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ABSTRACT

This project is Part I of a study aimed at determining the

stress-strain characteristics of various collagenous canine tissues,

and relating them to their structure (histology). In addition Part

II involves the isolation of the collagenous structures by enzymolysis

of mucopolysaccharides and elastin, which results in the phenomenologi

cal elastic moduli of collagen in the various tissues.

The present study provides this through ~ vitro tensile experi

ments on various tissues from the dog in the native state, after

elastin removal by enzymolysis, or after removal of collagen by auto

claving. The elastin component, which exhibits a linear stress-strain

curve, determines the tensile modulus of the native tissue at low

strain, while collagen determines the modulus at high strain. The

removal of elastin significantly alters the moduli at low strain for

most of the tissues, although the high-strain moduli remain essentially

unchanged.
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I NTRODUCTI ON

1. Importance of mechanical studies on various tissues

The aim of this project is to determine the stress- rain

characteristics and the "elastic modulus" (see Appendix 1 f collagen

from various tissues of the body and to shO\'J hOl'/ the structural

arrangement of the collagen fibres in these tissues is related to its

mechanical properties.

This is Part I of the project dealing Hith the measurement of

the stress-strain characteristics and the histology of the tissues.

Part II deals with the measurements and calculations of the

induced porosity in the tissues by a collagen is ation t2C;, ,ique and

thus correcting the stress-strain curves.

Canine tissues were used for these experiments bee. se the

dog is a very common experimental animal and ve~~: little 1::. .nOItJr

about the properties of its structural tissues. Further~ore dog's

tissues are more easily available than human's.

Knowledge of the mechanical properties of the varirus tissues

and organs in experimental animals is very important for artificial

organs research since many prototypes are firstl) used in nimals

(e.g. dogs, pigs, cows, sheep etc.) before they are used in humans.

A. _ApJ2li~ajj on._tq_~he._j.!.u_dy gf_I}!~chani ca1.. dj sfunct ion s

Previous workers studying mechanical dis+'· nr:'~ion lie co,-

centrated mainly on arterial tissues. A number of studie" ~ave c
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sidered changes in the physical properties and histology of human

arterial tissues with various diseases. These include observations of

a rise in incremental Young's modulus with aging (27), possibly caused

by an increase in the ratio of collagen to elastin fibres (28); a

general deterioration in the quality of intra-arterial components in

arteriosclerosis (28); and a study of the morphological factors that

are important in the response of the aortic media to hypertension (45,

24). In addition, Burton (8) has suggested that arterial aneurysms

are caused by a decrease in elastin fibre content without a corres

ponding increase in collagen fibres. This hypothesis is reasonable

even though Sumner et. ~ (42) failed to detect a change in the

quantity of collagen and elastin in aneurysmal human arteries. It

has also been observed that the absence of collagen from the aortic

wall causes an increase in its extensibility (17). Although most of

these studies have considered the aortic mechanical properties to be

determined mainly by the collagenous and elastic networks of the vessel

wall, the actual role of each tissue component in the deformation

process is still a matter of considerable speculation (22, 29, 24).

It is, however, precisely this information that is needed to establish

a structural basis for the mechanics of normal tissues and determine,

eventually, the histological origin of various tissue disfunctions.

B. Application to prosthejii-

A second application of tissue mechanics lies in the use of

aortic and other tissues in homograft or heterograft tissue replace-
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ment (24). For instance, there is evidence that denaturation of

implanted collagen may be a significant problem in aortic valve

heterografts. Indeed, a number of authors have noted that the long

term success of these tissue implants is heavily dependent on the

quality of their structural components (5, 9, 40). Hopefully a full

understanding of tissue mechanics and its relation to the tissue

components would help in the selection, preservation and implantation

of tissue grafts (24). In addition, comparative studies of the mechanics

and histology of animal and human tissues may help in assessing the

relative merits of homografts and heterografts with respect to compati

bility and long term function (24).

2. Prior Work

Aortic tissue

Tissue mechanics of the cardiovascular system have been studied

extensively from the year 1880 (41) to the present. Hass (18, 19)

has attempted to correlate macroscopic mechanical properties to tissue

structure. These investigations may.be classified into one of two

categories: mec~anical and histological.

