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STATI.C AND ULTRASONIC ELASTIC MODULI OF 

WOOL 9 MOHAIR AND KEMP FIBRES 

~neral Introduction 

Fibres used in textiles can be classified broadly into 

natural fibres and synthetic fibres. Natural fibres can be 

either animal, such as wool, mohair and camel hair, or 

vegetable such as cotton, flax and hemp. In the development 

of synthetic fibres numerous polymers have emerged which have 

no real natural counterpart and are unique in their mechanical 

and chemical behaviour. Often the synthetic counterpart of 

a natural fibre has properties with certain advantages from 

the textile point of view, but, simultaneously, may exhibit 

other properties which have disadvantages. Nylon 6 and 

nylon 6-6, for exemple, are extremely strong and generally 

easier to dye than animal fibres. On the other hand, they 

absorb relatively little water vapour and therefore do not 

give the buffering action characteristic of hygroscopic 

fibres, once they are woven or knitted into cloth. 

All textile fibres belong to the chemical class of 

polymers, i.e. they are made up of repeating molecular units 

which are linked together to form long chains. In wool the 

chains are made up of amino-acids which cluster together to 

form protein chains. Three of these protein chains, coil 

around each other to form what is termed a proto-fibril. 

The proto-fibrils make up the micro-fibrils, each of these 

consisting of eleven of the three chain proto-fibrils. The 

micro-fibrils, in turn, pack together in bundles which run 

parallel to the length of the wool fibre and are termed 

macro-fibrils. Sulphur rich amino-acids fill up the spaces 

between the micro-fibrils forming a matrix which binds the 

system into a continuous material. 

Wool fibres / ••••• 
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Wool fibres have certain inherent properties making 

them very desirable for textiles, particularly for clothing. 

A wool garment can absorb about 30% of its own weight of 

moisture without feeling damp or losing ,its shape. The 

absorption of water molecules by keratin is an exothermic 

reaction which assists the human body in its function of 

maintaining correct body temperatures. The wearer of a wool 

garment, for example can move from a warm dry atmosphere of 

his home to a cold damp atmosphere outside. In absorbing 

moisture from the atmosphere, the garment gives off heat, 

consequently the body is not subjected to a sudden change 

in temperature. 

Furthermore, the scales on a wool fibre cause the 

fibre to possess anisotropic friction ~hich is called 

the differential frictional effect (D.F.E.). The D.F.E. 

accounts for the felt ability of wool, and hence its extensive 

use in the felt industry. This is also the reason for the 

wool staples felting during scouring which then results in 

severe fibre breakage during carding and combing. The 

extent of felting, however, depends on the bending properties 

of the fibres, the more pliable fibres exhibiting greater 

felting propensities. Fibre breakage during carding also 

depends on the flexibility and e~tensibility of the 

fibres. 

Closely allied to wool is mohair, the fibre obtained 

from the fleece of Angora goats. Mohair is also made of 

keratin, the difference between it and wool being that wool 

contains a higher proportion of sulphur containing amino-acids. 

Since wool and mohair are closely allied, studies of mohair will 

have some / ••••• 

/ 
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have some bearing on the properties of wool. Mohair is relatively 

difficult to process because of the lack of fibre cohesion 

resulting from the smooth surface of mohair fibres. 

The evolution of fine mohair and wool fibres has been , 

accomplished by selective and scientific breeding. Initially, 

the short, fine fibres were hidden by the thicker, longer and 

opaque primary fibres. These primary or kempy fibres to a great 

extent have been bred out of the goat fleece. In worsted 

yarns, kemp is undesirable since it is coarse and, although it 

can be dyed, has an opaque appearance due to the existence of 

cells in the centre of the fibre of a different nature to the 

rest of the fibre called the medulla. 

