vleight of each set of jaws being 

approximately 20gm. 

Botr sets of j a1...rs v:ere of similar design and difi'ered 

only in the .:..r means of at tachrnent, the top j a\.J' havin; two 

trunnions to mount on the stirrup and the lower a screHed 

stud to secure it to the nut- block arm. 
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Diaphragm. 

The diaphragm, being the centre of the load measuring 

system, was bound by critical requirements :- the deflection 

must bear a linear relationship to the load applied and on 

removal of the load must return to the exact original 

position to achieve a reproducible zero . A measureable 

deflection must be produced for loads as small as 250mg. 

while no overstraining must occur at maximum load. 

It has been shown (Timoshenko, 1954) that the deflec-

tion of a rigidly mounted diaphragm is directly proportional 

to the square of the tbick~ess and that linearity is 

attainable for deflections not exceeding 0 . 2 of the thick-

ness . 

Diaphragms of various metas were tested including steel, 

copper- berylium, duralumin and aluminium. The last oroved ... 

to be the most suitable . 

The diaphragm used for the first series of experiments 

was of the design shovm in figure 13 . It had an effective 

diameter of 0 . 75 inch~s and a thickness of 0 . 0085 inches . 

It had strain gauges bonded to it and was linear up to a 

load of 250gm. 

In later experiments the maximum required load 1.vas 

increased to 2kg. To carry ttis a diaphragm of the same 

desigh as the previous one tvas used, but the thickness \vas 

increased to 0 . 0145 inches , the deflection being measured 
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inductively. 

Load measuring system . 

In the first series of experiments the maximum 

required load was 250gm, and the deflection of the diaphragm 

was measured by the change of resistance of strain gauges 

bonded to it . Circular, foil strain gauges , described by 

Saunders Roe (1962) , were used . They had a resistance of 

30 ohms per arm (figure 14) . The advantage of such gauges 

was that a high current could be used . nowever, this 

caused heating of the gauges, necessitating the provision 

of a generous heat sink. 

The circuitry of the apparatus built is shown in 

figure 15 . The strain gauges were wired in the form of 

a Wheatstone bridge, balanced by means of a 10 o~~ variable 

resistance and fed directly into the amplifier. 

A four transistor amplifier with a gain of 200 (Mullard, 

1961) was used, arranged in a "long-tailed- pair" system to 

give improved stability. A transistor system vTas chosen, 

because it could be run from a 12 volt accumulator - a very 

stable source eliminating the need for mains smoothing and 

constant voltage control . 

OC200 silicon transistors were usel, in prefere~ce to 

more co~mon OC72 germanium type , because of the improved 

temperature characteristics . 
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The stability conditions required were so stringent, 

that in spite of all the precautions already mentioned, it 

was necessary to mbed the transistors in a large aluminium 

block of high thermal inertia. The temperature of the 
c 

block was maintained co~stant within ~ 0 . 5 C. by a control 

system shown in the lower half of figure 15 . This used 

the highly temperature sensitive OC72 transistor, embedded 

in the block, to drive a small amplifier, terminating in an 

OC35 power transistor . The output of this system vlas 

adequate to operate an 8 ohm heating coil wound round t~e 

block. 

The output of the main amplifier Has fed into a cascade 

pote.1tiometer system, the first stage of vTL.:.ch was a 50 K. 

ohm variable resistance, for calibrating purposes . The 

second stage consisted of a string of nine pre- set resistors 

having a total resistance of 25 K. ohm. Each pre- set 

resistance was adjusted to give a ra~ge reducing the ma·imum 

output by factors of l, 2, 4, 5, 10, 20, 40, 50, 100, prior 

to feeding to the recorder via a multi- position switch. 

The complete amplifier and temperature control systems 

were enclosed in a heat insulating box, which uas covered 

in earthed metal foil for screening purposes . It was also 

found nrcessary to screen all leads and batteries to eliminate 



the pick- u;- of electrical "noise" . 

The variable resi~tances , switches and also a meter 

for balancing 1-1ere mounted on a panel under the machine 

platform. 

Operation of system . 

The four systems : bridge, amplifier, recorder and 

temperature control \oTe~·e sHi tched on to \-I arm up for at least 

an hour before they were required . 

1 . The bride;e 1-1as balanced by put tine; s1.,ri tch 2 

(figure 15) in 11 BRIDG.t!.:11 position closing s1.,ritch 8 and 

opening 3. Variable rEsistance 1 was adjusted for a zero 

reading on meter 9. 

2 . The amplifier was zeroed by opening s1-1i tch 7 , 

closing 3 and setting sr . ..ri tch 2 at 11 Al~IP 11 position. A zero 

reading was again achieved by adjusting variable resistances 

10 and 4. 10 gave coarse and 4 fine control . 

3 . To calibrate the instrument switch 8 vias opened 

and 7 closed. A knoH!l weight was hung from the top jm.-l 

and with varia.ble resistance 6 in position 1 resistance 5 

was adjusted to give desired deflection on the recorJer. 

The apparatus vTas nmo~ ready for use , any slight zel'o errors 

on the recorder occurL1Z subsequently 1.·1e1·e checked with the 

fine control resistance 10. 

88 



Modified load measuring system. 

When, due to modifications of the testing procedure, 

it became necessary to increase the maximum load from 

250gm. to 2kgm. it i·laS found that the previously described 

system vras inadequate . This was because the thinnest 

diaphragm capable of supporting the load was 0 . 0145 inch 

thick, and 1-ras so stiff that the deflection for a load of 

lgm. was calculated to be only of the order of C'. OOOOl inch. 

Attempts to increase the voltage to the bridge and improve 

the amplification revealed that the range was so wide as 

to make strai~ gauges methods impracticable . 

An alternativP method of measuring small deflections 

was therefore developed using an inductive pick- up and 

measuring bridge (plates 12a, band 13) . 

Pick- up . 

The inductive displacement pick- up (figure 16) con­

sisted of a cylindrical steel casing A Hith a small protru­

ding probe K, running axially throu.;h the c~~ing . The 

probe, w"lich carried a small core H of 11 Ferroxcube 11 in the 

middle was supported by thin leaf springs J , ensuring 

constant transverse rigidity over the Hhole measuring range . 

The core moved in a non- magnetic tube affixed to the 

casing, on ivhich the 1 ri 'nary and secondary coils C and G 

i.fere wound . 
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The principle of operation was to vary the degree of 

coupling bet'\-Tecn the primary coil and the two secondary 

coils , the connections of the latter being so arranged to 

produce voltages which 'l...rere opposite in phase on feeding 

an alternative voltage to the prima~J . The differential 

voltage so produced was measu~ed by means of a suitable 

bridge . 

Brtdge . 

The measuring bridge (block diagram figure 17) consisted 

essentially of an oscillator, bridge an:l amplifier. 

The primary of the pick-up A was fed with a 4 kilo­

cycles per second supply from the oscillator G and the 

resulting output from the secondaries led to the differential 

capacitators B which were used for zeroing purposes . The 

signal then , . .rent through a pre- amplifying stage C, fitted 

111ith the range switch, and on to the output amplifier D. 

After th~ amplifying stages followed a bandpass filter F and 

a ring- demodulator E. The resulting signal was then fed to 

a microameter, used for monitoring, ,,..rhich \·JaS in parallel 

with the output terminals . 

Prior to supplying the recorder the output from the 

measuring bridge was fed to the original cascade potentio­

meters used for calibrc.ting and range SHitching. 
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Operation. 

This system, being exceptionally stable, required 

only occasional correction. Such correction was achieved 

by the alternate adjustment of the "phase" and "amplitude" 

knobs on tie front of the instrument to obtain zero readings 

on the meter . Calibration vras carried out in the same way 

as that for the original system. 

In the later syste~ an inductive pick- up was used to 

measure the deflection of the diaphragm (figure 18) . The 

pick- up unit B 1-ras mounted on a sturdy bracket protruding 

from the main column of the machine . The deflection of 

the diap.b..ragm A Has communicated to the pick-up by means 

of the lever C; this t.Jas pivott.ed at its centre to give a 

l : l displacement ratio . This lever terminated in an 

alu.mi nium pressure pad H, "'ri th a hemispherical end, resting 
I 

on the centre of the diaphragm to give a co .centrated point 

of load application. The position of the pick- up was 

adjusted relative to the machine by the nut D so that the 

plunger E was at the centre of its travel . This then 

exerted a load on the lever of 20gm. which slightly pre-

loaded the system and kept the pressure pad in contact with 

the diaphragm. 
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A second shorter lever F, also pivotted at its centre 

and electrically insulated from the rest of the machine, 

was mounted above l~ver C. The top j a\v of the machine 

\-Tas suspended from a point on this lever directly over the 

pressure pad H. The weight of the jaw (20gm) was balanced 

by a force of 25gm. supplied by the spring G at the rear of 

the lever. In tlli s way it was necessary to have a tension 

in the specimen of 5gm. before the levers came in contact; 

thus giving a load reading on the recorder and enabled a 

11 sta.ndard zero11 to be established. 

On the top of the pressure-pad H and on a point of 

lever F immediately above it was mounted a small piece of 

platinum which in the unlonded state were held 0 . 5mm. apart 

by the spring . \.Jhen a load was applied to the j a\-T the 

platinum contacts vTere dravm together and touched at 5gm. 

completing an electrical circuit fitted to an alarm mecha-

nism, to give indication that this load had been reached 

and that the test cou~l proceed. 

In normal tests the recorder was calibrated and zeroed, 

as described, with the contacts open. The skin was extended 

by turning the machine manually, until warning was given by 

the alarm. At this ooint the machine was started and the 
~ 

test carried out . 



Performance data . 

Before the extensometer was used it was necessary to 

establish that it had linear characteristics with regard 

to load. I r regularities for example, could be due to the 

fact that diaphragm was over- loaded or that some of the 

electronic circuits were out of balance o 

It is vrell knm.m that a steel spring obeys Hooke ' s 

la1- (i . e . produces a linear load extension characteristic, 

providing that it is not strained beyond ~ts elastic limit) . 

A small precision sprin5 vras tested, vThich could safely be 

loaded to 2kg. The linearity of this spring was checked 

on the Instron extensomEter, for 1.-1hich calibration curves 

are obtainable . It was found that Hi thin the range of 

0 - 1500 grams th~ s.t.ri 5 had a linear response to within 

0 . 25~' of the maximum load and could therefore for all 

practical purposes be co sidered as giving a linear resr;onse . 

The spring was then tested again on the skic extensometer . 

~he load measured by the sxtensometer Has 2~ high at the 

centre of its range (figure 19) . This error Has small and 

a calibration curve was constructed to correct results . ':'he 

adjusted values used are shown in the Table l . The perr'ol·­

mance of the machin was crecked periodically against a 

standard curve to ensure that this standard of performance 

vias maintained . As an additional check, each time before use 
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the macl ine was calibrated with a knovm mass suspended 

from the top jaw. 

LOAD ACTUAL 
AS READ LOAD GRAJ.\18 

100 100 
150 148 
200 194 
25C 244 
300 293 
.J5v 342 
400 391 
450 438 
500 488 
55v 540 
600 590 
650 640 
700 692 
750 742 
80C 792 
850 843 
900 895 
950 948 

1000 1000 

Table 1 . True and actual load values of a precision 
sprin

0 
tested on t he s~n eA~ensometer. 

94 



C. l'-1EASUREl1ENT OF STRESS STRAIX CURVES 

To simplify the measurement of the 19 ordinates used 

in the curve fitting technique described later, a machine 

was developed (plate 14) . This is shown diagramatically 

in figure 20 . 

A drum A, 9 inches diameter, was mounted axially in 

a 11Dexion11 frame on conical pivots Bl and B2 with a worm-

vJheel C attached to its shaft . A second shaft D which ran 

perpendicular to the a~ds of the drum carried a worm which 

engaged with the 1.·mrm-1-;heel . Pivot Bl was spring loaded 

in such a \>ray that the worm- wheel was pressed into mesh 

with the Horm . This also prevented back- lash and enabled 

~he gears to be pushed out of mesh so that the drum could 

revolve freely for setting up purposes . 

The shaft D \>Thich ran in brass bearings \.Jas fitted with 

a friction disc E which was faced with rubber and a handle 

H to enable the shaft to be rotated manually. A revolu-

tion counter F, \.Thich had had its first digit ring locked 

to the counter input shaft to enable tent~s of' a revolution 

to be r ecorded, was fitted t-rith a wheel I , half an inch 

diameter . This was mounted on a s~ring bracket and held 

with wheel I in contact ~ith the friction disc by means of 

a slring G. It was oossible to move the counter in the .. 

direction X ~ X so that the effective radius of the 
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friction disc could be altered to change the ratiJ of 

the system for adjustment purposes . 

As the worm, worm- wheel ratio Has 60: 1 when the fric­

tion drive ratio was adjusted to 6. 37: 1, one digit on the 

counter corresponded to a movement at the surface of the 

drum of 0 . 003 inches . ~.Jhen a stress strain chart was 

\·Trapped round the drum this represented an extension of 

0 . 0001 inches (chart magnified extension tt.irty times) . 

A perspex sheet J vJith a fine black line engraved in 

it \vas mounted against the surface of the drum. \-lhen the 

chart was mounted \oii th a selected datum coinciding \oli th 

the engraved line, rotation of the handle caused the chart 

to move until a section of the curve passed the line and 

the length of the correspo~ding ordinate was read directly 

from the counter . 
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D. DETEREINATION OF PERCENTAGE OF COLLAGEN IN SKir 

1 . SKIN PREPARA~ION 

Prior to determining the amount of collagen the dry 

weight of the specimen '\.Jas measured . It was found that 

by drying in an oven, a steady state could not be achieved 
0 

even after 100 hours at 60 Co - higher temperatures could 

not be used because of the thermal s1rinkage of collagen at 

() 

65 ~ (Akeson, 1963) . This was due to the fat content of 

the skin, even though all the loose fat had been removed . 

Various solvents were used to defat the skin before drjing 

but they failed to have the necessary penetration. 1-lincing 

and grinding \Jere used to break doun the skin but these 

proved unsatisfactory mo~ing to the size of the specimen. 

A successful method was finally evolved in vlhich the 

specimen was placed in liquid nitr ogen, contained in a 
c, 

large Dewar flask and cooled to nearly - 200 C. On 

removal the skin was "glass hard" and in a form '·Thich could 

readily be crushed by means of a crusher specially 

developed to prevent shattering and consequent loss of 

materialo 

Skin crusher . 

The crusher was made of stair~ess steel throughout to 

the design shm-m in figure 21 and plate 15 . It consisted 

of thr ee main parts :- a collarB, a plunger A and an anvil Co 
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The plunger and the anvil fitted inGo the collar, the 

anvil being retained by the pin D. It was found necess-

ary to have a 0 . 00611 clearance in the bore of the collar 

to prevent seizure when shrinkage took olace in the nitro-... 

gen . 
• 

To reduce the heat equivalent of the crusher in 

order to conserve nitrogen, the plunger was made of a tube 

with capped ends, and the anvil had a recessed base . 

The crusher was used as follows :- the anvil was 

secured in the collar by ~eans of a pin, and a srecimen of 

skin olaced in the collar and the plunger inser~ed . The 
• 

two liGht springs E v1ere hooked on the pin D to hold the 

parts together . It i.Jas found advantabeous to pre- cool 

the crusher by standing it in the nitrogen before placing 

a specimen in it . This cause the skin to be lightly 

frozen before the plunger was inserted, so that tl-te 

pressure of the springs wouilid not flatten the skin and 

prevent the optimum crushing effect (t' is was not necessary 

after the first specimen had been cu~, as the crusher was 

still cold from its previous immersion) . When the crusher 

vTas assembled, it was placed in t. e nitrogen untiJ all 

boiling had ceased. On removal it 1·TaS placed on a solid 

metal base and the specimen forcibly compressed. This 

reduced the skin to a finely divided form . 
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Water and fat were then removed by leaving in a 

test tube of acetone overnight . The follovJing morning 

the acetone was changed and the tubes shaken vigorously 

for 15 minutes in a mechanical shaker, after which the 

acetone was changed and the tubes again shaken. 

2 . BIOCHEMICAL METHOD 

The percentage of collagen in the specimens was 

determined by a modific~tion of the ~euman and Logan method 

(1950) introduced by Woessner (1961) . It dependend on 

determination of percentage of hydroxyproline in the 

specimen. 

Reagents . 

Hydroxyproline standard. 

A stock solution was prepared by dissolving 25mg. 

of L - hydro~Jproline in 250ml. of O. OOlN HCl . 

Buffer . 

Citric acid monohydrate 50gm. 

Glacial acetic acid 12ml. 

Sodium acetate trihydrate 120gm. 

Sodium hydroxide 34gm. 

Distilled water to make up lOOOml . 

The pH was carefully adjusted to 6. 0 and the buffer 

was stored in the refrigerator under toluene . 
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Per chloric acid . 

27ml . of 72~~ perchloric aci i diluted to lCJOml . 

\ .Ji th distilled water. 

Hethyl cellosolve . 

2 - methoxy- ethanol 

The following were prepared shortl y befor e use : ­

Chloramine T. 

l . 4lgm. chloramine T vras dissolved in 20rn1 . water 
' 

30ml. methyl cellosolve was added along vrith 50m1 . 

buffer . The pr eparation was kept in a glass 

stopper ed flask. 

P- Dimethylaminobenzaldehyde . 

A 20% solution \-J'lS prepared by adding methyl cello­

solve to 20gm. of P- dimethylaminobenaaldehyde to a 

final volume of lOOml . This could be warmed to 

60° C. in a water bath to facilitate solubalisati on. 

Method. 

Prior to crushing specimens were removed from the 

storage bottles of frozen saline and placed on filte r paper 

to remove the surplus water . The wet weight was deter­

mined. The dry weight 1-1as estimated as descr ibed 

previously. 

Fortions of dried, de- fatted skin were wei hed out to 

as near lOmg. as possible and the exact weight noted . 
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Each specimen was placed in a small test tube and lml . of 

6N HCl added . The tubes 'ltTere then sealed and placed in 

0 

an oven at 105 C. for 48 hours, after vrhich the tubes were 

opened and the contents decanted into a measurin6 cylinder. 

The tubes were washed thoroughly with distilled water and 

the washings added to the hydrolysate . A few drops of 

0 . 02% methyl red were added and tren the amount of 2N ~aOH 

calculated to neut ralise lml . of 6N HCl . The pH was 

carefully adjusted with dilute hCl and NaOH until the 

indicator turned slightly yellow, showing a pH value of 

6. 7 . Distilled \-Tater was then added to make up a volume 

of 25ml. lml . of this oreoaration was taken and transferred .. .. 

to a volumetric flask and made up to 25ml. l.J'i th distilled 

\-Tater . For the test 2ml . of this dilution was placed in 

a test tube . 

A series of st~ndard~ containing 0 to 5 ~gm / 2ml . 

were prepared from the stock solution by dilutino ·Hith 

distilled water . 

Hydroxyproline oxidation was initiated by adding lml . 

chloramine T to each tube in a predetermined sequence . 

The tube contents were mixed by shaking a fevr times and 

then allowed to stand for 20 minutes at room temperature . 

The chloramine T was then destroyed by adding lml . of 

perchloric acid to each tube in the same order as before . 
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The contents were mixed and allowed to stand for 5 

minutes and finally lml . of P- dimethylaminotenzaldehyde 

solution was added and the mixture shaken until no 

schlieren was visible. The tubes were placed in a water 

0 
bath at 60 C. for 20 minutes and then cooled in tap 

water for 5 minutes . The developed colour thus formed 

was stable for at least 1 hour . The light absorbency of 

the solution in the tubes, which i..J'aS proportional to the 

concentration of hydroA7proline in the original specimens , 

was measured using a spect.ro- photometer at a \vave length 

of 557rnf.!. . The concentrations of hydroxyproline Here then 

determined directly from the c :ibration curve draym from 

the standard values . 