The mechanical studies are of two types: in vivo and in vitro.

~ vivo studies of static (35) and dynamic (36, 16) properties are

relatively recent. The general results of the static properties work

are that the aorta has an anisotropic elastic modulus which increases

with intravascular pressure. Th~ difficulties encountered with experi

ments on living animals make in vitro work more definitive (24).
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The more common in vitro studies emanate from experiments on

intact aortic segments (23), aortic rings (2, 3, 4, 19), or aortic

strips (25, 26, 34). The intact segment work of which the most

informative is that of Bergel (6), yields pressure-volume data that

is nearly representative of the ~ vivo vessel. The aortic ring tests,

best represented by Apter's extensive work (2-4), are amenable to

many different types of testing procedures and can yield data about

both the biomaterial making up the wall and the vessel itself. They

lack in the estimation of properties that relate to two-dimensional

stress such as isotropy. Finally, the aortic strip tests are the least

representative of the intact aorta in vivo but provide the necessary---
data for estimating nearly all of the properties of engineering

interest. Hence, they are the tests of choice in this work (24).

By far the most common representation of aortic mechanical data

is in terms of arrangements of springs and dashpots (4, 34). These

provide quantitative information about the tissue without representing

its microstructure. There are also data presentation in terms of the

theory of rubber elasticity (25, 26) and strain energy functions (13,

15). Both of these approaches may not be valid for tissues with two

or more mechanically contributing components. The general conclusion

of all these is that aortic tissue is a mechanically non-linear visco

elastic material for which some appropriately defined modulus increases

with elongation (24).

Tendon

Abrahams (1) studied the mechanical behaviour of horse

extensor tendon and human Achilles tendon in terms of the determination
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of standard stress-strain curve (see Appendix 1), effects of cycling,

effect of strain rate, determination of stress-relaxation and histo

logical observations of both the strained and unstrained tendon. He

also found that the stress-strain curve for successive cycles was

reproducible provided that the strain on·the specimen did not exceed

2.0-4.0%. If this strain level was exceeded, a permanent deformation

occurred and this phenomenon was verified by histological studies on

strained tendon which"showed that some of the collagen fibres did not

return to their original orientation (1). He also reported that the

shape and position of the stress-strain curve were altered as the

slope of the linear portion of the curve increased with increasing

strain rate, although this is not as obvious from his data on figure

5 of (1).

Rigby et. ~ (38) reported that increase in the rate of strain

of rat tail tendons did not alter significantly the shape of the stress

strain curve. The main effect was an increase in the load required

to produce a given strain. Experimenting with human extensor tendons

Van Brock1in and Ellis (44) found that their elastic modulus pro

gressively increased as the rate of stress application was increased.

He also observed no change in mechanical behaviour as a result of

preserving the tendon by freezing (44).

The physical characteristics of tendon include great tensile

strength, flexibility, considerable inextensibi1ity and almost perfect

elasticity (11). There exists considerable variation in the estimates

of the tensile strength of tendon (in the range of 5-10 kg/mm2) not

only among different authors but within anyone investigation, and
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this may be attributed either to experimental error or to a real vari

ation in the tensile strength relative to the collagen present. The

latter could be due to variation of the cohesion between the collagen

fibres, to variation of the molecular orientation within the tendon

or, by analogy with the difference between stress-strain curves of

nylon thread and nylon stockings, to some variation of the inter

weaving of the fibres (11). Partington and Wood (32) determined the

role of non-collagen components in the mechanical behaviour of tendon

fibres and they also found that the effects of enzymes on the mechani

cal properties of tendon suggests that an interfibrillar substance

plays an important cohesive role in the stability of the collagen

fibres (32). The influence of different interweaving patterns of

fibres within tendons have not been investigated but the real difference

of tensile strength in the collagen component of young and adult

tendons may be due to a better orientation of the molecular chains in

the adult" (11). The effects of repetitive extension upon the physical

properties of tendon collagen have been investigated by Rigby (39),

who found, after an initial diminution, an increase of 35-40% in the

II stiffness ll of rat-tail tendon after about a thousand cycles each of

less than 2% extension. He claims that if this cyclic extension is

discontinued during an experiment the stiffness of the specimen con

tinues to increase, and that complete recovery of the mechanical

properties of a sample is only possible if it is rested in a slack

condition for about 10 min. between extensions (39).
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Skin