It is clear from the above that the physical properties 

of fibres are extremely important and playa major role in 

determining the properties of the finished yarn of fabric; 

and is intuitively reasonable that the extension and bending 

moduli of t~ constituent fibre will influence the yarn or 

fabric properties to a large degree. The aim of this work 

was to determine Young's modulus for keratin fibres by static 

and dynamic methods. The opinion of earlier workers was that 

Young's modulus of keratin? both for bending and stretching, 

should be the same at all frequencies. However, they neglected 

the contribution of the viscoelastic nature of these fibres 

which9 if included, leads one to expect a variation of modulus 

with frequency. Conflicting results were obtained in some 

cases and contrary opinions were expressed as to which of the 

two moduli should have the greater value. Differences between 

Young's modulus for bending and stretching at very low 

frequencies also yielded conflicting results. Results given 

in this thesis agree with conclusions of recent workers, namely 

that there is really no difference in Young's modulus for 

bending and / ••.•• 
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• 
bending and stretching when measured statically. 

Furthermore, a short, accurate method was sought by means 

of which one could measure elastic moduli of fibres. The 

methods used by earlier workers of cantilever bending and 

longitudinal stretching are tedious and the calculations 

involve a number of fibre parameters. If, however, a stress 

pulse is propagated through a fibre then the velocity of the 

pulse through the fibre will be a direct measure of the elastic 

properties of that fibre. By using compressional, shear and 

torsional stress pulses, the three corresponding elastic 

constants can be obtained on a single fibre by merely changing 

transducers. This is not as simple a task as it appears and 

certain concepts must be understood before pulse propagation 

can be applied successfully to the fibres dealt with here. The 

disjointed nature of the experiments conducted, have lead to 

the division of the thesis into four parts: 

~rt I a summary of the literature relevent to the 

project. 

Part II a description of the determination of the 

static elastic modulus of the single fibres. 

Part III - a summary of the relevent theory of wave-

guide propagation, and 

Part IV a study of the technique of transmitting 

short ultrasonic pulses through fibres. 
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PART I 

~TRODUCTION AND SUMMARY OF RELEVANT 
LITERATURE 

1.1 The usefulness of elastic moduli measuremen~ 

During the various phases of processing of fibres, 

several mechanical processes are applied. It is therefore 

essential to understand the mechanical characteristics of 

textile fibres if certain responses are to be anticipated. 

The properties of a textile structure, such as a yarn or 

a fabric, depend on a complex inter-relation of fibre 

arrangement and fibre properties. The mechanical proper-

ties of a fibre are exhibited in a number of ways, all of 

which combine to determine the particular characteristics 

of the fibre. To obtain a certain end product it is 

necessary to find a type of fibre whose characteristics 

best suit the need of the required textile material. 

Cloth properties such as drape, handle and wrinkle 

resistance, are governed to a large extent by the flexural 

properties of the individual fibres l • The bulkiness of 

a yarn and its hairiness depend partly on the torsional 

and flexural rigidity of the individual fibres. High 

tensile and shearing moduli of textile fibres confer on 

fabrics dimensional stability and resistance to laundering2 • 

1.2 nitficulties encountered when examining elastic behaviour 

Fibres are distinguished by the complexity of their 

mechanical properties, since they are highly deformable 

and show various elastic aberrations which make application 

of classical theory inappropriate. 

The principal problems which are encountered in 

the experimental examination of the elastic behaviour of 

fibres are:- / ••••• 
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fibres are:-

(i) fibres are very susceptible to environmental 

conditions during and prior to the 

. t 3 experlmen ; 

(ii) time effects occur to an extent which cannot 

4 be disregarded in most cases ; 

(iii) deformation is rarely, if ever, a reversible 

process. It involves permanent and 

transient changes in the properties of 

the material so that an experiment cannot 

be repeated on the same specimen, i.e. n 

is not purely elastic 1 but partly plastic. 

Besides these difficulties the variability from 

fibre to fibre, and even along a single fibre, must be 

kept in mind. Finally, the external form of the fibre 

impresses severe limitations on the types of deformation 

which can be usefully studied; only Young's modulus and 

the rigidity modulus, of all the classical constants, 

can be measured with any accuracy. The behaviour of a 

material depends on its molecular structure which will 

not only vary from one type of material to another (wool 

to nylon say), but also from fibre to fibre within a 

sample. These effects must be taken into account when 

consider~ the results of a test. The difference between 

the behaviour of individual fibres must be investigated 

and on some occasions the range of results may be more 

important than the mean value. 