Calculations . 

Dry skin contains a.proximately ?~o collagen dry 

weight (Rothman, 1953) and collagen is known to contain 

15% hydroxyproline (vowes et al, 1955):-

.1. • lOmg. of skin conva~1s 15 X 70 X 1000 X 10 
100 X 100 

= 1050 f.J.gm . hydr oA7Proline 
approx . 

-After neutralisation the hydrolysate YTas diluted to 

625ml., to obtain a 2ml . sample containing 3- 4 f.J.gm . 

hydroAyprolir-e in oraer that the optimum secti~n of the 

calibration curves could be used . The hydroxyproline 
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concentration was a proxim~tely 3.36 ~gm / 2ml . 

Standards . 

The stock standard solution contained 10! 1g . of 

hydro~7Proline per lOOml., that is 100 ~gm/ml . Thus if 

2 . 5~1 . of this was diluted to lOOml . the solution contained 

5 ~gm/2ml . and standards were made up accordingly . 

Accuracy test of method . 

In order to c.Leck the accuracy of the method, a 

specimen of gelatin, which had been accurately assayed in 

the Leather Department of Leeds University by Nr. C .H. 

Pearson, using the method of Leach (1960) , was obtained 

and tested. 

Approximately lgm. oi gelatin crystals were placed in 

a 2~ inch platinum crucible and sufficient warm distilled 

water added to dissolve them. The cruc~Lle was then 

placed in an oven at 105° C. and a thin film of gelatin 

( v.Jhich could be dried more readily than the crystals) was 

produced on the bottom of the crucible . It \·las dried to 

constant weight and the percentage hydroxyproline deter­

mined . 

When the test had been completed the ash content of 

the gelatin was determined in order that the percentage 

hydroxyproline could be given on a dry ash- free b~si[ . 

The assay of gelatin given with the sample from the 

laboratory of its source w~s 14.4% hydroxyproline . The 
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value derived by the above experiment was 14 . 0~, which, 

when differences of exrerimental technique are taken into 

account, is an acceptable result . 

Gener al experimental procedure . 

A number of specimens of skin were frozen, crushed 

and de- fatted in acetone . After drying at 55° C. these 

were placed in stoppered test tubes and kept until 

required . Each specimen was tested in duplicate . It was 

found that the optimum number of specimens which could be 

treated satisfactorily at once was five , givi~g twelve 

tubes in all, including t he two standards . 
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V. RESULTS 

A. GENERAL RHEOLOGICAL PROPERTIES OF SKIN 

1 . Normal stress strain curve . 

It was found that if a specimen of skin vras extended 

at a constant rate in the extensometer, a curve o: the 

form shown in figure 22 was produced, where the vertical 

axis represents the extension and the horizontal the load 

applied . It is seen that initially a considerable exten-

sion was produced by a small load, but as the process con-

tinued the skin became more resistant, requiring a consid-

erable increase in load to produce further extension. 

This was the reverse of what was found for tests carried. 

out on strips of the plastic, polythene (figure 23) , which 

is seen to be initially stiff, becoming more extensible 

at higher loads . 

The extension of skin has been found to fall into two 

clearly defined modes, described by different mathematical 

equations . The initial stage corresponding to the fibre 

orientation obeyed the law 

E = a + b log L 

where E = extension 
L = load 

a & b = constants 

The second stage corresponds to fibre extension and is 

described by the equation 
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where E = 
L = 

• • enenslon 
load 

c, k & b = constants 

The mathematical significance of these equations is 

discussed in detail later (section V. B) . 

2. Yielding. 

If the extending process was continued, the specimen 

eventually yielded and the stress strain plot was of the 

form shown in figure 24. It is seen that the line 

gr adually became steeper and then eventually turned and 

began to r eturn to the extension axis as the load fell off. 

This is of interest, because it demonstrated that the 

specimen did not rupture suddenly but underwent a gradual 

yielding process , suggesting that at some point the 

individual fibres began to slip over one another, probably 

due to the breakdovm of friction or bonds between them. 

Specimens were usually found to yield about their mid-

point in the load range 1, 000 to 2, 000 ~rams . In a few 

exceptional cases yielding occurred considerably belm..r 

this and was found to be due to severe local damage to 

specimens by the jaws of the machine . This effect vras 

reduced by the adoption of the dumbell shaped specimen. 

3. Permanent set . 

If a specimen was tested in the normal way to a poj_nt 

considerably before yielding and the extending mechanism 
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reversed so that the jaws of the machine were brought 

together again at a constant rate, a graph of the form 

shown in figure 25 was produced. The section of the 

curve A B represents the normal extension process . This 

was reversed slightly in excess of 200 grams , and the 

return curve B C was produced. It is seen that this was 

less steep than the extension curve, resulting from the 

fact that when the load had been returned to zero there 

was still an appr eciable extension A C remaining . This 

phenomenon is known as permanent set and represents some 

form of irreversible change in the s~cimen. 

4. Progressive l9ad cycling. 

When a piece of skin was subject to a small extension, 

e . go 2. lmm. (point l on figure 26) , and then the extenso­

meter was reversed until the load came back to zero, a 

small amount of permanent set r emained, as described above . 

When the specimen was extended again from this point of 

zero load to 3 . 8mm. (point 2 on figure 26) it is seen that 

when the extension was sonewhat greater than on the first 

occasion its course was ultimately the same as that which 

would have been adopted by the first extension had it 

continued up to this point . This process could be 

repeated any number of times, for example to 5 . 3mm. 

1 0 ~ 
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(point 3 on figure 26) , provided that each successive 

extension was gr eater than the previous one . The fact 

that the composite curve built up from extension and 

relaxation cycles '"as the same as that which would have 

been adopted by a single initial large extension may be 

demonstrated by plotting the results of the experiment 

on semi- log paper (figure 27) . It is seen that the 

second and third ext ension cycles produced curves which 

became tangential to the projection of the line produced 

for the first cycle . This has also been demonstrated for 

various textile fibres (Neredith, 1956 and 1958) . 

5. Progressive pulsatile loading. 

Figure 28 shm·TS the resu: t of extending at a normal 

rate with the eA~ending mechanism switched off for nine 

seconds in every ten . This was achieved by using a cam 

which operated a microswitch connected to the chart drive 

motor . It was shovm that the shape of the curve was the 

same as that of a specimen extended in the normal way, 

demonstrating that the constants in the equation are purely 

dependent on the rate of extension, but independent of 

the manner in which the extension is carried outl Figure 

29 shm.rs a magnified portion of this stress strain curve 

obtained. The extension was stopped at point b and the 
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load r elaxed to point C in nine seconds . The extenso-

meter was then turned on for one second, and the curve 

C E was produced. It is seen that D E represented a 

further section of the major curve . C D however does not 

l ie on the main curve, and is seen to have a lower gradient, 

indicating that during this period the specimen demonstrated 

greater sti;fness . 

6. Str ess relaxation. 

Fi gure 30 shows the effect of extending a specimen in 

the normal way to a value B. At this point, the magnetic 

clutch was turned off, so that extension ceased but the 

chart drive system continued to operate . In this way the 

stress relaxation curve B C was plotted as the load 

diminished with time . It is seen that initially the load 

decreased rapidly, but as time progressed it reached an 

almost steady value . The mathematical function character-

ising this curve was 

E = c + d log t 

7 . Stress recove£Y. 

where E = extension 
d & c = constants 

t = time (sees) 

Skin was found to demonstrate appreciable stress 

recovery. Figure 31 shows the curve for a piece of skin 
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which had been subject t~ stress r elaxation for 62 seconds . 

A sudden reduction of extension produced a fall in load 

f rom 75gm. to 39gm. and then recovei'y to 46gm. A further 

decrease in extension after a delay of 25 seconds resulted 

in a fall to 20gm. 1trhich recovered to 26gm. This is a 

property which is characteristic of many elastomers . 

8 . Rate of extension. 

Tests were carried out to investigate the effect of 

changing the r ate of extension of a specimen. A large 

piece of female abdominal skin was cut into 30 specimens . 

Half of these were mounted and tested at the normal rate 

of 0 . 2 inches per minute , while the other half 1.-rere tested 

at 0. 05 inches per minute . The specimens tested at the 

normal r ate of extension gave an average value for b of 

0 . 28 1t1hile those tested at the lm.rer rate gave an average 

value of 0 . 20 . It is thus seen that the value of b is 

highly dependent on the rate of extension and that the 

effect of lowering the rate of extension was to lmver the 

val~e of b by 28. 6% . 

' 9. The directional effects of Langer ' s lines . 

The direction of L~nger ' s lines as stated by Cox (1942) 

was verified by use of an a\vl with a stainless steel point 

3/16 inch diameter (plate 16) . A number of circular holes 

were made with the awl in a cadaver . They were made in 

109 



PLATE 16. 1 
ll 

rc 1 to d m 
,... "'n:i inch 
' 

<">trate L 
square ink t. 

,., 
• 

• 



• 

• 
• 

~·~------~----------~·~~~=n-



~--1----t----+-~~--_Jo 0> \ 

~---T-----r--+-+---~----~ ~ ,..... 

0 
0 

0 
co 

\ 

0 0 
<D ~ 

CUJ 0 ) G'VOl 

0 
(\1 

0 

0 
<0 

-• 

cl) 

u 
G> 
cl) -
-

-M 
• 

<!) -
lJ... 

>-cr 
w 
> 
0 
u 
w 
0:: 

(/) 
(/) 

w 
0:: 
..... 
(/) 



abdominal skin in the left hypochondrium and in the skin 

of the forearm . It can be seen that these holes 

assumed an eliptical shape . Plate 17 shows the effect 

of a number of these holes in the abdominal skin and plate 

18 shows the effect of this more clearly in the skin of 

the forearm . Particular attention was paid to obtaining 

an accurate direction for the sites from which skin 

samples were taken. It has been sho\vn that the direction 

of Langer ' s lines was well defined and constant for these 

particular sites . 

An interesting modern parallel to the historic 

findings of Dupuytren (1834) , who observed that the wound 

produced by a circular stiletto assumed a linear config­

uration suggesting it had been made with a bladed instru­

ment , has been noted in an autopsy performed by 

Dr . P .N. Cowen in the mortuary of the General Infirmarf 

at Leeds . 

A patient was admitted to the hospital following a 

motor-car accident . The only injuries appeared to be a 

lacerated knee and a 2cm. cut on the chest (plate 19) . 

The patient died within two hours . Enquiry revealed that 

the patient had been a passenger in the car, and that on 

impact, had been thrown fon~ard on to the gear lever, 

which was of the column change type . The knob, which was 

circular had penetrated the chest, producing whAt was 
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first thought to be a cut, rather than circular wound . 

Tests were carried out to investigate the effect of . 

the direction in which the specimens were cut relative to 

Langer 1 s lines . A large piece of abdominal skin was 

obtained and numerous samples cut along and across the 

direction of Langer ' s lines . These were tested in the 

normal \vay on the extensometer. It was observed from the 

stress strain curves that the extension for a given load 

for specimens across Langer 1 s lines \olas approximately twice 

that for specimens cut along the lines . The values of 

the constants were calculated (T~ble 2) and it was found 

that for the two directions the value of b was identical . 

However, the values of k and c differed. 

Female abdominal (88) l k b 

along 0.451 0.43 0.16 
across 0.44 0. 64 0.16 

- -
Male abdominal (44) 

along 0. 68 0.36 0.38 
across 0. 69 0. 62 0. 37 

- - r-

Female forearm (68) 

along 0. 68 0. 52 0.40 
across 0. 69 0. 63 0.41 

Male forearm (77) 

along 0. 64 0.40 0. 39 
across 0. 61 0. 69 0.39 

Table 2. Rheological constants along and across Langer' s 
lines for the abdominal skin of hvo subject,s and the forearm 
sldn of two sutj ects . The age is sho\om in parenthesis. 
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This directional effect is clearly seen in figure 32 

which shows results from the two directions plotted with 

the axes of log extension and log load. 

It is seen that the two lines are parallel and con-

sequently have the same gradient, indicating the same 

value of b . However the results from the specimens across 

Langer ' s lines produced the higher line, indicating a 

larger value of k . 

10 . Comparison of autopsy and biopsy specimens . 

Of the specimens tested most vrere obtained at autopsy. 

This had the advantage that they could be taken from the 

exact position required. Some biopsy material vras used 

which had been obtained from abdominal operations . 

This had the disadvantage that the position and 

direction varied with the nature of the operation. 

It was however shown that once compensation had been 

made for the direcGion in which the specimen ,.,as cut viithin 

a given area, similar results were obtained from both 

autopsy and biopsy material. Table 3 shows the comparison 

of results obtained from abdominal skin obtained from a 52 

year old man undergoing a laparotomy with the mean results 

obtained from autopsy material for a similar site and age . 

1 k b 

biopsy 0 .70 0.45 0. 34 
autopsy 0 . 68 0.43 0.35 
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Table 3. Rheological constants obtained from specimens 
of abdominal skin in tvJO mer'l age 52 years obtained at 
operation and autopsy respectively. 
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11. Effect of freezing and length of storage . 

Tests were carried out to investigate the effect of 

freezing on the properties of skin. A large piece of 

abdominal skin was taken at autopsy from a woman age 54 

years . This was divided into twenty two specimens, half 

were cut along the direction of Langer ' s lines and half 

were cut across . Approximately half of each group was 

taken and tested while the other half were frozen in the 

normal way for t\.Jelve hours, and then tested. The values 

of the constants were not altered by freezing (Table 4) . 

In a further experiment fourteen specimens were 

prepared in the normal way from the abdominal skin of a 

59 year old mano 

1 k b 

Frozen along 0.62 0 .48 0 .40 
across 0. 64 0. 67 0 .39 

Unfrozen along Oo61 0. 48 0.40 
across 0 .62 0.70 0. 40 

Table 4. 
constants 
abdominal 

The effect of freezing on the rheolgical 
along and across Langer' s lines for the 
skin of a 54 year old vroman. 

Half of these were tested and the other half re- frozen for 

twelve hours and then tested. The mean results obtained 

after the first freezing were similar to those after the 
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second (Table 5) . 

1 k b 

Frozen once 0 . 60 0 . 28 0 . 29 
Frozen t\.,rice 0 . 63 0 . 29 0. 28 

Table 5. Effect of a second freezing on the 
rheological constants of abdominal skin from a 59 
year old man . 

0 
At a storage temperature of - 10 C~the skin began to 

deteriorate after a period of about 48 hours . This is 

demonstrated by the fact that after this period the skin 

was much more extensible and usually yielded prematurely. 

It was found however, that skin could be kept for much 

longer periods if stored at a low~ r temperature of about 

(; 

- 50 c. Specimens yielded normal results after as long 

as 90 hours under these conditions . This was the longest 

period for whichspecimens were kept . 
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B. TESTS ON RAT TAIL TENDON 

Rat tail tendons form a useful source of collagen 

fibres and this material ·Has used to determine the mecha-

nical proper ties of pure collagen fibres vihich are known 

to be orientated. This work is of value in investigating 

the problems of the structure of skin since once the 

properties of collagen are known its effects may be con-

sidered in relation to other components of skin. 

For the tests tails were obtained from adult albino 

rats . The tails were stored under saline at room tempera-

ture until required for use, but 1.-rere ah1ays tested within 

six hours of amputation. The tip of the tail was removed 

and collagen fibres obtained from the remaining portion 

with forceps . The fibres were usually 1.-rithdravm in bundles 

which could easily be split . 

The fibres were mounted bet1.-reen the jaws of the 

extensometer with small pieces of chamois leather wrapped 

round their ends to orevent damage by the serrations of the 
• 

jaws . The fibres were extended at a constant rate under 

saline and a typical stress strain curve is shown in 

figure 33 . It was found that the power laH of the form 

E = kLb 

characterised the stress strain curve . 

Tests were carried out to investigate the effect of 
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f r eezing on the properties of rat tail tendon collagen 

fibres . A fibre was selected, mounted in the extensometer 

under saline, and extension applied at the rate of 8 inches 

per minute until a load of about 50gm. had been produced, 

this being approximately half the maximum load that the 

fibre was expected to carry. At this stage the extenso-

meter was reversed, and run back to the initial position. 

The jaws were then removed from the extensometer 1rri th the 

fibre still mounted between them, placed in a beaker of 

c 
saline and frozen at - 10 C. for 24 hours . The jaws were 

then remounted in the extensometer and the test resumed to 

the point of rupture . 

On plotting the results on log graph paper it was 

shmm that the line prod;. ced from the second test became 

tangential with that of the first test (figure 34) . As 

indicated in the section on progressive loading (V. A. 4) 

this demonstrated that the rheolo5ical characteristics of 

the specimen 1·Tere not affected by freezing . 
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C. l-1ECHANIS:tv~ AND CHARACT1RISATION OF EXTENSION OF SKIN. 

Skin consists of a fibrillar meshwork of collagen and 

elastin surrounded by a gelatinous compound, consisting of 

polysaccharides, known as ground substance. The fibres 

may be seen microscopically to be of considerable length, 

frequently splitting or joining up into other fibres . This 

is similar to the structure of felt , discussed by Baines 

(1953) . 

Plate 20 shows a histological section taken from one 

of the specimens used in tQis study, stained by the 

Mallory method (appendix 2) . This is the same technique 

as that used by Kenedi (1964b) . It has been shovm for 

skin (Rothman, 1953) that there is approximately twenty 

times more collagen than elastin by \o~eight and its tensile 

strength is greater by a factor of about one hundred 

(Krafka, 1942) . The effect of elastin on the more highly 

loaded part of the stress strain curve will therefore be 

negligible . In this part of the curve skin, for mathema­

tical purposes , has been considered as a collagenous mesh­

work surrounded by viscous ground substance . 

The extension of a piece of skin f alls into two 

clearly defined modes:-

1 . Aligning or orientation of the fibres 

2 . Extension of fibres 
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1 . FIBRE ORIENTATION 

In this instance the extension of a mesht.Jork is con-

sidered, being analogous to the work carried out by 

Weisenberg (1949) and Shorter and Weisenberg (1949) who 

investigated the results of testing specimens of cloth 

cut at various angles with respect to the warp. In the 

case of skin it was assumed that the fibres do not extend 

during this stage but will behave as the laths in a garden 

trellis and will turn to become parallel with the direction 

of extension. 

Histological examination of specimens before and after 

loading showed that the fibres do indeed become orientated 

in this ,.,ay (plates 2l a and b) . 

With specimens of skin of the type used in the present 

experiments these conditions prevailed up to a load of 

about 100 grams (figure 35) and the la-r.-1 

E == a • b log L 

where a and b - constants 
E == e:.tension 
1 == load 

was found to apply well over all but the lowest portion of 

this range . The constants could be deducr-d by taking the 

gradient and intercept of the line produced by plotting the 

results on semi-logarithmic graph paper (fieure 36) . 
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2. EXTENSION OF FIBRES 

The second stage of extension co~~enced at the point 

where all the fibres had become orientated in the direction 

of the pull, but may still be considered to be unstretched. 

Thus the specimen at th~s point consisted of many parallel 

and straightened fibres which were in the unloaded stage . 

Within the load range from approximately 100 grams to a 

point just prior to the commencement of yielding (usually 

in excess of 1000 grams) it obeyed the law 

E = k Lb 

where E = extension 
1 = load 

k & b = constants 

This equation is verified by plotting the results from 

the stress strain curve on double logarithmic graph paper, 

where k is represented by the intercept and b the gr~dient 

(figure 37) . 