Kenedi et. ~ (21), experimenting with human skin, found that

the load-deformation relations of human skin consist of a primary (low

strain) and secondary (high strain) range, the former appearing to be

age dependent. When load is applied to skin, the initial deformation

mechanism, both ~ vitro and ~ vivo appears to be one of straightening,

and load orientation of the collagen bundles, culminatin9 at

higher load levels in a fully orientated and virtually closely packed

structure. At the biological stress levels encountered in clinical

practice it appears that this network deformation is the controlling

factor in the overall load-deformation relation of skin, rather than

the mechanical characteristics of the collagen itself (21). A feature

of particular clinical significance of this overall load response of

skin is the contraction shown (both in vitro and ~ vivo) at right

angles to the applied tension. This contraction is load dependent,

is fully comparable to the.extension obtained in the direction of the

applied tension and influences materially the design of reparative

procedures in plastic surgery (21).

Finlay (12) made an ~ vivo study of human skin. He designed

and built a device which was used to investigate fully the non-linear

viscoelastic properties of skin by applying a torsional load to the

skin ~ vivo. This resulted in the residual alignment of dermal fibres

due to the action of the torsional strain -·the fibre rearrangement

being dependent on the magnitude of the strain applied (12).

Ridge and Wright (37) verified the phenomenon of Langer's
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Lines and showed that they are lines of principle tension in the skin.

Histological work showed that the lines also follow the direction of

general orientation of the fibres (37).

Gibson et. ~ (14) found a directional variation in the

extensibility of human skin on uniaxial loading in the plane of the

skin. This report (14) dealt with a pilot study of this characteristic

as observed on the anterior aspect of the chest and they concluded that

there is a correlation between this anisotropy in extensibility and

Langer's Lines. They also found the direction of maximum extensibility

to be at right angles to the Langer's Lines which further substantiated

the hypothesis that Langer's Lines represent a preferred orientation

of the fibres within the dermis.(14).

A mechanochemical method was developed by Yannas and Huang

(47(a)) for studying the enzymatic degradation of insoluble collagen

fibres. The method involves stretching the collagen fibre to a fixed

extension in the presence of a solution of collagenase and measuring

the rate of relaxation of the force induced on the fibre. Yannas and

Huang (47(a)) observed an exponential decrease in force with time. The

slope of the linear plot of logarithm of the force vs. time was taken

as a measure of the rate of enzymatic degradation. This rate was found

to vary with collagenase concentration, pH, temperature, and changes in

cross link density of collagen fibre (47(a)). This method is found useful in

the design of collagenous implants with specified resistance to enzymatic

degradation ~ vivo. It also provides a simple method for screening

~ vitro a variety of modified collagens for use as connective tissue

replacement in surgery (47(a)), 47(b)).
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Cornea and Sclera

To the author's best knowledge the only related work done on

the dog's cornea and sclera are those by Yamada (46) where he determined

their tensile (stress-strain curve) and expansive (pressure-volume curve)

properties.

Histologic Work

The gross histology of the tissues studied are sufficiently·

known to be found in standard histology texts (7), Abrahams (l), in

his work on the mechanical behaviour of horse and human tendon, supported

his observations by histological micrographs of strained and unstrained

tendon using haematoxylin and eosin (H&E) staining technique .. He

managed to show the eventual straightening of the collagen fibres of

the strained tendon. Lake (24) carried out similar histological studies

on the human and bovine aortic tissues using Verhoeff's and Aniline

blue stains. Missirlis (3D) did more extensive histology on the human

aortic valve to show the structural organization of elastin, collagen

and lipids. He utilized a more varied staining technique including

Verhoeff1s, Aniline blue, Aldehyde-Fuchsin, Trichrome and others (3D) .

. 3. Structure of the Various Tissues

The following paragraphs, which discuss the structure of the various

tissues, are taken from the standard histology text by Bloom and Fawcett (7).

Aorta

Generally, the aorta consists of three layers which are: the

tunica inti~a· , internally and bordering the lumen; the tunica media;




















































































































