1.3 Mechanical proPt£1ies measur~ 

Because of their shape, the most studied, and in 

many applications the most important mechanical properties 

of textile / ..... 
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of textile fabrics, are their tensile properties. The 
• 

most commonly measured properties are breaking strength, 

breaking extension and work of rupture, which are all 

measurements of the ability of a fibre or yarn to remain 

intac~ when subjected to external forces. Elastic 

recovery, resilience, plasticity, creep and stress 

relaxation are all concerned with dimensional stability 

of a fabric or yarn, under the action of mechanical 

forces or constraints and are useful in evaluating, 

for example, the recovery from creasing. The static 

moduli of deformation and yield strains provide a measure 

of the resistance to change of shape or size, while 

dynamic modulus and internal friction are related, 
, 

respectivelY9 to the energy stored and the energy dissipa-

ted when rapidly varying stresses or strains are applied. 

These fibre parameters have a practical value in 

evaluating the performance of tyre cords, sewing threads, 

etc., and their theoretical value is in the elucidation 

of fibre and yarn structure. 

1.4 Te£bDiques used in measurinq static and dyn~~ic moduli 

Bending moduli can be measured either statically 

or dynamically. Both static and dynamic bending moduli 

have been measured on fibres by a number of workers with 

the reported values of static bending modulus varying from 

greater to smaller than those obtained by extension. 

Dynamic bending methods have lead to values different 

from both, so that disagreement is complete. A partial 

explanation for these discrepancies is that animal 

fibres are heterogeneous and one can expect the results 

to differ depending on the experimental technique adopted 

for measurement. / ••••• 
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• for measurement. Differences between static and dynamic 

moduli are also to be expected due to the viscoelastic 

nature of keratin fibres which only really becomes important 

during dynamic measurements. Differences between static 
, 

bending and static stretching have, however, been 

subjected to much discussion. 

(a) Bending Technigue~ 

Apparatus for bending measurements take many 

different forms. Sen 5 , used a cantilever method for 

measuring static flexural rigidity of jute fibres while 

Khyatt and Chamberlain6 used the same method for wool. 

The latter determined both bending and extension moduli 

and their results show that, in all cases, the value of 

the former was smaller than the latter, i.e. Eb is of 

the order of 0.5Es to 0.75Es ' (E b and Es are Young's 

modulus for bending and stretching respectively.) 

Meredeth7 , on the other hand, held that Eb was 

greater than E. A randomly arranged mass of wool was 
s 

compressed by van Wyk 8 and his results suggest a bending 

modulus of one-hundredth that of stretching. A number 

of other workers also used this technique 9 ,10,11. 

Mitchell and Feughelman12 used an apparatus in which 

fibres up to j mm in length were deflected by a brass 

cantilever to which a mirror was attached. They concluded 

that, within the limits of the experiment, Young's modulus 

obtained from bending was the same as obtained 

from extension. Simpson13 , who compared static moduli 

with those obtained by low frequency dynamic determinations, 

reported that differences can be accounted for by such 

factors as work hardening and, furthermore, that the 

load-extension curve / ... , . 
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• load-extension curve in the "Hookean" region is nat 

entirely "linear. 

14 Measurements by Lochner of Yaung's modulus 

by dynamic bending methods such as transverse vibrations 

in the frequency range 50-600 Hz of wool fibres held in 

a cantilever position, gave a modulus of about twice 

that obtained in extension, i.e. 7.47 x 1010 dynes/cm2 • 

Guthrie et al15 measured the bending modulus of Merino 

wool fibres staticu11y and dynamically over a frequency 

range of 40 Hz to 2 kHz. They concluded that bending 

rigidities of fibres measured by dynamic methods are 

always greater than the values obtained by the static 

method. Hermanne 16 also stated that values of the mo~u1i 

at acoustic frequencies are invariably higher than those 

obtained quasi-statically. Karrho1m and Schroder17 found 

with viscose rayon, as did Guthrie15 , that Young's 

modulus for bending is greater than that for stretching. 

From the variation in the methods used by the various 

workers mentioned, and the different experimental 

conditions used, it is not surprising to find that the 

conclusio~ differ to such an extent. It appears that 

only results of determinations carried out under similar 

circumstances and with similar experimental arrangements 

should be compared~which is also the view held by 

S . 13 
~mpson . 