Since the specimens at th· s stage t-Iere effectively 

orientated collagen fibres , this prompted the investigation 

of the characteristics of pure collagen procured from a 

different source . The studies of collagen from the tendons 

of rat tails have been described in the previous section. 

The stress strain curve was found to be characterised by a 

po\-Ier function of the same form as :fbr skin in the second 

stage of extension. 

119 



11 

\ 

\ 

.\ 

' ' \ 
' 

\ 

\ 

~ • 
• 

0 
0 

('SU!} NOISN31X3 

. 

0 
• 

0 

-
8~ 
l()0 

_J 

0 
0 
'f"'-

0 
tO 

0 
'f"'-

tO 

z 
w 
~ 
0 
a 
m 
<( 

w 
_J 
<( 

2: 
0:: 
<( 
w 
>-
<0 
<0 



3. I NFLUENCE OF' DIMENSIONS OF SPECifviEN . 

Area. 

This area is the cross- sectional area of the specimen 

which when divided into the load gave the str ess, 

i . e . load= stress (gm / sq . cm.) 
area 

We will consider some ideal specimen of unit area and 

standard length vrhich obeys the lat.r:­

E = Lb 

throughout its complete range (figure 38) . If now the area 

of such a specimen is changed by a factor ' n ' a load of nL 

will be required to produce the extension which could 

previously have been achieved vii th a load of 1 . This may be 

considered analogous to having n specimens of unit area in 

parallel. Thus the equation of the curve produced by such 

a system is 

n 

ioe o if the area is altered by a factor n the extension is 

modified by a factor ~ for any given load. -
b 

n 

If the result is nm.r plotted next to the original one 

on log paper it is seen that there are tHo parallel lines , 

of gradient b, but that the second is shifted horizontally 

from the first by a factor n (figure 39) . 
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Length . 

If the ideal specimen is considered again, it is 

seen t~at if the l ength of the speci~en is altered by a 
• 

fac·to r 1 a 1 the extension will also be altered by this 

factor. This may be compared '\vi th a system having ' a ' 

specimens in series subjected to a load L. The resulting 

equation will be of the fo~m 

E = a (L) b 

If this result is plotted on the log paper and comp-

ared with the original equation, it is seen that again 

two parallel lines of gradient b are obtained, but that in 

this case a vertical shift of a is obtained (figure 39) . 

Combining the t'\·JO results for length and area, the original 

equation becomes modified to 

E = 

Application. 

b · 
L 

a -·n 

1. The index b is independent of the dimensions of 

the specimen, thus if we are only interested in values of 

b dimensional inaccuraci s are ubi~portant . 

2o If we require a more fundamental analysis , we may 

compensate for known variations of speci~en size . 

3. If soecimens of identical size are used n will .. 

give information about the relative area of collagen fibres 

under stress and, in the case of two specimens cut at 90c 
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to each other f r om the same piece of skin, n will give 

an indication of the degree of orientation with regard to 

Langer ' s lines . 

4. EVALUATION Ol CONSTANTS 

In this analysis the following notation will be used . 

D = fibre density normal to the direction o~ or'entation 

1 = length of speci~en as cut 

W width of specimen as cut 

/J = the mean ori ntati~n angle - an.;le bet\.reen mean 
direction of fibres and Langer ' s lines 

a
11 

= length of orientated unstretched fibre parallel 
to Langer ' s lines 

a~ = length of orientated unstretched fibre normal to 
Langer ' s lines 

n,
1 

number oi fibres in specimen parallel to direction 
of Langer ' s lines 

nt = number of fibres in speci~en nor~al to direction 
of Langer ' s lines 

Figu~e 40a shows the assumed fibre pattern for a 

specimen which is cut normal to the direction of Langer' s 

lines . It can be seen that this is in the form of a trellis 

which is to be pulled in the direction of the arrows . 

If we consider one parallelogram (figure 40b) of semi-

angle /J and wid0h X in the direction of pull it can be seen 

that t' is -vrill extend 1-1hen all the links are 
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parallel to each other in the direction of pull . Simi-

larly if n such parallelograms are put in series the total 

length will be nX and they will extend to nX 
sin~ • 

Returning to the specinen let nX = ~ and we see that the 

specLrnen extends to ) 
sin f1 

a= l_ .......................... (1) 
sin f1 

The number of fibres in the specimen which may be 

assumed to become parallel to each other and therefore are 

involved in carrying load during extension is equivalent to 

the number of fibres terminating at the end of a specimen 

of given width \l (figure 4la) 

n -- l,m s;n rf, f'll) ..... ;:; ••••••• 

There exists however a second set o: fibres running 

across the speci~en as in figure 4lb and therefore the 

!total number of ends involved will be 

n = 2 1D sin '/J ••••••••••••••••••• ( 2) 

For a specimen cut and extended in the direction 

parallel to Langer ' s lines similar reasoning to the above 

uill produce the results 

-a- ----
cos (J ••••••••••••••••••••••• ( 3) 

n = 2 WD cos~ ••••••••••••••••••• (4) 
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combining (1) and (3 ) 

a= - ·· 
a ..... 

R X 
cos fJ 

sin ,¢ 
( 

a , = tan 0 ••••••••.••.•••.....•.•••••.•.• ( 5) 
a..L 

combining (2 ) and (4) 

n,.= 2 WD cos -
n .L 2 WD sin 

n
1
= R •••••••••••••••••••••••••••••• ( 6) 

~~ tan /J 

from (5) and (6) 

now let 

a ,= n.L ••••••••••••••••••••••••••••••••• (?) _, -
a.!. n ,1 

k =a -
b 

n 

k = a,, and 
,, - b 

n ., 

k == a 
.!.. l -

b 
n...~.. 

.!f.L= a 11 X n~, = ~0 
k 

11 
b a ., a,, 

n...L-

b 
(~) 
n, -

using equation (7) 

.& == n .. x (fk) b == Cr!.J!) b+ 1 

k,, nL n~ nL 

therefore from (t) 

k == L 

k 
II 

l 
tan~ 

+1 •••..•.•.••••.••.•••••••••••• ( 8) 

Nmr k k, and b will be known from the solution of ,, -
the results of tvro specimens cut from the same site but with 
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their dir ections along and across Langer ' s lines . Thus 

equation (8 ) may novl be applied and the value of /J (mean 

orientation angle) may be found . Thence by the applica-

tion of equati ons ( 5) and ( 6) the ratios ni~and a , can be - -· 
ni. a.L 

deduced. Alter natively, application of equations (1) and 

( 3) will give absolute values of a1,6. a.l- As the curve starts 

tangential to the 11 y axis" it is difficult to decide the 

exact point at vrhich the specimen comes under load; a 

considerable initial extension produces an immeasurably 

small increase in load. Even such devises as increasing 

the sensitivity of the recorder by a factor of 100 failed to 

define accurately the starting point . The r esult of this 

is that we cannot measure the length of the specimen at 

zero load, the effect being to produce a curve with a false 

load axis . 

In figure 42 the curve is drawn with reference to the 

L axis . 1owever, the curve should have the axis 12 as 

its datum, corresponding to zero exte.1sion at zero load, and 

all extension should be measured from this axis . Thus if 

the axes differ by an extension of c the true equation will 

be 
b E=c+a(L) -

n 

It is now necessary to be able to fit the above 

equation to an extension curve and to calculate the values 
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of the constants . As the equation stands the values of 

a and n cannot be derived because they form a quotient and 

therefore cannot be separated at this stage . The term 

£ will thus be regarded as a single constant denoted by 
b 

n 

k and the equation nm.,r becomes 

E = c + kLb 

Various methods were used to obtain the constants, the 

problem being complicated by the fact that b represented a 

poHer which was considerably less than unity. The standard 

method of plotting on double log paper could not be used, 

since the value of c is not knm·m and thus the ordinates are 

not completely defined . The methods finally evolved to 

obtain these constants are discussed in sectlon V.D. 
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5o EFFECT OF SKIN TEI,~SION I~ TrtE BuDY. 

After the removal of skin at autopsy or biopsy it 

was evident that shrinkage occurred due to the relaxation 

of natural tensions within the skin. To demonstrate this 

an instrument consisting of two scalpel blades held 

exactly one inch apart was constructed . With this h.ro 

incisions were made simultaneously in the skin of the fore-

arm and abdomen o~ cadavers in a given direction and the 

resulting shrinkage of the strip of skin measured while it 

was still in position under the action of the normal tension~ 

along its length. A further tvm incisions were then made 

at right angles to the original ones to remove all the 

tensions from a scuare of skin • ... 
It Has found that as the 

incisions progressed across the width of the original strip 

a stress concentration was formed in the uncut portion of 

the stress piece, resulting in a trapezoidal form rather 

than a square . This was unsatisfactory for the purposes 

of measurement and an alternative method Has used . 

A~ ink stamp was constructed which marked a one inch 

square on the surface of the skin with a line across its 

centre to indicate the direction of Langer' s lines (plate 

16) . It was found that the surface of the skin could be 

marked in this way with virtually no deformation (plates 
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22a and b ). When the lines of the square were carefully 

excised with a sharp scalpel the resulting test piece 

represented what had originally been one square inch, 

irrespective of the asymmetric tensions produced while 

cutting (plates 23a and b) . The test piece was then 

removed from the cadaver and stripped of its subcutaneous 

fat . Measurements in the two directions along and across 

Langer' s lines, vTere carried out \.Ji th reference to the 

indicator mark across the centre of the specimen. 

The results of such tests on squares of skin from the 

arms and abdomens of cadavers at various ages are sho-vm in 

Table 6a. 
I 

Age (years) 40- 49 50- 59 60- 69 70- 79 80- 89 
- I 

I MALE ( forearm) I 
along 0 . 82 0 . 87 0. 70 0 . 90 0 . 89 
across 0 . 90 1. 0 1 .1 1. 0 1 . 0 

• 

MALE (abdomen) 
I 

along - 0 . 88 0 . 85 0 . 95 0 . 90 
across - 0 . 90 1. 0 0 . 93 1 . 0 

FEMALb (forearm) 

along 0. 78 0 . 80 0 .78 0 . 87 0 . 88 
across 0 . 96 0 . 95 0 . 92 0 . 99 0 . 91 

FEMALL (abdomen) 

along 0 . 85 0 . 85 0 . 85 0 .73 0 . 88 
across 0 . 91 0 . 93 0 . 90 0 . 95 0 . 88 

Table 6ao The mean length to which one inch square 
specimens of skin shrank in the two directions (along and 
across Langer ' s lines) . 
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It was found that shrinkage in the direction of 

Langer' s lines was greater than that at right angles to 

it . Fr om the fifth to the ninth decades there \vas no 

obvi ous cor relation with age . It -vras found that the 

obesity of the patient often appeared to be an importanb 

factor in t~e amount of tension. For instance in the 

forearm the mean retraction along Langer ' s lines \vas 0 . 21./' 
,, 

in obese men compared vli th 0. 13 in thin men . Similarly 

the mean retraction in the abdominal skin along Langer ' s 

•I 
lines in ob se men was 0 . 25 compared with nilin thin men . 

The skin from both the forearm and abdomen of men 

r etracted more than that froo women (Table 6b). The data 

were insufficient to determine whether this was an effect 

of obesity. 

Nale Female 

Forearm 

along 0 . 07 0 . 14 
0 0 . 09 across 

Abdomen 

along 0 . 09 0 . 19 
0. 05 0 . 11 acr oss 

-
Table 6b. The mean retraction of the inch square 
of skin from the forearm and abdomen of men and 
-vmmen bet-vreen the ages of 40 and 90 years measured 
along and across Langer ' s lines . 
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The pieces of skin used fo~ ascertaining rheological 

characteristics had been subject to this type of shrinkage, 

since they were specimens excised from the body. The 

compensation which needs to be made to the constants 1 and 

n due to this dermal shrinkage is considered below. 

Effect on the constant 1 . 

Consider two specimens which have been cut with the 

same die, one before and the other after shrinkage . The 

one which has been cut before shrinkage 1..rill shrink after 

cutting, but is extended to its in situ state when mounted 

on the extensometer, and the value of the constants 1 and n 

may be calculated . The specimen \oThich has been cut after 

shrinkage will have a greater free length than the one 

which has shrunk after cutting, and will consequently give 

a higher value for 1 . It can thus been seen that the 

increase in 1 is directly proportional to the amount of 

shrinkage of the specimen. 

Effects on the constant n . 

Considering again the two specimens which have been 

cut before and after shrinkage, it is seen that the one 

that has been cut after shrinkage has been taken from a 

piece of skin which has changed in 1..ridth and thickness and 

consequently the fibre density normal to the direction of 

the specimen has been changed. This 1..rill represent a 

reduction in the value of n as explained below. 
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Change in n due to dermal shrinkage . 

Consider a square inch of ski~ of thickness t 

(diagram belm.J) t ' i 

Volume = l . lt = t cu . 

now let the shrinkage in the direction of Langer ' s lines 

be A, that at right angles to them be M, and the new thick-

ness be X 

The new volume = (1-A)(l- H)X. 

Assuming the volume does not change, t~en the above 

expansion will be equal to t 

X= t -AM-A- M+l 

The ne"H area of the specimen normal to the direction of 

Langer ' s lines is then 

X(l- A) 

The original area was t 

fibre density is reduced on removing the specimen 

from the body by a factor of t 
XTl-A) 
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D. CURVE FITTING 

Various methods of obtaining the values for the 

constants in the stress strain relationship have been 

evolved . These are outlined belovT. 

1 . Differential method . 

If the equation is differentiated with respect to 1 

an expression is obtained which is independent of c . 

E=c+k1b 

dE = b k 1b - l 
dL 

The values of dE can be found by measuring the gradient 
dL 

of the stress strain curves at various loads . The graph 

of dE/1 may now be dra1-1n on double log paper (figure 43). 
dD 

The result is a line of gradient b - 1 . Hence b and the 

intercept bk can be found, and the value of k calculated. 

The difficulty in obtaining accurate values for the 

gradients madethis method unreliable . 

2 . Integral or 11 vrork done 11 method . 

Figure 44a represents a curve of equation:­

E = kLb 

(the term c is ignored at this stage, but will be 

calculated later and used to modify the results of success-

ive iterations) . 

The work done in extending the specimen between two 

loads 11 and 12 corresponds to the shaded portion (area A) 
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under the curve and is found by integrating the above 

equation. 

Work done = Ed.L 
• 

= kJ•1bd.L 

Work done betwee~12 
I 

11 and 12 = K JLb dL 
• -J 

l L :- T I = I< \--.::.--
£r t I 
-

-
• 

l,r "t I 

'-
(.,- il 

-
- • • 

• 

Similarly in figure 44b it can be seen that work done in 

loading a specimen from 13 to 14 (area B) is 

Work done = 
b + 1 1 b + 1 

• 
I 

1 
- ..... 3~-­

b + 1 •............. ( 2) 

Eliminating k from equations (1) and (2) 

A B 
-

12 
b .. l 

- 1 
b II- 1 b + 1 b + 1 

16!: - 1.2 1 --
b + 1 b + 1 

The quotient of the tvJO area A and B v.•ill be known as 

the "J11 function and is seen to involve four loads to the 

power of b + 1 . 

Having decided suitable values for 11, 12, 13 and 14, 

a graph was plovted of the J function over a range of 
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values of b . The areas A and B corresponding to the 

selected loads were measured from the stress strain curves 

with a planimeter and divided to give the J function which 

is used to obtain the value of b from the b/J function 

curves . 

Having now found b \.Je may calculate the value c, 

selecting two loads 11 and 12, and from the original equa-

tion vie obt1.in :-

and 

eliminate k 

c = 

b 
= c+k:L2 

E2 

l 1 b - l 

= E - c 2 

1 b 
2 

This value of c will modify the areas A and B by 

A' and B' since it represents a shift in the x axis 

(figure 44c) • 

A' - (12 11)c - -
A' -- (14 - 13)c 

Thus the new value of the J function - A + A' -
B + b ' 
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A new value for b can now be obtained from the b/J 

function curve and hence a second value for c can be 

calculated. The system usually settled down after about 

three such ite-r·ations and gave values of within approxi­

mately .!_ 2~ . 

Having found the ' correct ' values forb and c, k can 

be calculated from the original equation. 

This method had two disadvantages . Firstly, the 

curves were in a number of portions , making it difficult 

to obtain suitable areas . Secondly, difficulty was 

e:;.perienced in calculating the J functions for the b/J 

function curves with sufficient accuracy . 

tion11 method was therefore investigated. 

3. "Linearisation11 method . 

A 11 linearisa-

When the values of the stress strain curves were 

plotted on double log paper, a curve vJas produced rather 

~han a strai ght line due to the fact that the ordinates 

Here measured from a line below the true a.xis (figure 45) . 

This would have been a straiGht line had the false 

load axis coincided with the true one . Thus , if the curve 

was shifted upwards by an amount on the extensi)n axis 

corresponding to c, the difference bet-vreon the true and 

false load axis, it '..rould become linear. 

Tests were carried out using 15 points on the curve 

13 5 



w 
(!) 
0 
_J 

0·1 

0·01 

0·001 

w 
(!) 

0 
_J 

0 ·1 

0 ·01 

0 ·001 

0 

F'IG. 45 

c 

0 

FIG. 4 6 

10 100 1000 LOG L 

A 

10 100 1000 LO G L 

" LINEARISAT ION" METHOD 



and i ncreasing their ordinates by small increments until 

a straight line \vas produced. The total shift corres­

ponded to the value c and the gradient gave the value of b. 

Figare 46 shows a curve B plotted on double log paper . 

This corresponded to a stress strain curve with reference 

to the false load axis . Line A shows the same r esults 

after the ordinates had been increased by an amount c . When 

the pr ocess was continued beyond the point of linearisation 

the l ine began to curve upwards ( curve D) . This enabled 

the opti mum position of the line to be deduced . Once the 

correct l ine had been found, the co .stants could be found 

from the gradient and intercept . 

This method had the disadvantages of being extremely 

tedious and necessitating the use of prohibitively laree 

sheets of graph paper in order to obtain reasonable accuracy. 

Therefore the technique of linearisation of the curve by a 

shift process was investigcted from an arithmetic rather 

than a geometr ic point of vie'I..J . 

4. Arithmetic linearisation method . 

The method depended upon the fact tbat f or t-vro or more 

equal divisions on the load axis the corresponding incr ease 

in the extension value v:ould be the same for each division, 

if the graph \<las linear. 

136 



Equal divisions on the load axis r efer to the log 

l oad axis and therefore in terms of actual loads the 

increments vTere not equal and were governed by the 

equ.at ion:-

L = F 
d e .•.................... . ................. ( 1) 

vrhere L - load value 
F = l owest required load, e . g . 100 grams 
e = a number determining the number of 

load values required between two 
limits e . g . 100 and 1000 6rams 
(a value of e of 1 . 14 will give l&) 

d = 0, 1, 2, J ••... • • h, b being the 
number of values . 

Thus, vThen vre took the logarithms of the extensions 

at the l oads calculated from equation (1) ar.d subtracted 

from each value the previous value, the set of differences 

were all equal if the extensions had bee~ measured from 

the correct data . If this was not so, a small increment 

such as 0 . 01, was added to each extension value prior to 

logging and the process repeated ~ntil the differences 

became similar. At this point the sum of the increments 

which had been added to a particular extension gave the 

value c . b was found by subtract~nt_i the smallest logged 

extension f r om the largest and dividing by the differ ence 

betvTeen the logs of the corresponding loads . 

This method '1.-ras also tedious and the necessary cal-

culati ons were done on the electr onic computer. The system 
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was the same as above except that the mean of the differ­

ences \-TaS calculated and thence the deviation of the 

differ ence from the mean value . A value x, the square 

root of the sum of the squares of the deviations was 

calculated . For the correct result x should be a minimum. 

~hus the process of adding O. ul ~o the extension and working 

out the cor responding values of x \-las continued until the 

difference between a value of x and its previous value 

became negative , signifying that the minimum had been 

passed . 0 . 02 ~as then subtracted from the increment total 

(to ensure that this value was before the minimum) and the 

process continued by adding increments of 0. 001 until the 

minimum was again found . This gave values for the con-

stants in the equation and could be computed in approximately 

thr ee minutes . This method worked well but did not give 

the high accuracy of a method developed later, based on a 

Taylor' s series expansion. 

5. Taylor ' s series expansion method . 

A suitable curve fitting method for this problem was 

proposed by Steven ' s (1951) . The analysis was based on the 

Taylor ' s series e}pansion in the non- linear variable b. 

Taylor ' s theorem states that if x and 11. be tvTO 

indefendent quar-titles, md if f (x and H) (i . e . the function 
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of x and H) is to be expanded in a pm.Jer series in h 

about the roint X then:-

f(x + tl ) = f (x) + Hf ' ( x) + 1:12 
~ 

2t 
' 

vThere f ' is the first derivative of the function and f 11 

the second etc . 'vJe may nm-1 expand our equation according 

to Taylor ' s theorem about b = bo and assume that terms 

involving the second derivative and higher are negligi1Jle . 

(Let Log e = ln) 

b E=c+kL 

F (x + H) = f H + x f ' (tl) 

bo ) bo E = c + kL + k(b- bo l h L.D •••• (1) 

For simplification the following substitution will be made:-

bo .- h u = 1 = exp / bo 1 L J ••••• o •••••••••••••• ( 2 ) -
v = lh L exp rbo lh (] ••••••••••.••••••••• (3) -
d = k (b - bo) 

and hence equation (1) becomes 

E = c + ku * dv ••••••..••••••••••• ( 4) 

Given a set of n points Ei, Li, it is required to 

determine the coefficients c, k and d such that equation 

(4) fits the noints in a least square sense, that is, such 
h • 

that A 
1 
~ - c - kui - du~2 is a minimum . This 

implies that the partial derivatives of this sum with 

respect to k, c and d are zero . 
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Thus expressions have been derived to give the values 

of the constants c, k and b in the stress strain equation. 

This method "~:IaS novT used as follm.Js:- an estimate 
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of the final value of b was made and denoted as bo · 
' 

this was used in equations (2) and (3) and thence the 

whole procedure carried out until b had been found . 

IIowever, since the second and higher order terms omitted 

in the Taylor' s series expansion may not be negligible, 

these equations may not give sufficiently precise esti-

rnations of the constants c, k and b . The value of b 

thus determined would hm.Tever be an improved estimate . 

If this value of b now became the new bo it could be 

used to calculate an even better value of b . This 

process is called iteration and may be carried out any 

number of times . The value of b became more accurate 

with each iteration and the process was used until the 

required precision was achieved . The total number of 

iterations naturally depended on how near the initial 

estimate of bo '\-Jas to the true value . 

Having arrived at a satisfactory value for b the 

values of the other constants could be deduced from the 

above equations . 

The magnitude of this procedure was such that it 

would take several days to calculate manually the values 

of the constants for one piece of skin vii th any accuracy . 

However by using an electronic computer the time \-Tas 

reduced to one or two minutes . 
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The computer. 

The computer used was a Ferranti Pegasus which had 

a large memory consisting of several thousand locations 

designated vO, vl, v2, v3 •••••••• vn, and termed variables, 

into which the values for the data were placed. Thus if 

an instruction on the programme was 

vl + v2 = v6 

the sum of the numbers in vl and v2 were placed in v6 . 

There was a second set of locations in the memory nO, nl, 

n2 ••••••• nn termed indices which were used mainly for 

counting and organising the programme . Thus by the use 

of variables and indices long and complicated single 

instructions could be given in the programme which were 

carried out in a single step by the computer, e . g . 

v400 = v(309 + n4 - n3) X LOG (v 39 X v (lOO+n4) /4 

(91 - n3) 

The programming system used was extended Autocode 

(Pegasus Autocode, 1958) and represented a reasonably 

rapid means of producing a workable programme . 

All data read into the computer was in the form of 

paper tape which had holes punched in it according to a 

code to represent the various charact€ rs. Such tape was 

prepared on a punch, which was similar to a typewriter, 

and could be fed into the computer . The calculated 
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r esults f rom the computer were also in the form of punched 

tape and could be converted to a printed output by means 

of a telepr inter. 

~rogramme details . 

A f l ovr diagram vras produced before actually '\.fri ting 

the progr amme . This diagram gave the main stages of the 

calculation and indicated the way in which they were inter-

rel ated, thus providing a rapid visual guide to the 

programming and the subsequent work. 

Ref er ring to the flow diagram (appendix 3) the first 

instruction consisted of reading into the computer a numbe r 

representing the total number of specimens to be tested 

and a second number h equivalent to the number of points 

taken f r om the stress strain curve . The details of the 

computer programme are shown in appendix 4. An assumed 

value for b, • J.. . e . bo was nov1 read in, preceded by h load 
i 

values Hhich '\vere stored in the memory prior to hav.1.ng 

their logarithms calculated and stored. 

A series of calculations now followed which resulted 

in the values ofc.x. ~ ( being found and stored. These 

values were only used for the first iteration of a par ti-

cular test, subsequent values involving an improved b 

were cal culated and stored elsevrhere . The specimen 
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number was now read in follov1ed by h extension values 

and from these and the previous results a new value of 

b was found which was subtracted from the original esti­

mate bo . If this difference vras found to be greater 

than 0 . 01 the new value of b 1..J'as substituted for bo and 

the iteration carried out using an alternative route . 

This was for two reasons , firstly one did not wish to 

erase the values required for subsequent calculations and 

secondly it was important not to read in the next set of 

extension values at this stage, but to use the ones of 

the previous iteration. 

Iteration continued until an acceptable value of b 

was obtained whence the other constants were calculated 

and printed out . The errors bet~een the actual and 

calculated extensions were also calculated and printed 

out against their corresponding loads . 

A. test was no-vr carried out to check if this was the 

last set of data in the series in which event the computer 

was made to stop. If this was not the case, the next set 

of extension values Has read in. For the first iteration 

the original bo was used and the stored values of previous 

first iterations were used without need for further calcu­

lation. Once the initial value of b had been calculated 
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for this test the procedure was as described above . 

The programme was arranged so that it was capable 

of handling a maximum value of h of 40. In practice 

it was found that 15 points were adequate to give the 

r equired accuracy. 

Effects of errors . 

It was found desirable after the values of the con­

stants had been found to use these to calculate values 

for the extensions at the corresponding loads and compare 

these with the original extensions obtained from the 

stress strain curves . A difference of less than 0 . 001 

was found to be of no consequence, this being greater 

than any measuring inaccuracies . This provided a check 

on the quality of the ' fit ' obtained by the computer, 

and showed if mistakes had been made in the extension 

measurements and also gave an indication of the yielding 

of the specimen (a phenomenon which was difficult to 

detect at an early stage) . 

The effectiveness of this method is demonstrated in 

plate 24 which illustrates a typical result . The curve 

was given by the computer and the superimposed crosses 

were the values obtained from the stress strain curve . 

Tests were also carried out to investigate the 

effect of introducing errors of different magnitudes to 
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various parts of the curves . It was found that a given 

error produced a greater effect at the beginning or end 

of a curve than in the middle . 

The programme was arranged so that it continued 

iterating until the value of b differed from its previous 

value by less than 0 . 01 . As the function was found to 

converge extremely rapidly this represented an exception­

ally accurate result, an error much less than 1% . 
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E. MINIMISATION OF SCATTER OF RESULTS 

It was observed that the results obtained from speci-
• 

mens prepared under ide~tical conditions and taken from 

adjacent areas of the same skin sample sho"YJed wide varia-

tions . Such variations could be attributed to three 

sour ces of error:-

1) Gross l~ck of homogeniety throughout the skin 

xtructure manifest even in areas of a few inches extent . 

2) Variations in the preparation and mounting 

techniques of the sample . 

3) Inconsistencies in the curve fitting techniques . 

These three sources of error were dealt with systema-

tically in the following manner: -

l) Even if the fibrillar structure of a piece of skin 

is heterogenious it should consist of the same type of 

fibre within atleast a small given area . Thuf it \-rould. 

be expected that the values of the index b would remain 

constant, since, accordL1g to the previously derived theory 

b depends only on the quality of the col:a6en and not the 

quantity . Collagen analysis of skin sho"YTed that tht.. com-

position varied by only a fe1..1 per cent and 1..ras too small 

to account for the observed variations . Ho"YJever b did 

vary and therefore the influence of other factors was 

investigated . 



It is co~ceivable that the fibre structure of skin 

is large compared with the cross sectional area of the 

specimen (figure 47a) . In this case a specimen of the 

size used may cut across the structure in such a way that 

fibre ends emerging at the sides of the specimen may be 

pulled free and s l ide over one another, there not being 

enough "weave 11 to hold the fibres in position. If the 

specimen is large compared with the fjbre structure 

(fib~re 47b) this is unlikely to occur. Investigations 

were carried out to determine \.Jhether the stru. ~ture size 

was indeed influencing t he results . 

F\G 47 
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Experiments were performed involving two large pieces 

of skin, each cut into 24 specimens . Twelve specimens 

from each group were cut in the normal way and twelve were 

cut to the same thickness but t1.-1ice the 'I.·Tidth (by increas­

ing the spacing between the blades of the die) . The 

specimens were tested on the extensometer and the results 

calculated in the usual way. If the structure size was in 

fact causing the observed scatter, a 1.-1ider specimen should 

have overcome this problem to some extent, and produced a 

reduction in scatter . This houever was not found to be 

the case, and it was concluded that the variations were 

probably due to some factor other than the heterogeniety 

or large fibre structure o~ the speci en. 

Great care ,., s taken throughout to minimise the varia­

tions caused by preparation and mounting techniques . 

Ho~omver in an attempt to determine whether the variations 

in results were due to s ch causes, experiments were made 

on large numbers of specimens cut from the same piece of 

skin in which extra precautions were takeno 

The introduction of the slab- cutting technique produced 

specimens with a high degree of dimensiona: reproducibility . 

Extreme care was exercised in the mounting and testing of 

specimens, but such efforts did nothing to reduce the 

scatter of results . 
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3) Further investigation shmved that results from 

stress strain curves were extremely sensitive to slight 

changes in mathematical techniques . This was therefore 

studied further as detailed below. 

1 . Curve fitting improvements . 

Initial curve fitting work t-TaS carried out on the 

computer using 15 ordinates bet~een a lJO and 1000 grams . 

~=aving calculated the constants for the curve, the computer 

\oTas made to calculate the true ordinates for each load from 

these constants . The ordinate as measured was then sub-

tracted from the calculated value , and the difference or 

error printed out against the appropriate load (table 7) . 

The original purpose of this device was to ensure that a 

good "fit" had been achieved by ensuring that differences 

never exceeded some arbritary value. However observation 

revealed that the nagnitude and sign cha~ges of these 

differences followed a distinct pattern. 

The most usual form of the difference distribution 

was such that the first one or h.ro values \vere positive, 

follot-Ted by a series of about six negative values, reach­

ing a peak and diminishing again . A series of about six 

positive values then occured, similarly reaching a peak 

and dimin~shing again, and finally the last two or three 
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values were negative . The implication of this can 

best be appreciated by reference to figure 47 which shovJS 

a magnified picture of the situation (it should be noted 

that the magnitude of the differe~ce is of the order of 

O. l per cent of the ordina~e, i . e . at the limit of direct 

measurement) • The simple curve represents the curve as 

calculated by the computer and the superimposed ''1.J"avy" 

curve the res·1l ts actually derived from the exteYJ.someter . 

It is seen that the experimental curve is sigmoid in shape 

(i . e . there is a point of inflection along its lengtb) , 

although this was not revealed untiJ arithmetic comparison 

was made vii th a curve of the correct shape . Thus the 

proposed equation cannot be expected to give a good fit 

over the full range . Examination of the di;ference tables 

revealed that the ooint of inflection occurred at a different .. 

place even for similar specimens and was thus related in 

some way to the genera~ variation of the results. 

To investigate this variation in the positi ~ of the 

point of inflection a number of similar specimens were 

prepared and tested on the extensometer to a load of 2, 000 

gra~s , i.e. twice the normal value . All specimens were -
found to yield so"lewhere bet\-Jeen 1000 and 2000 grams , 

although visual inspection of the portion of the curve up 
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to 1000 grams gave no indication of the time yielding 

actually occurred. The constants for the skin 1-:ere then 

calculated using the normal range of 100 to 1000 grams, 

and. it was found that in the cases "l·Jhere the point of 

inflection occurred early in tte curve the specimens had 

yielded early. Conversely, a point of i.Lflection high 

up the curve indicated late yielding. Further investig­

ations revealed that the specimens which yielded early 

gave a large value for b and a small value for k and vice 

versa . It was thus concluded that the scatter in the 

results was dependent wholly or partially on the point at 

which the specimens would yield, and that the influence 

of the yield point extended far dovrn the curve, certainly 

to a point a little higher than the point of inflection. 

The portion of the curve used extended not from zero 

load, but from a point where it could be assumed that the 

equation changed from a logarithmic to a po1-rer function 

(i . e . that the fibres had become orientated) . It 1-1as 

reasoned that the arbitrary starti~g point of 100 grams 

may also influence the scatter, as it was observed that 

the pattern of the first few points in the difference 

table was not al1-rays the same for similar specimens . 

Thus it vrould seem that out of a total range of 100 

to 1000 grams there was a vari~ble source of error at 
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both eA~remes indicating the need for a narrower range 

which had to be determined for each specimen in order 

that t~e optimum section of the curve might be analysed . 

2 . Difference distribution. 

Before it was possible to select the optimum range 

for a particular specimen, it was necessary to investigate 

the properties and influence of various difference distri-

butions . Initially simple cases were examined:-

1) In figure 48a A is a po\.Jer curve of equation 

E = c + kL h, B is a similar curve \.Jhich is more concave 

up.mrds . If these curves are considered in the light of 

the 11 linearisat-ion method11 previously mentioned, it \.Till 

be seen that t~c curve B will require a greater vertical 

shift to linearise than A, because of its gre~ter curva-

ture . This will produce a smaller value of b and larger 

values of k and c . 

2) Figure 48b shovJS a curve A of the same equation 

as above and the second curve B less concave upwards . 

Again b:,' using the linearisation principle it is seen that 

the curve B l.Jill have a greater value of b and a smaller 

value of k and c than the curve A. 

3) Figure 48c shows the actual type of curve 

obtained, and is seen to be the results of figure 48a and 

figure 48b superimposed. This situation i s obviously a 
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compromise, since it requires two conflicting conditions 

to be satisfied. However, the lm.1er portion of the curve 

is found to dominate due to the fact that the intervals on 

a logarithmic scale diminish as one proceeds along axis . 

3. Range selection. 

If figure 48c is now assumed to represent the differ­

ence distribution of the results of a S]ecimen, it is 

necessary to decide the actual range over which the assumed 

equation may be expected to hold . For example the results 

given for the portion of the curve X - X will give a lm·rer 

value of b than that of the curve A tv-hile the range Y - Y 

will give a higher one . This was in fact checked and 

found to be the case for specimens when results for 

various rnages tvere calculated on the computer . The problem 

was novJ to find the optimum range for any particular s:reci­

men accordir.g to its difference distribution pattern. 

In the light of previous work, it was decided to 

examine the values of the constants of a specimen over a 

number of ranges . To improve the accuracy, the number of 

ordinates was increased from 15 to 19, that is 100 to 

1000 grams in 50 gram intervals o The selected ranges are 

sho-vm in Table 8 in ;,.:hich the third column gives the nuruber 

of ordinates per range . Six ordinates were considered to 

be the minimum numberto give a reasonable result and eleven 
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START FL~ISH pointsl range 
. 

100 1000 19 main range 

150 450 7 
500 8 
550 9 
600 10 
650 11 

200 450 6 
500 7 
550 8 
600 9 
650 10 
700 11 

250 500 6 
550 7 
600 8 
650 9 
700 10 
750 11 I 

300 550 6 
600 7 
650 8 
700 9 j 

750 10 I 

800 11 

350 600 6 
650 7 
700 8 
750 9 
800 10 
850 11 

Table 8 . The limits of the load ranges for vrhich the 
rheological constants of skin Here calculated. 



the maxi mum practical number which would be handled with­

out the number of ranges becoming prohibitive . 

Initially the programme previously :nentioned i·ras used . 

This however involved a preparation of thirty data tapes 

( i . e . one for each range ) and resulted in a total calcu­

lating time on the computer of over half an hour per speci­

men . 40 specimens (i . e . two batches of 20 identical 

specimens ) were treated in this 1.ray and the i nformation 

gained from the results \-Jas ample to enable the optimum 

range system to be evolved. It was assumed that as the 

speci mens were identical the same value of b should be pro-

duced each time . Consequently an a~tempt was made to 

select a particl.llar range for each specimen which ivould ful­

fil this condition. The ranges were selected with refer­

ence to the different distributions for the particular speci­

men . For example the values o: b i·Tere compared when the 

r anges were taken beti.Jeen the negative and positive peaks 

of the distribution curves . Numerous ranges were tried 

in this way until it \-Tas found that there was good agree­

ment in the values of b i.J'hen the range Has taken from the 

negative peak to the point of inflection. HO\vever, for a 

specimen in which the distribution showed no great irregu­

lar ity due to curve inconsistencies , several ranges in the 

vicinity of the one mentioned all gave similar values, 

suggesting that this i..ras a uniform section of the curve 
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which could be assumed to be characteristic of the speci­

men . To minimise the errors caused by slight irregula­

rities in the curve, the mean of seven values, i . e . three 

each siJe of the main one was taken. 

To overcome the problem of calculating each range for 

each specimen separately, a new programme was written 

(appendix 5) . The main advantage was that after having 

beed fed with the 19 ordinates thG computer selected the 

ranges itself and calculated the appropriate constants . 

Thus all the ranges for one specimen were calculated at 

the same time, rather than one range for all specimens as 

with the previous method . This system apart from reduc­

ing the required number of tapes from t1irty to one per 

specimen, also worked more quickly on the computer, treating 

all the ranGeS for one specimen in eleven minutes . 

4. The programme . 

Much time was saved with this progra~me (appendix 5) 

by arranging for all the resu: ts calculated for the various 

loads to be fed into the computer store and retained there 

to eliminate the need for calculating the values for each 

specimen. This necessitated the prepari~5 of a second 

programme (appendix v) ? to calculate t,us information and 

to put it on tape so that it could be fed in as data after 

the main programre . The store allocations of these pre­

calculated values is given in Table 9. 
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7 99 
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v 139 
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v 159 
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v 164 
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v 170 - 460 

= bo 
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= 0 

= 19 log load 

= 0 
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= 0 
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for the various ranges 

Table 9. The allocati~n of addresses in the computer 
store . 
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The flovJ diagram (appendix 7) gives an outline of 

the process . It is seen that, after reading in the data, 

the computer co~pleted the first iteration rapidly by 

using the pre- calculated information. Hot-lever, if 

further iterations were necessary the full method was used, 

since it was not k:novm what the new value of b vrould be . 

The number of iterations was limited to a maximum of four 

to save time . A greater number than this suggested an 

error, since the results should normally be achieved after 

tt.J'o . When a satisfactory set of constants had been 

evaluated the r~sults were printed. In the case of the 

19 point range the curve fitting errors were printed against 

the appropriate load. The other ranges were then calcu­

lated by the above method once the limits of the range had 

been selected (table 10) . 