(b) Dynamic Technigues 

Dynamic measurements consist of vibrating systems 

in which stress and strain vary (usually sinusoidally) 

with time. 

Time effects in the elastic behaviour of fibres 

can be neglected or eliminated if the deformation is 

rapid enough. / . . . . . 
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rapid enough. This has led to sonic and ultra-sonic 

techniques being used advantagaously for measuring 

moduli. The methods of vibrating systems can be 

classified into three groups, based on the vibration 

wavelength 

(i) 

dimension ratio of the specimen. 

For wavelengths much greater than the 

length of the specimen, the cross­

sectional area rather than the mass 

per unit length is of prime importance 

(about 0.01 to 1 Hz). Under these 

conditions all portions of the fibre 

are subjected to the applied stress and 

are strained in unison in the same 

direction (as occurs at low extension 

rates in the Instron Tensile Tester). 

(ii) If t he wavelength is of the s arne order 

(iii) 

of magnitude as the specimen length, 

standing waves occur in the specimen 

which are controlled by the mass per 

unit length. The frequency at which 

standing waves occur is of the order 

1 Hz to 1 kHz. 

Finally, if the ~avelength is small 

compared with the dimensions, 

elastic waves are propagated through 

th e material. (This occ urs at 

frequencies above approximately 

10kHz). 

Experiments conducted in category (i) are 

the most numerous and best explained. The literature 

of these / ••••• 
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of these experiments is too great to discuss here. 

Many commercial instruments are available, these 

being mainly stress-strain recorders. The curves 

from the ~nstruments can be used to determine the 

initial modulus, yield stress, breaking load, breaking 

extension and work of rupture. A good description of 

this type of instrument is given in a book by 

18 Meredeth and Hearle • 

Experiments in the second category are of mare 

significance to this thesis. Experiments were carried 

aut by Ballou and Smith19 , who measured the frequency 

of vibration of a small mass attached to the lower end 

of a suspended fibre. The mass undergoes damped simple 

harmonic motion in the vertical plane and from the 

equation of motion, the modulus and damping factor can 

be determined. 

Lotmar20 seems to have been the first to have used 

standing waves in order to determine the velocity of 

sound in textile materials. By calculating the 

wavelength of the standing waves A , the velocity can be 

found, knowing the frequency of oscillation f, since 

c = fA hence from the modulus velocity equation 

Elf = 2 c where f is the linear density of the material, 

the modulus E can be obtained. His method was relatively 

crude and consisted of exciting a specimen by longitudinal 

frictional contact applied manually, the note produced 

being matched with that of a standard specimen of known 

properties. Ballou and Silverman2l refined this method by 

attaching the specimen to a driving source consisting of a steel 

bar and a Rochelle salt crystal, and platting the 

standing wave I ...... 
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• 
standing wave pattern in the specimen by means of 

a sensitive Rochelle salt crystal sensing probe. 

Measurements were made on rayon and nylon filament 

yarns and strips of cellulose film at 9.4 kHz. 
, 22 

Hamburger working along similar lines, determined 

the wavelength of standing waves by finding the 

length of the specimen at which the output wave 

was in phase with the input wave. Dunell and 

D 'll 23 d T' t 24 't d ' , t t ~ on an ~p on ,exc~ e spec~mens ~n 0 resonan 

vibrations and determined the wavelength in the 

material. Tipton1s results included sonic modulus 

measurements on worsted wool and mohair/wool blend 

yarns. 

Weyland 25 measured dynamic moduli at about 

1 kHz as a function of strain; obtaining results 

for wool. In principle, the dynamic elestic constant 

of the fibre is determined by measuring the resonant 

frequency of a cantilever spring which is loaded with 

a strained fibre - which then undergoes longitudinal 

vibrations. Joshi26 suggested certain minor improve-

ments to Weyland1s technique. 

Resonant vibrations of fibres mounted in the 

cantilever position have been measured by a number 

of workers. These include Lochner14 , Guthrie et al15 , 

K~rrholm and Schr6der17 and Lincoln27. Methods ranged 

from exciting the fibres mounted in front of a speaker, 

to excitation by means of an electro-mechanical 

transducer. There should be only a very small 

variation of dia~eter along the length of the fibre 

for fuis type of experiment in order for it to be 

successful, / 
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• successful, which is unfortunately, a serious 

limitation for wool fibres. 