The first series of ranges was from 150 to 450 grams, 

the upper limit increasing by 50 grams for each range 

until the total n.u.n ber of ranges t.Jas six. The next 

series was now started at 200 grams and reached to 500, 

the upper limit again being increased by 50 gram intervals 

for each range until the total number of ranges was six. 

Three more series starting at 25~, 300 and 350 grams were 

calculated, each having six ranges prod~cing a total number 

of ranges of 30. The range limits and the constants for 
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+zq + )Q +7 - o . orz +o . n/:>. +o . ( ~9 +2 

+zo +f 4 + -o . oi2 +o . A~o +o.r-4 +3 

+2) +(9 +o -o . oi7 +o . r. o ') +o . riz +3 

+.2o +74 +ro -o . orf- +o . hii +o . f1I'1 +3 

+2o +7o +r I - o . o2o +o . r:. 8 7 +o . 502 +3 
"' +3 ll + 5() +c - o . oo4 +o . 7II +o . 7I4 +3 

• 

+34 +r: 4 +7 - o . oo? +o . 6 78 +o . n 8 7 +3 

+34 +()9 +8 - o . or6 +o . () r o +o • ,c.. I o +3 

+34 +74 +q - o . or5 +o . ISI7 +o . A27 +3 

+ 3 ,t1_ +79 +ro - o . o2I +o • 58 4 +o . s8n +3 

+34 +f34 +rr -o . o2r: +o • so3 +o . 5 se +3 

+4 

Table 10. Co:.1plete c"'mputcr output for ono set of res lts. 
~-----------------



each of these '\.Jere printed. On completion of the 30 

ranges the data for the next specimen were read into the 

computer and the process repeated . 

A typical print- out for a specimen is given in 

Table 10. The number at the top gives the specimen 

number , the first two values on the next line are the 

limits of the range (corrected for machine calibration) , 

followed by a number giving the total number of values in 

the r ange . The three constants c, k and b respectively 

are given next, folloHed by the number of iterations 

requir ed . The neA~ 19 lines give the loads and their 

corr espondi:1g error values which have been multiplied by 

10, 000 for ease of reading . The remaining 30 lines give 

the details of the various ranges in a similar fashion to 

the first line (note all loads are divided by 10) . 
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F. COLLAGEN CONTENT OF SKI~l 

The collagen content of specimens i·JaS expressed as 

a percentage of the dry fat- free weight of the skin 

samole . 
'" 

The wet weight of the sample was obtained, but 

in the crushing process following freezing with li<:~.uid 

ni trogen there was a small loss of material wb'c.b intro-

duced inaccuracies into any expression of collagen coa-

tent as a percentage of wet weight . The resu2-ts are 

given in figures 49 - 52 in which the values for skin 

from male and femaleforearms and abdomens are expressed 

with r espect to age . It was found that for skin from 

male forearms and abdomens and female arms, the percen-

tage of collagen did not alter with age . Male a11ominal 

skin contained 70 . l~o collat;en (standard deviation _:!: 4 . 4) 

over the whole age range of 0 to 90 years . It was 

found that the values of the collagen content of both 

male and female forear.ns was very similar - mean 60. 5% 

(standar:i devi"'tion :_ 3 . 6) and 61 . 7~~ (standard deviation 

! 2 o54) resrectively. 

There was a suggestion in female abdo1ina1 skin of 

some variation with age . The mean value in the first 

f i ve ye~rs was 65% . At the ages of 24 and 53 years 

values of 75~ colla~en content were found, ~nd in the 

nL'lth decade a mean collagen content o:: 67~o 'lias found . 

':'he data are too few to drm.; any statis ::.ical conclusions . 
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Values in patholof-ical conditions . 

The comparison of collagen content of normal skin 

with that obtained in var:ous pathological conditions 

js given in Tables 11 and 12 . 

1-

I 

Subjects o! ;o collagen 

Non- arthritic (mean) 60. 5 
-

Rheumatoid arthritis 
(case 1) 58. 3 

FeltJ' s S"''"ndrome 
(case 2) 56 

R!-'eurnatoid arthritis 
(case j) 51 .8 

Osteoporosis 
(case 4) 63 

Table 11 . Co~parison of collagen content in the 
skin from forearms of men without arthritis, three 
patients with rheumatoid arthritis and one w·th 
osteoporosis . 

Subjects % collagen 

Non- arthritic ?Ool 

Felty ' s syndrome 
(case 2) 68 

Rheumat id arthritis 
(c-=-se .:;) 67 .9 

-. '-

Table 12 . Comparison of co:lagen conte~t 
skin frorn abdo.nens of men w·i vhout arthri ti 
two patients -v1ith rheum:.ttoid arthritis . 

in the 
and 

The details of the cases quoted in the above tables 

are given in paragraph G2 of this section. The patients 
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with rheumatoid arthritis had a collagen content some­

what lower than the mean value of skin from the same 

site in non- arthritic subjects of the same sex. There 

was no significant difference in the collagen content 

of skin from a patient with osteoporosis following 

pr egnancy compared with that of other subjects • 

• 

16 7 



G. EFr~CTS OF PHYSIOLOGICAL AND PATHOLOGICAL CHANGES 

l . Ph~SIOLOGICAL C~~~\GES 

For ease of presentation the values of the rheol-

gical constants have been shovrn in a series of graphs 

(figures 53 - 64} in which the constants have been 

related to age for each site and sex. 

Age. 

The constants b, k and l '\-.rere found to vary with 

age . The relation of the constant b to age in abdominal 

skin is shovm in figures 53 and 54. The males varied 

in age from 3 days to 87 years; the age range in females 

was 60 days to 90 years . It will be seen from the form 

of the b/age curves that tbere w~s a peak in the region 

of 40 years for both sexes . The ~urve was asymmetrical; 

the 10\.Jest values were recorded in the ninth decade . In 

skin from female forear:ns a simil::tr curve was produced 

(figure 55) , although the differences '\.Jere not so striking. 

It will be seen that the scatter for skin from male 

forearms was considerable and no correlation with age 

could be deduced (figure 56) . 

Due to the relative scarcity of specinens in the 

d t h_1·rd and fourth decades, data was scanty in this -eco.'l , 

• reglon. There can be no doubt, however, about the 

significance of the difference in the value of b in the 

16 8 
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decade 55 - 64 (mean 0 . 35 s . d . ~ 0 . 016) compared with 

the decade 75 - 84 (mean 0 . 22 s . d.! c .009) fo r female 

abdominal skin. For male abdo:ninal skin for the same 

decades, a similar drop in the val ue of b was observed. 

From the age of 40 years and over the r e was a striking 

correlation bet\..reen age and the constant b for the skin 

from male abdomens ( r = 0 . 9d5 , P< 0 . 001), female 

abdomens ( r = 0 . 982, P<(O. OOl ) and female forearms 

(r = 0 . 972, P<O. 001) . This cor relation was not seen in 

male for earms ( r = 0 . 05, P> O. l ) . 

The constant k became less with advancinc age in 

abdocr:nal skin (figures 57 and 58) . There \Tas a good 

statistical correlation bet,..reen the value of the constant 

and aee f or male abdominal skin (r = 0 . 886, P<O. OOl) and 

for female abdominal skin ( r = 0 . 824, P < 0. 001) . There 

were no correlations between the constant k and age 

f or the forear:n skin of females (r = 0 . 35, P ) 0 .1) or 

males ( r = 0 . 17, P) 0 . 1) • 

The constant 1 followed a simil3.r pattern of reduc-

tion with advancing age in abdominal skin ( figures 61 

and 62 ) . There was a significant correlation statis-

tically in males and females , r = 0 . 946, P< 0 . 001 and 

r = 0 . 895 , ... (0. 001 respectively) . In the skin of female 
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forearms there \.JaS a si 11ilar reduction wi bh age 

(figure 63) vihich \.Jas statistically significant 

(r = - 0 . 975 , P< 0 . 001) . The relation in the forearm 

skin of males vTas not significant (r = - 0 . 50, P > O. l) . 

Sex. 

In both sexes the relationship of the constants 

to age followed a similar pattern. \Vi th abdominal skin 

the value of the constant b was about 0 . 07 higher 

throughout the complete age range (figures 53 and 54) . 

Throughou~ the age range the constant k was similar 

for both sexes and the constant l l-Ias also similar in 

the tl.JO sexes (figures 57 - 64) . 

ficant difference between them. 

Site . 

There was no signi-

Comparison of the difference in the constants 

according to site was investigated for specimens from 

the abdomen, forearm, back and t high. Tables 13 and 

14 shm..r the resultso 
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Site 1 k b 

abdomen 0.44 0. 21 0. 20 

back 0.50 0. 25 0. 15 

forearm 0.53 0.46 0.37 
-

Table 13 . Comparison of rheological coastants for 
skin from the 1.bdomen, back and forearm in a \·roman 
a·ged 81 years . 

Site 1 
I 

k b 

abdomen 0.75 0. 56 0.38 

forearm 0. 81 0.65 0.37 

thigh 0.75 0.53 0. 19 

Table 14. Comparison of rheological constants for 
skin from the abdomen, forearm and thigh in a 24 year 
old \.roman. 

Most soeci~ens were obtained from the abdomen and ... 

forearm . The comparison of the constant b in relation 

to age for the skin of female abdomens and forearms is 

shown in figures 53 and 55 . Both graphs vTere of simi-

l ar form but in the latter decades there was much less 
• 

reduction in the value of b vTi th advancing age in forearm 

skin than there vras in abdominal skin. The fall in 

this part of the curve for forearm skin was from 0.44 

to 0.36 compared 1.ri th a fall of 0.44 to 0.14 for 

abdominal skin. 

In the earlier decades the increase in value was 

similar (0. 27 to 0.44 from birth to 40 years of age) in 

both sites . 
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The values of the constant k for the skin from 

female abdomens and forearms are shown in figures 57 and 

59o Over the complete age range the reduction was less 

for forearm skin than abdominal skin. In the seventh 

and eight decades the values of k appeared higher for 

the skin of the forearms than for that of the abdomen, 

but this difference is not significant . 

The values of the constant l for the skin from female 

abdomens and forearms are shown in figures 61 and 63 . 

There was no significant difference between them over 

the age range . 

l 
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2. PATHOLOGICAL CHANGES 

Rheumatoid arthritis . 

Case 1 . 

A man aged 59 had early active rheumatoid arthritis 

of 5 months durati~n . There was severe restriction of 

shoulder movements, mild diffuse s-vmlling \·Ti th severe 

limitation of movement of the fingers a~d thickening 

of the palmar fascia of the left hand . Behind both 

olecranon processes there were bursae within \·rhich -vrere 

nodules . He was being treated \vi th soluble aspirin . 

Investigations showed haemoglobin 6o;, blood sedimen-

tation rate :24mrn. 1st . hour, differential agglutination 

test for rheumatoid arthritis positive in a titre of 64. 

There were erosive changes in the x- rays o~ the shoulders 

and hands , typical of rheumatoid arthritis . 

A biopsy of forearm skin was taken . The rheolo-

gical constants are shown in T~ble 15 . 

• 

1 k b 

non- arthritic ~ 0. 60 -- 0 . 50 0 . 32 

rheumatoid 0 . 54 0 . 39 0 . 27 

Table 15 . Comparison of rheological constants for 
forearm skin ..:..n a Jlan 1 :i th rheumatoid arthritis 
compared vii th a man of the same age without arthritis . 
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Felt;r' s syndrome . 

Case 2 . 

A man aged 66 had Felty' s syndrome (i .~. rheumatoid 

arthritis, splenomegaly and leucopae~ia) . He had \·Ti::le-

spread rheumatoid arthritis for nine years 1trhich had been 

treated with prednisolone 5mg . b . d . Seven years after 

the onset of the arthritis he 1..ras admitted to St . James 

Hospital, Leeds, for investigation of leucopaenia 

( ltThi te count 2, 201..-) . At that t Lme haemoglobin l-IaS 67%, 

blood sedimentation rate ll6mm. in the first hour . He 

was re- admitted to the General Infirmary at Leeds 18 

months later gravely ill 1.ri th a haemoglobin of 39;;, a 

profound leucopaenia ( 1.rhi te count 250), a th-rombo-

cytopaenia and a high blood sedimentation raLe . After 

sui table preparation a splenectomy ltTas done and a 

moderately large spleen (15 ems. in its long axi~) was 

removed . There 1vas excess iron accumulation, and 

alternation in the connective tissue of the arteries and 

of the fibrous trabeculae . The arterial changes were 

of prominent hyaline t-Jalls . The pathologist commented 

that these "'ere rather similar to the lesion seen in 

syste11ic lupus . 

Post- operatively he did very well . His haemoglobin 

vias eventu1.lly 661b, the -vrhi te count was 4,100 though a 
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neutropenia persisted. The platelets returned to • 

normal . 

His arthritis settled down extremely well, and he 

was discharged on enteric coated pred11isolone 2 . 5mg. 

q . d . s . He was re- admitted 7 months later, with a three 

week history of cough, dysphagi~ and left sided chest 

pain exacerbated by inspiration. Therapy during t~is 

adm ·.ssion comprised steroids, antibiotics and transfusion. 

A coagulase positive staph. aureus was isolated from the 

peripheral blood fifteen days after admission . A pulmo-

nary infarct was evident radiologically and multiple 

pyaemic dermal abscesses developed . Death occurred 36 

days after admission. 

At autopsy the body Has that o: a thin, elderly man, 

the trunk and arms sho1rred multiple petechial haemorrhages 

and several small areas of pressure necrosis were 

present on the buttocks and sacrum . On opening the 

chest the left lingular lobe was found to be adherent to 

the parietal pleura. There \vere no effusions . Skin 

\vas taken for rheological examination and the results 

are shown in Table 16. 



1 k I b 

Abdomen 

non- arthritic 0 . 60 0 . 35 0 . 25 

Felty ' s syndrome 0 . 55 0 .49 0 .18 

Forearm 

non- arthritic 1"'- o. 60 rw' 0 . 55 0 . 35 

Felty' s syndrome 0 . 52 0 . 54 0 . 22 
I 

Table 16. Comparison of rheological constants for 
abdominal skin ln a man 1...rith Felty' s syndrome 
compared with a man of the same age 1...ri thout arthritis . 

Rheumatoid arthritis . 

Case ,3 . 

A 60 year old man "t-rith longstanding rheumatoid 

arthritis of 25 years duration . ':'he arthritis "t-Tas severe 

in extent and destructive in character. Nearly every 

joint of the body was involved and four or five months 

prior to his last admission signs of spinal cord com-

pression, due to cervical spine involvement, had deve-

loced . Three years previously a sterile empyema had 
-

been found in the pleural cavity. .2e 'I..Jas admit ted to 

the Royal Bath Hospital, Harrogate, severe :y ill and died 

soon after. He had received prednisolone 5mg. b . d . for 

s~veral years until the time of his death . 
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At autopsy the cause of death was found to be renal 

papillary necrosis . There was evidence of severe rheuma-

toid arthritis , an empyema on the left side of the chest 

and pleural adhesions bilaterally. Skin specimens were 

taken from the abdomen and forearm for study. 

The collagen content is given in section V. F. On 

removal of a square inch of forearm skin it retracted 

along Langer ' s lines to 0 . 9 inch and there was no change 

at right angles to Langer' s lines . The values of the 

rheological constants are summarised in Table 17 . 

l k b 

Forearm 

non- arthritic 0 . 60 0 . 50 0.33 
rheumatoid 0 . 54 0 . 56 0.30 

Abdomen 

non- arthritic 0 . 61 0 . 38 0 . 27 
rheumatoid 0 . 52 Oo68 0 . 20 

-
Table 17 . Comparison of rheological constants for 

forearm and abdominal skin in a man with rheumatoid arth­
ritis compared with a rna~ of the same age without arth-
ritis . 

It will be noted that the constant k is much greater 

in the rheumatoid patients . This is in keeping with the 

decreased collagen content found biochemically (see section 

There is insufficient variation in the constant 1 

to account for this difference, and the findings suggest 

that a variation in the constant n is responsible . 
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Case 4. 

A 34 year old woman developed osteoporosis follo-

• Wlng pregnancy two years previously. The osteoporosis 

proved refractory to treatment . 

A biopsy of forearm ski~ was taken and the rheolo-

gical constants are summarised in Table 18 . It will be 

seen that the constant k differs from a co~parable co~trol 

subject . The difference is such that it raises the 

possibility of a directional effect associnted with 

Langer' s lines, but there was no other evidence to suggest 

this . 

l k b 

non- arthritic 0 . 69 0 .72 0 .42 

osteooorotic 0 . 70 0 .34 0 . 50 
• 

Table 18 . Co~parison of rheological const~nts 
for forearm skin in a woman -v.ri th osteoporosis 
com oared with a "I:Jom'3.n of the same age Hi thout 

• 
osteoporosis . 

Rheumatoid arthritis . 

Case 5. 

A man aged 54 had definite rheumatoid ~rthritis for 

13 years . He had been on numerous medications including 

gold, butazolidin, ~red~isolone, triamcinolone, dexa­

methazone and betamethazone vihich he was receiving at 

the time of his fi ~l admission. He came in with a 
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coronary thrombosis and died soon after admission . 

Autopsy confirmed eccymoses of the hands and ~orearms , 

which had been noted before death . Examination of the 

knee joint stowed cartilage to be lost over the 

articular surface and gross fibrosis . The capsule was 

\-Ihi tish, fitrotic and shrunken. The pannus and fibrous 

union bet\.J"een articular surfaces could not be disected. 

The ri -~lt ventricle uas dilated and extensive \-Ihi te 
'-' 

patches of sub- endoc<:t.rdial fibrosis overlaid the posterior 

wall . The septal papillary muscles of the mitral valve 

contained a khaki- coloured infarct . Patchy fibrosis 

involved the substance of the myocardium on the posterior 

Hall of the left ventricle . There was severe athero-

matous changes in the coronary arteries . The aorta 

showed moderate atheroma. There was severe oedema of 

botb lungs and basal congestion. ~here was cortical 

scarring of the rir;ht ki"' .(;;y, suggesting old chrord c 

pyelone phri tis . ~he ribs l.·rere fr"l~il l and clearly osteo-

porotic . 

Abd · 1 sl~1.· n -v1as taken fo:· rheological studies om1.na.J.. -

anj the values of the co ~tants are shown in Table 19. 

I 1 k b 

non-arthritic 0. 6 0 .35 0.26 

rheumatoid 

Table 19. 
abdominal skin 
\.J'i th c:. man of 

0 .59 0.47 0. 2 

Comparison of rheological constants for 
in <::. man -v!i th rheumatoid art .ri t · s com-oared 
the same age without arthritis . 
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Psoriatic arthritis . 

Case 6. 

A 25 year old man had psoriatic arthritis . He was 

admitted to the General Infirmary at Leeds for t r eat.nent 

of generalised erythrodermic psorillsis . Skin lesions 

had been present for six years and he had developed 

psoriatic arthritis two years previously. The arthritis 

had been moderate in extent, and 1rras completely inactive 

on admission due to his high dose of ste:'oids . 

Investigati ons showed haemoglobin 102;~ , blood sedimenta-

tion rate 2mm . lst hour, vJhite cell count 12, 000/cm. mm . 

differential agglut i 11ation test negative ( lJi tre 2) . 

X- rays s'.m-1ed mild erosive c: ang s in the hands and f"et ,. 

and moderate sacro- iliitis . He was receiving 

triamcinolone (an analoeue of cortisone) in a dose o~ 

8mg. four times daily. The skin had bEen treated with 

synalar (a steroid pr~paration for topical applicat~on) . 

He had bee~ on this regime ten days prior to biopsy. 

A biopsy of skin was taken from the left forearm . 

skin \.Jas erythrodermic due to involvement in the 

psoriatic process . It ~-:as no:.ed to roll up spontaneously 

unlike any other specimens tested. On extensi.on it 

yielded arly and the stress str['.in curve 1 .. ms not s··itable 

for r~eological a~alysis . 



Cases 7 - 9 . 

Biopsies were obtained from the forearms of a 

further three patients, but unfortunately the specimens 

yielded early during extension and these stress strain 

curves 1vere unsuitable for rheological analysis . Case 7 

was an exai11ple of osteoporosi~ in a 35 year old vmman, 

1·Jho developed symptoms 3 or 4 months after pregnancy. 

Case 8 was a 52 year old man who was a miner with Caplan ' s 

syndrome . He had rheumatoid arthritis of two years 

duration and a radiological picture in the chest of 

nodular shadowing. He '\.J"as not recei v:.ng steroids . 

Case 8 Has a ;.5 year old man Fith rheumatoid arthr ' tis of 

four year s duration, which progressed rapidly so that he 

became very disabled . He was receiving prednisolone 

2 . 5mg. t . d . s . at the time of admission. 

PRO~Ir D~ILE~ED RABBITS . 

Two pairs of albino rabbits were selected at birth . 

One member of each pair was fed a normal diet vlhile the 

other was fed a diet deficient in proteiu . On reaching 

maturity the rabbits \-Jere sacrificed and speci .ens of 

abdo~inal skin and aponeurosi~ taken . The skin was 

tested in the normal manner and the collagen conteD.t 1.J"as 

determined . Mr . G. Tate tested the impact loading 

t rupture ~u~ured a~oneurosis . necessary o - v _ 
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It was found that the thickness of the skin was 

somewhat less in the case of the depleted rabbits . Skin 

thickness of normally fed rabbits was C. 049 inch, and 

that of protein depleted rabbits -vras 0. 045 inch. The 

collagen content dry v~eight was essentially the same in 

both - 80 . 0% for nor·mal rabbi ts and 81 . 2,., for protein 

deoleted rabbits • The results from the extensometer 
• 

indicated that once compensation had been made fo: the 

reduction in thickness, there '..ras no significant 

difference in tte values of the constants (Table 20) • 
. 

~ k b .... 

normal 0.95 0. 37 0 .38 

deoleted 
• 

0 .88 0 .~.0 0.40 

Table 20 . The rheological constants of the 
skin of normal rabbits compared vri th protein 
deoleted animals • 

• 



Vl . DISCUSSION 

The science of rheology can probably be taken as 

dating from the time of Hooke (1660) who enunciated the 

classical law which bears his name . This law may be 

regarded as one of the foundations of the science, being 

first presented in the fonn 11ut tensio sic vis" (~tThe 

extension of any spring is directly proportional to the 

force applied") . 

From the time of Hooke a great many workers 

(Harriette, 1686; Bernoulli, 1705; Coulomb, 1776; Young, 

1807; Navier, 1822; Euler, 1843) have contributed to the 

general theory of elasticity. Most materials however 

fall outside the scope of this theory because they fail 

to comply with Hooke ' s law. 

Many workers (Wall, 1942a; Frenkel, 1946; Hall, 

195la) have tackled the difficult problem of producing 

theories to describe the properties of materials vrhich 

behave in this more complex manner and which exhibit 

viscous or plastic characteristics . The term rheology 

is nm.r used to describe the physical properties of 

materials vJhether they exhibit elastic, plastic or 

viscous phenomenon. 

Numerous attempts have been made to investigate the 
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physical properties of biological tissues by rheolo­

gical means . The value of much of this work has been 

reduced by the fact that many of the techniques were 

based on unsound theory (Dick,l949) and others set out 

to investigate a phenomenon which is not a simple property 

of the material . The Schade elastometer (Schade, 1912) 

is a typical example of the latter, where the indentation 

caused by a given point load is said to give information 

regarding the elasticity of skin in vivo. Unfortunately, 

other factors such as skin thickness, skin tension and 

the condition of subcutaneous tissue will mask the 

results. 

An analytical description of joint stiffness in man 

and the cat has been given and a rheological model 

consisting of ManTell, St . Venant and Kelvin elements 

connected in series synthesised to describe the behaviour 

(Johns and Wright, 1960, 1962 and 1964) . These a~thors 

have also observed the effect of physiological and patho­

logical factors on the rheological properties of the 

joint (Wright and Johns, l960a and b, 1961) . 

By means of in vitro tests some workers have carried 

out valuable studies and investigated specific physical 

properties of the material (Bergel, 1961 a and b; 

Kenedi, 1964a) . The increase of tensile strength of 

skin with age has been demonstrated by Rollhauser (1950) 
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working with specimens accurately measured . He also 

showed increased stiffness with age, which has been 

confirmed by the present work. Changes in the elastic 

properties of the aorta with age have been investigated 

by Kr afka (1942) . Valuable work has been carried out 

on the properties of the major components of skin, 

namely collagen and elastin (Wood, 1954; Hall, 1964). 

Extensometer . 

The apparatus developed to carry out the present 

work operated on the constant rate of extension principle . 

This is more versatile than the constant rate of loading 

system used commonly in the biological field (Krafka, 

1937; Hall, 1951 a and b; ~1organ, 1960) . The system 

used was one which has been adapted for many industries 

including engineering, leather and textiles . Its main 

advantages lie in the fact that tests may be carried out 

under widely differing conditions and the results 

presented in a convenient and accurate form . 

! s most of the commercial extensometers were large 

and cumbersome (e . g . the Instron) an instrument was 

devised specifically for testing skin. The specimens 

could be extended at any one of a number of rates and 

the results presented in the form of a load/extension 

curve . This was an advantage over many systems, in which 

it was necessary to take readings manually . Manu a: 

readi 1g limits accuracy anl curtails the number of readings 
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possible at higher rates of extension (Green and 

Loughborough, 1945; Conabere and Hall, 1946). Various 

other features were included in the eA~ensometer, so 

that investigati on of stress relaxation, tensile strength 

and permanent set could be made . Provision was also 

186 

made for testing the specimen under a temperature controlled 

l iquid, a feature not always included on other instruments 

(Conabere and Hall, 1946; Roddy, 1952) . 

When conducting experiments where comparison is to 

be made between various specimens it is necessary to 

ensure that specimens are produced of identical size . 

In the present work the problem was overcome by means of 

cutting the specimen do1n1 to a given thickness on the 

micr otome, when mounted either in a wax box or on a large 

asbestos slab. Rigidity of the sample for the purpose 

of cutting to obtain comparable specimens was accieved by 

freezing, since sol~ble waxes which solidified at room 

temperature (Annotation, 1960) proved unsatisfactory. 

The width and length were controlled by the use of a die . 

Other workers such as Harkness and Harkness (1961) have 

used a different system and have expressed their results 

in terms of load per unit of collagen. The total colla­

gen has been determined by biochemical means in these 



cases, and it must be assumed that the degree of fibre 

orientation r emained unchanged for all conditions 

examined. 

Uneven extension of specimens . 

To overcome the difficulty of premature failure due 

to the jaws of the machine damaging the fibres of the 

specimen, a dumbell shaped specimen was used which was 

made in accordance with B.s .s . 1910. This configuration 

is ideal for materials such as steel which exhibit little 

extensi0n, but in the case of material like skin, even 

the short wide end portions will extend an a preciable 

amount under the action of the tensions applied. This 

will produce a source of error as these extensions will 

be included in that of the actual test portion. The 

effects of this problem were minimised by ensuring that 

the specimen was mounted in the machine in such a way 

that the 1-1hole of the wide portion was gripped within the 

ja1-1s (figure 65) . This ensured that, apart from the 

test length, only a very short section where the change 

of width of specimen occurred was included between the 

jaws, and was less than 7~ of the total length. The 

situation was further improved by the wide end of the 

tapered portion teing held within the jaws in such a way 

that it could not contract in width . This prevented it 

from extending in some measure and it was noted that the 
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configuration of the end portions of the specimen changed 

little irrespective of the am0unt of extensi on of the 

specimen. 

Three dimensional model representing the rheological 
behaviour of skin. 

The three dimensional system, although more difficult 

to handle mathematically than a normal type of two 

dimensional system, can produce an interesting and far 

more complete picture when expressed geometrically. Our 

analytical work mainly involved two dimensions, extension 

and load . However, a more pahoramic view may be obtained 

with the adoption of a third dimension, time . With a 

three diTtensional system three sets of two dimensional 

systems can be produced, as seen in figure 66. The 

extension load (figure 66a) system is a familiar one 

which has been used throughout this work. The extension 

time system (figure 66b) concerns the results which can 

be obtained using a constant load apparatus and represents 

well known creep curves . These have been demonstrated 

in the present work and are well known in other biological 

tissues (Roy, 1880; Probine , 1959) . The gradient of the 

straight line in the system, which is tangential to the 

curve or passing through the orig~n, will represent some 

velocity. The third system involves time and load and 
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is the co- ordinate system on which stress r elaxation 

phenomena are demonstrated, curve A B being typical of 

this (figure 66c) . This has again been demonstr ated 

in our work on human skin and has been noted in other 

biological tissues (Wood and Chamberlain, 1954; Ward 

and Popplewell, 1963) . 

These three co- ordinate systems may now be combined 

to r epresent the results in the form of a solid model 

( figure 67) , which when viewed in the three directions 

X, Y and Z is seen respectively as the three co- ordinate 

systems . Considering now the normal extension process, 

the curve C A will be produced as shown in figures 66a, 

66c and 67. It can be seen in figure 67 that this curve 

produces a plane with its load axis C D. When vie11ed 

in direction Y this plane appears as a line A D, as seen 

in figure 66b. Thus the angle at which this plane 

lies to the horizontal is controlled by the velocity at 

which the specimen is extended. A lower velocity of 

exte11sion would produce the line D E for example on 

figure 66b. Thus, returning to figure 67, each differ ent 

rate of extension may be considered to represent a plane 

at some particular angle to the horizontal . It can be 

seen that the slovrer the rate of extension the greater 

the extension achieved for a particular load. This is 
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a well known property of plastic material, and thus 

the solid represented by figure 67 can be assumed to 

cons ist of a whole series of planes at differ ent angles . 

If the extension mechanism is stopped at some point A 

on figure 66c, r elaxation will obviously take place . 

However, this is at a given extension and so the curve 

A B must be followed at a height above the horizontal 

corresponding to the initial eA~ension. The curve A B 

can be seen more clearly on figure 67. 

This concept while not yielding fundamental informa­

tion regarding the structure of skin is useful for 

demonstrating the relationship between the various 

rheological phenomena observed. It can be seen that 

these are not isolated experimental findi . gs, but all fit 

together to produce a complete picture of the whole 

situation. 

Idealised representation of the structure of skin. 

It has been shown that if a specimen of skin is sub­

ject to a progressive series of small pulsatile exten­

sions a stress strain curve of the correct form is 

pr oduced, even though considerable relaxation may take 

place between each pulse . This may throw light oh the 

actual extension mechanism of skin, since relatively few 

r heological models can duplicate this effect . The sim­

plest system of ttis type is shown in figure 68a, where 
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f our springs are arranged in the form of a par allelogr am 

and a dash- pot is attached between two opposite corners . 

If this system is extended at a constant r ate, i t becomes 

stiffer as the process progresses, because, as the dash­

pot is moved, the angle ~ between the springs becomes 

l ess, producing a greater component in the line of the 

pull . If the extension is halted at some point, the 

dash- pot continues to move and the angle ¢ becomes smaller. 

This produces a reduction in the tension of the system and 

corresponds to the stress relaxation observed in skin. 

When the extension is continued, the system behaves more 

sti ffly due to the fact that the angle ¢ is less than it 

1.-ras when the extension was halted. However, novr that 

the angle ¢ is less the horizontal component in the 

direction of the dash- pot is also less , and hence the 

r ate of movement is lower, corresponding to a lower rate 

of change of stiffness . This represents the section C D 

in figure 68b. As the extension now proceeds as normal, 

but with a reduced rate of movement of the dash- pot, the 

s ituation will eventually be reached when the geometrical 

configuration of the system will be the same as it would 

have been had the extension not halted and had the 

resulting stress strain curve continued along the course 

of a normal extension~ corresponding to D E. This 

system could be represented by one section of a lattice, 
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as shown in figure 68c, where the springs are 

represented by collagen fibres and the dash- pots by the 

ground substance between the fibres . This is obviously 

somewhat similar to the actual system, but the analogy 

cannot be carried too far as the behaviour of the ground 

substance and collagen fibres is far more complex than 

that of a simple dash- pot and springs . Nevertheless 

this type of reasoning has t hrown light on such problems -
as deformation in porous rocks (Attel-rell, 1962) . 

Tests have been carried out in which the s pecimen was 

extended in a number of stages, permitted to rest and 

returned to zero between each extension process . It was 

found that on continuing the extension the stress strain 

curve r esumed the C01 1 rse that it would have taken had 

the extension process not been halted. This process can 

be considered as an extreme case of the pulsatile system 

mentioned above . This phenomenon is useful in that it 

provides a means whereby the effects of subjecting a 

specimen to various experimental conditions may be 

observed. For example, a specimen may be partly extended 

and then subjected to enzymatic activity or freezing and 

the extension continued. If the curve for the second 

part of the extension had been plotted on semi- log paper 
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and the intercept became tangential with the line for 

the initial extension, it could be assumed that the 

activity has had no effect on the mechanical properties 

of the specimen. This has the advantage that the whole 

experiment can be carried out on a single specimen rather 

than two or more and thus the problem of the identical 

nature of a control specimen is eliminated. 

Tests of this nature have been carried out on both 

skin and rat tail tendon collagen fibres to investigate 

the effect of freezing. The r esults demonstrated that 

freezing had no effect on the rheological characteristics. 

To obviate any errors introduced by the removal of the 

specimen and jaws from the machine during freezing, the 

whole experiment could be conducted with the tank on the 

machine . An alternative method of comparison of frozen 

and unfrozen specimens from contiguous sites confirmed 

the results obtained in the experiments in which rat tail 

tendon collagen fibres were extended, removed, frozen and 

then re- tested. 

Poisson's ratio . 

Poisson ' s ratio is the ratio of strains in the 

directions perpendicular to that of extension to that in 

the direction of extension (Love, 1934) . For an iso-
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volumetric extension the str ain ratio of width to length 

should be 1 . 0 . However, it has been shown (Kenedi, 1964 b) 

that the value for skin of this strain ratio can 

vary f r om 0 . 4 to 1 .7 as the extension process progr esses , 

the incr ease being rapid at first and levelling out subs-

equently. High values of Poisson ' s ratio for the skin of 

the guinea pig have been reported by Beckwor th (1963) . An 

extensive mathematical analysis of the properties of 

fibrous materials has been carried out by Cox (1951) who 

has shown from theoretical considerations, that for a 

solid planar mat the value of Poisson' s ratio with respect 

to the thickness is very small and can be considered as 

negligible . Nevertheless, the Poisson' s ratio with respect 

to width increases rapidly as extension progresses to 

values considerably in excess of unity. For the skin, 

more factors such as the properties of ground substance 

surrounding the fibres , would have to be takefr into 

account to make such an analysis complete . A simpler 

explanation for this change of the strain ratio as exten­

sion progresses may be seen by considering a simple 

idealised portion of a lattice structure of semi- angle /J 

which is extended. It can be seen that if /1 equals 45° 

an incremental extension will produce a reduction in width 

of a similar amount, giving a strain ratio of unity~ By 
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similqr reasoning it can be seen that ~ is in excess 

of 45u the straic ratio will be less than unity. Con­

versely, as x5 reduces from 45" to approach zero the 

strain ratio will increase to approach infinity. In 

pr actice, however, these excessive values are avoided, 

due to the finite thickness of the fibr es, and the spaces 

between them being filled with ground substance and 

elastic fibr es, preventing the meshwork closing completely. 

Moreover, the fibres themselves are extended as the pro­

cess continues . 
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Characterisation of stress strain curve . 

Polynomial exoression. 

One method of describing the stress strain curve 

produced by skin is by a polynomial expression (Hall, 1951) 

and an excellent result may be obtained if sufficient 

terms are taken, e . g. 

+ 13 Ln a3 •.•••• an 

where E = extension 
L = load 

a
0 
~ a2 ••••••• an= constants 

In many cases an adequate result may be obtained by 

using only the first three or four terms of such an 

expression but more constants are usually necessary than 

those of the equivalent power law. Moreover it may be 

extremely difficult or even impossible to relate the 

various constants to physical properties of the specimen. 

Eguations used . 

The extension of skin may be divided into two 

separate stages; the first represents the straightening 

and orientating of the fibres, and has been shotvn to be 

described by the equation 

E = a + b log L 

where E = extension 
L = load 

a & b = constants 

This phase ceases at approximately lOOgm. (Ridge and 
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Wright, 1964) . However, such results give no indication 

of the nature or quantity of collagen. It is possible 

that data concerning the properties of the ground substance 

could be evaluated by carrying out tests at different 

rates of strain and observing the change of gradient in 

this early part of the curve . Collagen is apparently not 

being extended in this range and work do~e on the present 

apparatus has sho~m the effect of elastin is not dependent 

on the rate of extension (Hall , 1964) . 

The second stage of the stress strain curve can be 

described by the equation:-

E = c + k Lb 

where E = extension 
L = load 

c, k & b = constants 

The suggestion that this represents orientated collagen 

is borne out by the fact that it is the same equation as 

that obtained for rat tail tendon in the present work and 

also in that of Wood (1954) . 

A similar equation for the second part of the curve 

has been found to apply to skin by Kenedi, Gibson and 

Daly (1964) . Their poHer term Has hm.rever applied to 

extension rather than load and is thus the reciprocal of 

that obtained in the present work. Calculation of the 

values of constant b at various ages from the published 
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results of Kenedi , Gibson and Daly (1964) shows that 
• 

their results are comparable to those obtained in the 

present study (Table 21). 

Such differences as exist in the values for the two 

series may well be due to the fact that the experimental 

conditions were not identical . 
' I 

' Age (years) 40 50 60 70 80 

Kenedi , Gibson and 
Daly 0.33 0 . 27 0 . 22 0 . 19 0 .15 

Ridge 0 . 35 0 . 34 0 . 28 0 . 22 0 .16 
-r-

Table 21 . Compariso~ of values of b calcul ated 
from the data of Kenedi et al (1964) compared with 
values for male abdominal skin in the present study. 

The constant b . 

b is a property of collagen dependent on its stiff-

ness . A low value of b indicates a greater stiffness 

(i.e . a larger force is req..1ired to produce a given 

extension) a higher value of b indicates less resistance 

to extension . b has been shovm mabhematically to be a 

specific property of the collagen fibres , and is indepen-

dent of the length, initial degree of orientation or 

number of fibres in a specimen. This fact has been 

demonstrated by findi ng that specimens of various widths 

gave similar values . Moreover, specimens tested along 

and across L~nger ' s lines , where the fibre pattern is very 

different, also gave similar values in the two directi~ns . 
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It has been shown that the more rapid the 

extension the lower the value of b. This would be expec-

ted, as 11 plastic 11 materials are stiffer at higher strain 

rates . 

The constant k . 

k is a composite term made of the quotient 1 
nb 

where l is the straightened, orientated fibr e length, and 

n the area of collagen under load. The value of k 

decreases with age . Biochemically it has been shown that 

there i s no significant difference in percentage collagen 

content dry- weight throughout the age range . From 

theoretical considerations therefore the value of n in a 

given direction must be constant with age . The reduction 

in the value of k with age therefore indicates a shortening 

of the fibre , probably due to increased cross- linkage and 

possitly to the fact that perfect orientation is restricted 

by increased amounts of inter- fibrillary material (Tunbridge, 

Tattersall, Hall, Astbury and Reed, 1952) . 

A greater value of k is obtained for specimens taken 

acr oss Langer ' s lines than for those along . This provides 

supporting evidence for the lattice theory, from which it 

would be predicted that the value of 1 would be greater 

and that of n less across Langer ' s lines . 
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It is preferable to calculate the value of l from 

the sum of the 11 aero load11 leneth and the value of c 

found by the computer, as this eliminates the need to 

solve t1vo simultaneous equations for specimens taken 

along and across Langer 's lines . Thus , by using this 

~00 

value of l , n may be found from k, enabling all the constants 

to be evaluated from a single specimen. 

The value of l depends on the amount the specimen 

has shrunk when cut from the body. The greater the 

shrinkage, the higher the value of l . Consequently the 

true value of l is greater by this amount, which is 

approximately 10 per cent . Wenzel (1949) quoted a mean 

value of some 14 per cent for dermal shrinkage. The 

amount of shrinkage will also depend on the direction in 

which the specimen has been cut with reference to Langer ' s 

lines . Those cut across the lines will shrink less than 

those cut along the lines . 

Variations with site . 

It has been shovm that the shape of the b/ age curves 

were similar for all sites investigated \-Tith the exception 

of male forearms . In the case of fema.les it was shown 

that the reduction in the value of b was less for the skin 

of the forearm than the abdomen, giving a decrease in b of 

0. 08 for forearm skin, compared with 0.30 abdominal skin 

over the same age range of 40 to 90 years . There was a 



suggestion that the increase of the value of b from 

0 to 40 years was similar in both sites (0.27 to 0 . 44) . 

Results were inconclusive due to the difficulty in 

obtaining material in the lower age ranges. It has been 

shown that for all sites except male arms, the values of 

k and 1 decreased \.fi th age . 

It would thus seem that in the case of females the 

changes due to ageing are less pronounced for forearm 

skin than for abdominal skin, both with respect to changes 

in the stiffness of the collagen (b) and the architecture 

of the wickerwork (k) . 

In the case of male arms, the scatter in the values 

was large . This may well be occasioned by environmental 

differences to which patients had been exposed. Some had 

their forearms permanently covered with clothing, 1-1hile 

others were doing manual work with their ar.ns exposed to 

sunlight and considerable mechanical acti~n. ~here is 

evidence that sunlight not only contributes to the break­

dm.m of elastin but may also affect collagen in the same 

way to a lesser extent (White , 1910; Ejiri , 1936; Dick, 

1947; Annotation, 1962) . 

Variations with sex. 

It has been shown that there is a great similarity 

in the shape of the b/age curves for skin from male and 
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female abdomens . The only difference was that over the 

whole abe range the value of b for females was 0 . 07 hiaher 
0 

than that for males, signifying greater extensibility. 

Again, comparing male and female abdominal skin, values 

of l and k apparently decreased in a linear manner with 

age, but there was no difference between the sexes . 

It would thus seem that the differences observed in 

the properties of male and female abdominal skin are due 

to changes in the collagen itself, rather than in the 

wickerwork. 

It is interesting to observe that skin r etraction 

when a specimen is removed from the body is greater i n 

\mmen than men. This may in fact be only indirectly 

related to sex, the true correlation being with the amount 

of subcu~aneous fat, since limited data in the present 

study suggests that skin from obese subjects retracts 

more than that from thin subjects . 

Changes in the stiffness of collagen with age . 

The variation of the stiffness of skin with age found 

in the present study agrees well with the findings of 

Harkness (1964) in rabbits and Kenedi , Gibson and Daly 

(1964) in man . These differences are statistically sig-

nificant, particularly with abdominal skin. The most 

likely explanation of the increased stiffness with advan­

cing age after 40 years is that the number of cross-links 

in the collagen fibr es has increased. 
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It is clear from the biochemical studies that the 

increased stiffness is not due to a greater percentage 

of collagen in the skin with advancing years • Verzar 

(1963) stated that collagen fibres once synthesised are 

permanent and remain for the rest of life, but are never­

theless subject to a maturing process, in which the 

number of cross- links increase . This is so~ewhat at 

variance with the findings of Neuberger and Slack (1953) 

and Slack (1954a) who believe that the turnover of 

collagen, while being very slm..r, is completed in a cycle 

of approximately 15 years . There are well known excep-

tions to this, e . g. in the carragenin induced granuloma 

(Jackson, 1957) the pregnant uterus (Harkness, 1961) and 
I I 

the rat limb stripped )f skih and enclosed in the animal1s 

abdomen (Slack, 1954b) . In adult life however the turn­

over of collagen is undoubtedly slow (Slack, 1954a) . It 

is possible that with advancing years the skin contains a 

progressively higher proportion of older collagen which 

will contain a greater number of cross links . Strong 

evidence to support the cross linking theory is that the 

tensile strength of skin increases with age (Rollhauser, 

1950) . The present work provides confirmatory evidence 

of this, since the points of inflection of difference 

distribution systems (an indication of the beginning of 

the yielding process) appear to be higher with increasl .g 
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age . This has also been demonstrated by Verzar (1957) , 

investigating the thermal shrinkage of collagen fibres . 

This theory explains the increase in stiffness with 

age, but does not explain the increase in the value of b 

up to the age of 35 or 40. This implies a reduction in 

stiffness . The work of Whowinkle (1933) provides 

support for this suggestion. He investigated samples of 

facial skin in the age range of 5 to 101 years and formed 

the opinion that senile alterations comnenced in the 

fourth decade starting in the epidermis and extending down 

into the dermis with advancing years . Alterations 

involved a degeneration of both elastic and collagenous 

fibres and resembled those caused by Roentgen rays and 

radium. 

Tate (1964) working in our department has investi­

gated the problem of the burst abdomen by subjecting 

sections of sutured aponeurosis to very rapid extensions 

and observing the loads required to rupture the specimens . 

He has demonstrated that in similar conditions specimens 

require a progressively greater load with increasing age 

up to 40 years . After this age the situation is 

reversed and the load required to rupture the specimen 

diminishes with age . This is unexpected in the light 

of the facts that the tensile strength of tissue increases 

• 
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with age (Wohlisch, 1927) and that the present work has 

demonstrated that the stiffness of skin increases with 

age . However, it must be remembered that the property 

investigated by Tate is probably not pure tensile strength. 

It may be that on applying a load to a relatively exten-

sible specimen the tissue forms round the sutures in such 

a way that stress is distributed more evenly, enabling a 

greater total load to be tolerated. In the case of a 

stiffer specimen, less deformation would be produced a~d 

more acute stress concentrations vTOuld be formed in the 

area immediately around the suture , causing a premature 

failure out of proportion to the tensile strength of the 

material . 

The effect of age on the elasticity of skin. 
' 

It has been said "when the skin of a relaxed hand of 

a medical student is pulled up between the finger and 

thumb and released, it snaps back into place, whereas 

that of the senile instructor subsides slowly and with 

dignity because the elasticity is reduced11 (Ha and Cowdry, 

1950) . This observation demonstrates one of the most 

significant changes taking place in skin 1-1ith increasing 

age . This fact can further be demonstrated by the 

shrinkage 1-1hich takes place in a piece of skin which is 

removed from the body. Dermal shrinkage has been invest-

igated by Evans , Cowdry and Neilson (1943) , who observed 
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that it was decidedly more vigorous i h young persons 

tha~ in old ones . This has also been demonstrated in 

our m-1n experiments by cutting out inch squares . Dick 

(1951) stated that the natural tension in skin was 

greatest at points where the elastic meshwork 1-ras greatest . 

He also noted that the contraction of a piece of skih 

,.,hen r emoved from a site of dense elastic meshwork "t-ras 

greater than would be obtained from a piece of skin taken 

from a site where the mesh,wrk was less dense . It would 

thus seem that the strong elastic mesh1-mrk causes 

specimens to contract . However there has been difference 

in opinion as to which component of the skin produces the 

elasticity. Lynch (1934) was of the opinion that the 

collagenous meshwork contributed the greater component . 

However this has been refuted by numerous worker s . 

Rothman (1953) observed that old people ' s skin has a poor 

elastic meshwork producing low initial tension. Schmitt 

(1891) referred to the breakdmm of elastic tissue with 

age . These findings are also confirmed by Ejiri (1937a) 

and Dick (1947) . Wenzel (1949) observed that the contrac­

tion of skin is greater in the direction of Langer' s 

lines than across it . 

This skin tension has also been verified during the 

present work in which inch squares were excised and it 

was noted that contraction occurred asymmetrically, that 
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along Langer 's lines exceeding that across by as much 

as 25% . Waterton (1931) believed that the very exis­

tence of Langer ' s lines was due to the elastic meshwork . 

This favours the view that the tension in skin is caused 

by the existence of elastic fibres . However, it is 

conceivable that some part of the tension in skin could 

be due to the collagenous meshwork . Although the collagen 

fibres are relatively stiff and inextensible, they have 

their interstices f illed with a gelatinous compound which 

will impart elasticity to the structure . I t is also 

known that the elasticity of collagen decreases with age 

(Verzar, 1957) and that the natural tension is greater in 

the direction of the maximum number of collagen fibres . 

It could thus be that a considerable part of cutaneous 

elasticity is caused by a very small number of fibres 

which happen to be straight and completely orientated in 

the direction of extension. 

Indeed Kenedi (1964b) has produced histological 

evidence, using the Mallory trichrome stain (which selec­

tively stains collagen fibres red instead of green if 

they have been strained) , that some fibres rapidly come 

under load when small extensions are applied . One would 

expect these fibres to rupture first . At this time 

207 



increasing numbers of fibres would be orientated and 

available to carry the load. If this was the case it 

would be one explanation for the phenomenon of permanent 

set, since the original fibres would no longer be capable 

of pulling the specimen back to its original shape . Due 

to the drqstic redistribution of ground substance the 

elastic fibres may be no longer capable of completely 

performing this function themselves . 

It vrould thus seem that the natural tension in skin 

may be due partly to the effect of the elastic tissue and 

partly to the collagenous, possible the latter predomina-

ting in situ. On removal of a piece of skin from its 

habitat the collagen fibres rapidly come under stress with 

quite a small contraction because of their natural stiff­

ness (which is however less for small strains) and the 

final part of the contraction may be due almost entirely 

to elastic fibres which being much less stiff than collagen 

will be capable of remaining under tensi ~n after conside-

rable contraction. This vmuld tend to support the theory 

developed by Tunbridge, Tattersall, Hall, Astbury and 

Reed (1952) that it is the collagenous structure which 

plays the major part in the elasticity of skin. It seems 

unlikely that the suggestion of Sternberg (1925 ) that the 

elasticity of skin is due to the collagenous framework 

and over distension is prevented by the elastic fibres is 
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correct, since the elastic meshwork is sparse compared 

with that of collagen and also its tensile strength is 

considerably less (Hall, 1964) . 

The directional shrinkage effect of skin has also 

been demonstrated in our -vmrk 1-1ith the slab cutting 

technique, when the relatively large pieces of skin (e . g . 

6 inches by 3 inches) have been used . Specimens cut from 

this with the die in the direction of Langer ' s lines vJere 

shorter than those cut across . This was due to the fact 

that the skin '"as mounted vTi th a large amount of fat and 

subcutaneous tissue attached to it preventing ft1ll con­

traction before it was frozen into place . 

Rothman (1953) noted that skin from the aged offered 

little initial resistance to stretching. This -vms readily 

demonstrated in the present work (figure 69) . The initial 

portion of the stress strain curve was tangential to the 

extensjon axis . In skin from a younger individual there 

was considerably more resistance to the initial extension 

and the curve relatively rapidly separated from the exten­

sion axis (figure 70) . It was thus seen that in the case 

of the aged ,.,here the specimen had contracted relatively 

little that the initial part of the curve was concerned 

with the orientating of the collagen fibres and the 
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process met with little resistance from the elastic mesh-

work. In younger individuals, considerable contr action 

had taken place due to a strong elastic meshwork which 

had somewhat compressed the collagenous meshwork. Con-

sequently on extens ion the initial part of the curve was 

concerned mainly with stretching the elastic meshwork. A 

consi derable extension was required before the collagen 

fibres were fully orientated. 

Collagen content . 

The percentage of collagen in skin was determined for 

the folloloring r easons . 

1) As an indeoendent check that the value of the ... 

constant b did not depend on the amount of collagen. 

2) To determine whether the constant k varied as 

predicted. 

3) To determine whether changes associated with 

various connective tissue disorders were accompanied by 

variations in the amount of collagen. 

4) So that it might be possible if necessary to 

express the strength of skin in terms of load per unit of 

collagen. 

Harkness and Harkness (1961) in their work on the 

cervix of the rat with r elation to pregnancy used the 

method outlined in section four . However in the case of 



skin, i t was found that the percentage collagen varied so 

l i ttle that it viaS easier where necessary to expr ess the 

results in terms of str ess based on the cross- sectional 

a r ea of the speci men. 

A mean value of 65 . 6% collagen dry- weight 'l.ras found 

~or both m~e and female skin throughout the whole age 

range . Rothman (1953) quoted a value of 71. 9% for the 

collagen content of skin, but did not specify the site 

from which it was taken . In the present study skin f r om 

the arms had a value of approximately 10% less than the 

abdominal skin for both sexes . It is of inter est to note 

that a value of 77% of collagen for dry skin has been 

obtained by Wernstein, Wei~stein and Bouckek (1960) . This 

was for skin stripped of its epidermis which contains 

little collagen. It is possible that the reduced value 

found for skin from the arms may be due to the fact that 

the epidermis is thicker on the arms than on the abdomen 

as a result of exposure to sunlight and mechanical action. 

It has been shown that for a given site and sex the 

percentage of collagen in the skin remains virtually 

constant at all ages . It follows therefore that the 

value of the constant b, which has been shm·m to vary 

considerably 11rith age, is not dependent upon the collagen 

content . In view of the finding of this constant 
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collagen content of skin irrespective of age it may be 

deduced that the constant n is similarly unrelated to the 

age of the subject . The results shov! that the constants 

1 and k are related to each other over the full age range 

and provide confirmatory evidence for the proposed 

latti ce theory. 

In the small number of specimens examined in patients 

\-lith inflammatory polyarthritis the collagen content \o~as 

somewhat 10\·Ter than in skin from subjects unaffected by 

arthritis, matched by sex and age . Although these dis­

orders are sometimes termed "collagen diseases 11 (Klernperer, 

1953 ) little is known about quantitative or qualitative 

alterati Jns in the collagen. 

n:sorders affecting collagen. 

A rheological study of skin will provide information 

about connective tissue in those disorders which produce 

alteratiJn in it throughout the body. For instance, in 

Ehlers Danlos syndrome ttere are obvious clinical altera­

tions in the dis~ensibility of skin. This rare disease 

has attracted much interest over the years, so that 

McKusick (1960) quoted 152 referencee to it over a period 

of 300 years . Yet the basic pathology is still not con­

clusively el ucidated. 1-Jright and J ohns (1960) using 
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rheological techniques in the evaluation of joint stiff­

ness produced evidence in a single case that the major 

alteration may be in the ground substance . 

Recently in the controversy on whether osteoporosis 

is primarily due to a calcium deficiency or a defect in 

the collagen matrix clinical evidence has been produced 

to suggest that there is indeed a generalised alteration 

of collagen, affecting the skin as well (HcConkey, 

Fraser, Bligh and \.Jhi teley, 1963) . Thi~ finding Could 

be investigated further by the use of the techniques 

developed in this study. In a single case of osteoporosis 

on which rheological studies could be done no significant 

differences in collagen content \.Jere found, and the 

interpretation of the difference in the constant k is 

difficult in a single case . The patient was an unusual 

example of osteoporosis occuring in a young woman after 

pregnancy. Those described by McConkey et al (1963) 

\-Jere patients with post-menopausal or senile osteoporosis . 

A small number of patients with rheumatoid arthritis 

were investigated . The constant k ,,ras dGfini tely 

increased in the three specimens of abdominal skin \.JLich 

were tested. The collagen content of skin in three 

patients appeared to be reduced . The patie n0 who shm.Jed 
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the biggest reduction (the~west value obtained in any 

estimation) also shmved the greatest difference in the 

constant k . The difference was too great to be attri­

buted to the change in the constant l and must therefore 

nave been due to a reduction in the value of the constant 

n . The value of constant b was reduced indicating 

increased stiffness . The reduction in the value of b 

was a consistent findir.g in skin taken from six sites in 

four patients with rheumatoid arthritis . The explanation 

would seem to be that there was less collagen, but that 

it was stiffer probably due to increased cross-linking. 

The interpretation of the significance of these results 

must however be tentative at the moment, since some of 

the patients were on corticosteroid therapy. This itself 

is thought to affect collagen (Herrick, 1945; Chicffi, 

1950) . 

In animal expe riments, Frey, Harkness, Harkness and 

:!it,;htingale (1962) have investigated the tissues of 

lathyritic rats and chickens and shown that the collagen 

\-iaS unchanged but the tensile strength vras considerably 

reduced in rat aorta, chicken skin and rat intestine . 

The extensibility was normal for rat skin and intestine, 

but greater for chicken skin. Protein depleted rabbits 

have been used in the present work to observe the effect 
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of protein depletion on the rheological characteristics 

of skin. This was done in parallel \.Ji th work on the 

impact l oad on sutures in aponeurosis of these animals 

(Tate , 1964) . It was found trat protein depletion 

reduced the thickness of skin and aponeurosis but made 

no difference to the values of the constants obtained, 

indicating that the amount, the meshwork and the cross­

linkage of collagen fibres was unchanged both in the skin 

and aponeurosis . 
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Vll . SUMMARY 

A critical analysis of rheological techniques as 

applied to biological tissues has been made . The struc-

ture, physiology and mechanical properties of skin and 

i ts components have been reviewed . A survey has been 

made of previous theoretical approaches to the structure 

of collagen. 

To determine the rheological properties of skin 

initial studies were done vli th an Instron tester . An 

extensometer was built, utilizing a constant rate of 

extension system. The rate of extension could be varied 

and results were automatically recorded in the form of a 

stress strain curve from specimens obtained at autopsy 

and by biopsy from the forearm and epigastrium. 

Experiments vJere performed at a controlled temperature 

and the machine was modified as required to measure stress 

relaxation, stress recovery and tensile strength. 

Specimens ,.,ere cut to a constant thickness of 0 . 1 

inches and were cut to a standard test shape with a 

dumbell shaped die . Rigidity was achieved by f r eezing 

prior to cutting (it was ascertained that this di d not 

alter the rheological characteristics) . Skin exhibited 

stresf relaxation, stress recovery, permanent set and 

yieldi r.g. 
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The extension of skin fell into two main sections, 

each characterised by an empirical mathematical equation. 

The initial stage of extension produced straightening and 

orientation of the fibrous material (mainly collagen). 

The process 1..ras governed by the equation 

E = a + b log L 

vrhere E = 
L 

a and b = 

extension 
load 
constants 

The second stage of extension caused stretching of 

collagen fibres and was described by the equation 

E = c + k Lb 

where E - eA~ension 

L - load 
c, k & b = constants 

An eouation of this form vras found to characterise 
• 

the extension of orientated collagen derived from rat tail 

tendons . The constants of the equation were accurately 

determined by 11se of a computer. The Taylor ' s series 

expansion method was utilised . It viaS recessary to 

select a specific range for each specimen, to obtain 

results with the minimum of distortion caused by the 

orientating and yielding effects . 

The significance of the constants in the equation have 

been determined mathematically, and it has been shown that 

217 



11 b 11 is a function of the sti ffness of the col lagen fibre s, 

and is independent of the size of the specimen. 11 c11 and 

11 k11 have been shown to represent the conditions of the 

f i bre network, "k11 being governed by the length and total 

a r ea of the fibr es . The validity of this system has been 

ver·ified by experiments along and across Langer ' s l ines 

and by varying the width of specimens . It has been shown 

that the constant b when plotted agaivst age produces a 

curve which reaches a peak in the region of 40 years . This 

may wel l be due to the turnover of collagen. The constant 

k has been shown to be r educed vTi th age . Fr om changes in 

the value of b, it is seen that female collagen is more 

extensible than male, and that the stiffening process with 

age is not so rapid in skin from the arm as the abdomen. 

Langer ' s lines have been ver ified in the sites studied 

and shown histologically and experimentally to be due to 

a preferential direction of fibre orientation. This has 

been investigated in relation to dermal shrinkage on 

removal of specimens . The percentage of collagen in dry, 

fat- free skin was ascertained by a modification of the 

method of Neuman and Logan (1950) . There was no signi­

ficant variation with age or between sexes for a given 

site . The values were less for skin from the arm than the 
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abdomen (mean 61 .1% ! 3.7 and 69. 6% ! 4.41 respectively) . 

Data on the effect of inflammatory polyarthritis are 

given and the effect of protein depletion in rabbits was 

studied. 

The significance of the constants in relation to the 

structure of skin is described . The structural altera­

tions produced by physiological and pathological condi­

tions (with particular reference to the effect of ageing) 

and reflected in the rheological constants are discussed. 
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APPENDIX l 

STANDARDISATION FORMULAE 

Let B = true gauge length 

A = some extens:0n of gauge length 

N = actual initial length of specimen 

D - extension of specimen by the same l oad 
which oroduced A -

H - total extens~0n of specimen 

s 

By proportion 

M 

D = 1-'IA -
B 

H - ''-'+0 - •· ... 
H = M 1+~ B 

H 

If specimen is shorter than standard gauge length this is 

H = 
A H 1-­B 



APPEIIDIX 2 

HALLORY TRICHROME STAI~1 (Hodified) 
(details supplied by Professor 

R. M. Kenedi) 

Staining Solutions : 

A. 

B. 

Method: 

Ponceau 2R. 
Acid fuchsin. 
Orange G. 
0. 2% Acetic acid in Aq. dest . 

Light green 
0. 2% Acetic acid in Aq . dest . 

1 . Section to 1trater. 
Treat artefect if necessary. 

2 . Celestin blue 
3 . Rinse \.;rater . 
4. Haemalum. 
5. Rinse water . 
6. PonceaJ mixture (Soln . A) 
7. Rinse water 
8. 0 . 2% ftCetic acid 
9. Rinse ,.;rater. 

10 . 5% Phosphotungstic acid in 
water 

11. Light green mixture (Soln.B). 
12 . Rinse water 
13 . 0 . 2% Acetic acid . 
14. Dehydrate, clear and mount . 

Results : 

Epithelial cell~, muscle, fibroblasts . 

Collagen and basement membranes . 

Erythrocytes . 

Nuclei . 

0. 2gm. 
O. lgm . 
O. lgm. 
300cc. 

0. 5gm. 
lOOcc . 

5 mins . 

7 mins . 

5 mins . 

5 mins . 

5 mins . 

5 mins . 

5 mins . 

Red . 

Green . 

Orange . 

Purple 
to 

Red. 
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APPENDIX 3 
• 

READ IN LOADS 
No. OF TESTS FLOW DIAGRAM 1 
No. OF POINTS h 

1 
STORE LOG L 

• 

• 

NO COUNTER= h? 

YES 
4 

READ IN b 

NO PRINT 1st . ITERAT IO N ? 
SPECIMEN No. lr - No. OF ITERATIONS YES 

CAL C. & STORE c k & b C A LC. & STORE 3 
LU; L V; u, V; L u, L VI U; V; 

LU;a :L v! L. u, V; Eu~ L. v.~ 'L u; ~ CALCULATE 
' E ( FROM c k & b ) 

I PRINT 
COUNT E R= h 1 COUNTER = h ? LOAD NO NO E: 

YE S Y ES ~: - E , 
o< f3 p o< ft p ' ~ 

l ~ RE A D IN AND 
COUNTER = h? 

Nb 
STOR E TEST No. 5 Y ES 
FOLLOWED BY h 

NO ALL SPECIMENS 
E XT E N. VAL UES -

TESTED ? . 

2 L Y; L Uj Y; 6 YES 

L V; Y; STOP 

I 

NO 
COUN TER = h? 

YES 

¢ n k db 

b - b o ~! 0· 01 
YES 

NO 

PUT bo = b 



APPENDIX 4• 

Ll. . COt PUTER PROGRA~.ME 

N 
STRESS STRA I .! CO~lSTAf\~TS 

tl r N2 A 

STOP 
11 7= TAPE 
nr=TAPE 
v 40 =TAPE ( /1 I+ I) 
V3 q=V 40 
vo=nr 
11.1. =o 
no=o 

z) V ( roo+ t14) =LOGV ( 4 r+ no) 
ilo = /1o+ r 
I~=·+· 

T • 

7 r , i'Lo ~ JI 

V9o=o 
v89=o 
v8C' =o 
V87=o 
V92=o 
;13 =0 
n8 =o 

4) V r=o 
V2=0 
v 3=0 
V4=o 
v s=o 
v6=o 
v8=o 
ll.d =O 

• 

I • 

B 

3)y)(4oo-~3+n4)=EXPCV39xv(roo+n4)) 
XPV(24o- 113+n4)=v(roo+n4)xz·(4oo- ,13+n4) 

c 

v(P7- ~3)=v(87-,~3)+vC4oo- ~3+n4) 
v(sa -n3)=v(88 -113)+v(24o-,~3 +n4) v(B9-713)=v(so- 1~3) + (v(4oo-~3+n4)xv(4oo - ,13+114)) 
v( 9o- n3) =-v ( oo- 113)+(v( 24o- n3+rJ4) xv( 24o- 113+rLd) 
v ( 9 2- 13) =v ( 9 2-~13 ) + ( v ( 4o o-,13 + 114) x v ( 2 4o- 113 +r~ 4) ) 

( 
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n.1= 1.1+I 
?>3, n4~n i 
v(oi - HJ)=v(8o- n3) - (v(87- ,-3)xv(87- n3) )lvo 
SPv(o3-~13)=v(az-,13) - (v(27- 13)xv(S8- 113))1vo 
v ( 9 .1- n 3 ) =v ( o o- ~13 ) - ( v ( 8 8 - ,, 3) x v ( 8 2- /13 ) ) I v o 

7o, ll 1 ~o 
s)v~oo=TAPE(?1r+I) 
o)nz=o 

11.£1.. =0 
• 

7) z=o 
z)vr=v(r--or+.z) 
vz=vz+v I 
V I I=V I I+( VI XV ( 4oo - ·13 +•14)) 
V I z=vrz+(vrxv(z~o- n3+nLt.)) 
rlt1_ = l4+ I 
Jz= 12+ I 
~z , 'Jz~'1 I 

VI 3=V rr- (v(B7 - n3)xvz)lvo 

242 

VI4=VIz - (v(BB- n3)xvz)lvo 

V r s=(VI3- ((7J(o3 -n3)xv(a3- n3)XVI3) - (VI4XV(nr-~3)XtJ(q3-n3)) 
) I ( v ( 9 3- n 3 ) x v ( () 3- t~ 3 ) - v ( 9 4- H 3 ) x v ( 9 r - tl3 ) ) ) I v ( a I-n 3 ) 

r38=n8+r 

VI A= (VI 3XV ( 93- '3) - (VI LtXV( or - '13)) )I (v ( 03- "'3) XV( q 

3- 13 ) - ( V ( 94- 13) XV ( o r-/!3))) 

SPvr8=(vrnlvrs)+V39 
V I 7 =VI P. - t1 3 Q 

V3o=vr8 
3=8.1 

7 11. , J )VI 7 'o • o I 

V30=V.1.0 v I ~ = ( v z- ( v I 
5 
x v ( s 7 - 1-z 3 ) ) - ( v I Ax v ( e 8- 113 ) ) ) I z J o 

PR I r J rv 11 o o , 3 I o o 
PRINTnz ,4I 40 
p R I 1\IT v I 0 ' 4 0 8 t1. 

PRINTvi 5 ,~~. ostt 
PR I ;~TV I , •o84 
PL I '!T. ' AI) SO 



113=0 
7)V7oo=(vrsxEXP(vr8xv(roo+,1J)))+vrq 
V7or=V7oo-v(~or+13) 
P R I : Tv ( 4 r + n 3 ) , 3 o 8 o 
P R I I ! TV 7 o o , 4 o o rc 
PR [ J:TV7or , 4oo6 
/Z3=n3+r 
7 7 ' ,~ 3 ~ ~I 
18=o 
r13=o 
,z7=n7-r 
7 5 ' t17 ~0 
(7o) 
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APPENDIX 5. 

c; • r• 
' 

P'<Of' A 

(...,. V'.... c-~1 ,C"f""T' I') I) 

C'\'78()0 

11P.o=TAP~ 11 

STOP 

I T)VI).o=TAnr.20 
nfi=o 
V2=o 

'""=o 

"' 4=0 
'" <' = I o 

"'7=:) 

2 )11 r=v( t.I+'1.1+t:~' 
7 -r I ' "I I I (, 0 + ''1 7 ) = 0 

">2=7;2+ >r 
7 1 ~ = V ~ + ( "l I X 1' ( I 2 0 + ''7 4 +"' ~ ) ) 
V ~ = !' 1 A + ( V I X 7 > ( I t1 0 + f1 4 + '1 ~ ) ) 

1" t1 = 11 ~ + I 
7 2 ' 1'1 4 ;t 11 c; 

rtR=o 

f1t.=o 
1> 0 =11 c; 
vr:=1J?-fv( rno+n'7)XV2)/1)0 
vfi="J4 - ( 1'( Ifii+Yl7) xv2. )lvn 

2 • 

V7=( "' c;-( ( v( I flfl+•'l7) '(1)( I 'SA+•"'7 J V") ~ )-( "lh'(?J( yn ~+ 17) 

vv (! fifi++" 7))) I ( 7' ( T 'Sfl+fl '7) Y" I I t;f)+'17) -1) ( 

I A 7 + 1/1 7 ) '1) ( I fi r' + '1 7 ) ) ) I") ( I I) c; + (1 7 ) 

">8=( v c;''V( rt;0+'"7 '-( ... ,r;.,·n( rr-; 
)+"'7' \) /( "J( rf..(-.,+'"7) "V( I~f-+117 )-( 11(! 1)7+• 7) XV( If) c;+'17))) 

-:>r~ 

T6'vo='1'1 
'" a=n 
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"'::l?=o 

'l'24=o 
"'~~=o 

~ 

V '1tt=o 
V?l)=o 

r "2 )v? r=~="XP 1 7JoX7>( roo+"' 4+·~ ~)) 
";( ~oo+·· t )-"'2 I 
"J22=71(! no+'" t1+Y'"') XV2 I 
7' ( s ~ 0 + 1" 4 ) = ") 2 2 

V:>,=112~+V2I 

V24.=1J24.+V-;2 

V ~ ~ =V., ~ + ( il? ! XV 2 I ) 

V~t1=V).1+(">22XV2:>) 
V~ 1)=7>~ c:;+( "12 r XV22) 

1" Ll. = r! 4 -1- T 

7 ! ~ ' .,. A~·" c:; 

") ~IS=") ? ~- ( 1'' 1 '17) '2 ~ ) I v 0 

"J ~ '1=V., c;-( V 2 ~X? I:> 4) /7>o 
">,8="1""'11-( "'.?Av7>2.t. )lvo 

,.~ t1=o 
vr=0 
V:>=o 

V?==O 
' 

V:-=Z>;-+11I 
7 1 ~=7>.,+("JIX"J( )oo+~7 4)) 
?1 4=V4+( "II X"'(~ c:;o+'ll4)) 

i 1 4=fl A+ I 
7! 4 ' "! 4 ~-1 c:; 

vc:;=v~-( 7J2~'lV.? 'lvo 
(J (.,-=" 4- ( 7 J 2 4. '17 1 .? '\ I" I 0 

">7=( v c:;-( ( "'~7XV"7'!..V c:; )-( rt=-v" .,?..xv~;) 
)j((?I1_?XZ>?7)-'v~8XV1.f. )'II7J?f... 

v r = ( 1> c; x?' ~ 7 -v f... vv ~ t:. ) I r v? 7 xv ~ 7 -?J ~ o v7> ~A ) 

Xr7>()=7'o+<>P /V7 
7>t0=( V:> - ( '"7X1>2 ~ )-( VRXV2.t1.) )lvo 
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I 5) 1) I I =V I v 7 
'18 =•18 +I 
7I 7, na=4 
7 I 6 ' I ,J )VI I ... 0 • 0 2 
I 7)V2=0 

v 2=0 
V3=o 

~ 

V Lt=o 

'i4=o 

7 I 2 , I' 3 ~0 
~I , J!VIr'>:o . oor 

Dp I l. TV 40 , 3 of; o 
r 2)P .I .Tv(8o+ 3)xroooo,3o6o 
n r. I • :; ~ ( ) 0 + 3 + 'J s- I ) X I 0 0 0 ' t. 0 ( 0 

PRII!T 5 , 4o6o 
p R I TV I 0 ' 4 0 4 ~ 
PP. l!~TV7 , 4043 
PRJ !Tvo , 4043 
PRI JTJ8 , 4o2o 
79 , ~~~~o 

.12=0 
4)vrr=(V?Xt..Xf (voxv( roo+.t2) ))+vro 
VI2=Vr r - V(AI+ 12) • 
P R ll ! ;v ( 8 o + .,~ 2 ) x r o o o, 3 o 4 o 
PRI~!TVI2XI0000 , 4040 

I~ 2=112 +I 
->a , ·12~1() 
rl3= I 

..., ~-7 . .., --;7=1 0 

•n= I 
;:.2 , rl2=IC) 

q) n6=,Jn+ r 
v 20 =rJn 
V2 I =V20XIO 
•17=V 2 I 

7~ , '3=I 
7( , 3=2 
->7 , ·1 3::':3 

0 l 7u ' -3=4 
7ro , "3=5 
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~ )Yl C:="Z ~+I 
7 2 , ., c; ~I 2 

-~ '= ') 
n~=2 

f. ) '1 ') = '1 ,.. + I 
7 2 , ''7 c; -' I 2 

~~ ') = !) 

-~ .., = ~ 

7 ) '" r' =fl ') + T 

72 , "', ..... !2 

"l, '== ') 
r~=t~ 

P )-~ t;-'1 t)+r 
72 , 111,7!2 

t'1 ') == ' 

I 0 ) 'Yl '= '1 ') + I 
72 , '"')~!?-

7rr 
( ->o) 
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f . A .CILLARY PRO RAilltE 

(L A) 

V 3 0=T AP~.-

Vt:.o=TAPEr 9 
1s=r q 

vo=ns 
2) n4=o 

vo=ns 

I ) V8oo=o 

LOCVS) 

APPENDIX 6. 

XPv( roo+14+,~3)=LO v(4o ~-n4+ n3) 

,!4= 14+I 
~ I , (t 4 ~ 1" 5 
V 0o=o 
VB9=o 
V8·8=o 
V87=o 
v () 2=0 

,18=o 

' 4)v r =o 
V2=o 
V3=o 
V4=o 
v::;=o 
vn=o 
v8=o 
/14=0 
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3 )v8oo=o 
XPt1 ( 4oo+ Lt) =~-XP(V3q>:·v (I oo+nl1.+'<5)) 

S PV ( 2 4 o + 4 ) = V ( I o o + '; 4 + -~ 3 ) XV ( 4 oo + 14 ) 

V87=V87+v(4oo+~ l1.) 
VB 8=V88+V ( 44o+Htt) 
V8Q=VB9+(v(4oo+114)xv(4oo+114)) 
Vao=vao+(V(24o+n4)xv(zl1.o+"1l1.)) 
vgz=V9z+(tJ(4oo+n4)xv(24o+J~)) 

'14=~14 +I 
-7 3 , ,14~n) 

v () I =V 8 () - ( () 8 7 X v 8 7 ) I 7' 0 

Va3=Vqz - (1'87XV88)/vo 
vaA=Voo - (vsaxv88)/t'o 

-7II , ; 3~0 
,.1=o 
I 2) V q )=V ( 40 +n4) 
PP. I ; !TV aS , I I o 5 

--
Pf.l. TV8oo , II05 

d4=o 
I 3 )voo=v ( Ioo+,.4+n3) 
PR I ! 1T v a~ , I I o 5 
n 4=n4+r 
-7I3 , H4;ti9 

p 11 I I lTV 8 0 0 ' I I 0 5 
r~.a. =o 
I 4)va7=7J ( 4oo+nLt) 
PP- I IlTVa? , I Io) 
1L=n4. +I 

• 

:'f. I : Tv 8 o o , r I o 5 
'!14=0 
I s)Vq8=V ( 24o+n4) 
P !' I 1 Tv 9 8 , I I o s 
n4 =''1A+I 

-7I ) , "4;CI9 
rr I 1T"J so o , rIo 5 
I I )v8oo=o 
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p R I I .T v 8 7 ' I I 0 5 
PP. 1 I T v 8 8 ' I I 0 ~ 
P R 1 I TV 8 a , I r o 5 
pn I i 'TV no , I r o 5 
P P. I II TV q 2 , r r o 5 
p R I i :r v a I ' I I () 5 
p R I 'I TV () 3 ' I I 0 5 
PR I I 'TV 04 ' I I 0 5 
PR I NTV8oo , r ros 
Pr.'li!TV8oo , II05 

7!) , P3;:to 
f13=I 

• 

n s= 7 
-72 

q) v8 oo =o 
75 , 113=I 
70 , 7'13=2 
77 , t13=3 
78 , 3=4 
-7Io , ·z3=s 

s)--·s=ns+I 
-72 , n 5,.z!I 2 

n s= s 
1'13 = 2 

r;) 1s=11.5+I 
7 2 , I ');ti 2 

n s= s 
113=3 

7) '"~ s= n s+ I 
' " '1 c ... I 2 ...,4J,,,],._ 

8) n ~=r. s+r 
-72 , 5~!2 

s= s 
rl3= ~ 

I 0 ) 'l 5-• 5+ I 

-7 2 , /l5~ I 2 

( >o) 
8 
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APPENDIX 7 • 

READ IN 420 19 pt. RANGE ? 
NO PRE CALC. VALU~s 

JyEs 
YES 

COUNTER • h? 
READ IN 19 EXT. , , 
VALUES+ bo 

NO 

CALC. & PRINT 
j . , if 

LOADS & ERRORS 
CALC. c k b 

' • 1 st. SERIES ? 
NO 

b - b0 ~ ! 0· 01 ? 
NO 

YES 
YES J ' START RANGE 

' t PRINT c k b 
' L = 150 

& RANGE LIMITS 

• I' 
1st. RANGE ? 

• 

ITERATIONS= 4 7 
'YES NO YES 

NO 
h It ADD 1 TO 

P UT bo = b 
J 

h = 6 
CALC. & STO RE 

u1 v
1 

L. u1 ~ v1 NO 
h = 12 ? I: uf L. v1

2 L: u1v1 
YES 

COUNTER = h? 
PUT h = 5 

NO ADD 50 TO 
YE S 

SERIES START 

CALC. OC fj p VALUE 

L y, L U,Y, 
NO 

CALC. START= 400? 

L ~Y, YES 

NO ALL SPECIMENS 

COUNTER = h? NO 
TESTED? 

YES YES 
. 

CALC. ¢n. k db STOP 

FLOW DIAGRAM 2 
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