Transmitting stress pulses along the specimen 

and timing the interval between excitation at one end 
, 

and reception at the other end of the specimen forms the 

basis of measurements in the third category. The 

22 method was used by Hamburger as an alternative to his 

standing wave technique. Other workers were 

De Vries 28 and Fujino et a129 . 

The above-mentioned workers were mainly concerned 

with applying a new technique of measurement of elastic 

constants. 30 
Later workers (such as Zorowski and Murayama ) 

using improved techniques, developed an interest in the 

theoretical aspects of wave propagation. They made an 

analytical and experimental study of dynamic moduli in 

continuous filament twisted yarns to establish how small 

amplitude strain waves are propagated. Charch and 

31 Mosely worked on molecular structures as revealed by 

sonic observations in synthetic fibres. They used a 

frequency of 10 kHz and were mainly concerned in proving 

the usefulness of .onic moduli. Grover, Dillon and 

Suppiger3L , while determining variation of Young's modulus 

with fatigue, also noted that the modulus for stretching 

33 is a measure of molecular orientation. Morgan developed 

a commercially available Modulus Uniformity Monitor which 

measures the acoustic velocity by means of a fixed 

frequency (5 kHz) standing wave technique. The most 

dramatic application of this instrument has been to pirn 

wound packages of filament nylon. Data have shown 

modulus peaks which occur regularly at the ends of pirns. 

These modulus / .~ ••• 
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These modulus peaks are a~ source of length variations 

in knitted fabrics and a· source of pi~n tapsr barre. 

in dyed fabrics. 

34 Wegener has pointed out that the value obtained 

for t ne so-called "mechanic al modulus" incre as es with 

increasing strain rate. At extremely high strain 

rates, the "mechanical modulus" equals the value of 

the sonic modulus (the elastic modulus at sonic 

frequencies). In viscoelastic materials the elastic 

component of the deformation is independent of the rate 

of strain, while the plastic component is not. At high 

strain rates and with such small stretch amplitudes as 

arise during the measurement of sonic modulus, high 

molecular weight polymers are for the most part deformed 

elastically. On the other hand, when measuring the 

mechanical modulus, the plastic component is involved. 

Basically then the mechanical modulus need not describe 

the same structural characteristics as the sonic 

modulus. (This point is more clearly illustrated when 

the theory is examined at a later stage.) 34 Wegener's 

results also show that the sonic modulus depends on the 

molecular structure of the fibre. 

Apart from cantilever vibrations, all the above 

dynamic methods involve longitudinal excitation. The 

sonic measurements are also all longitudinal and few 

35 results on single wool filaments exist. Gelles appears 

to be the only person who has obtained shear, longitudinal 

and torsional ultrasonic waves transmitted in thin films, 

fibres and fine wires. The techniques he used are suited 

for sample dimensions similar to those of single animal 

fibres, although limitations exist due to the high damping 

in fibres. 
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• PART II 

STATIC DETERMINATIONS OF YOUNG'S MODULg§ 

In an attempt to clarify differences between Young's 

modulus for ,static bending and static stretching, an instrument 

was built for the determination of static bending modulus, 

while an Instron tensile tester was used in determining the 

extension modulus. Measurements were conducted on mohair 

and kemp fibres, wool being excluded because of its high 

degree of crimpiness. 

2.1 Apparatus 

The apparatus (Figure 1) consited of a 

galvanometer G, with a small piece of a razor blade 

mounted on the end of its pointer, to provide a knife 

edge. Current passing through the coil defl~cted the 

needle - the torque produced being proportional to the 

current in the coi1 36 . This torque was opposed by the 

restoring torque in the galvanometer restoring springs. 

By hanging different weights over the knife edge, the 

current required in each instance to restore the needle 

to its zero position (i.e. restoring torque of the springs 

equal to zero) was determined, an~ a calibration curve 

was drawn. 

The galvanometer was mounted on a brass block A,· 

which could be moved by means of screw B in a vertical 

plane along the two rods Rl and R2 , R2 being threaded. 

The fibre snippet to be tested was mounted in a fine 

glass capillary, which was held in clamp C by a small 

thumb screw. The clamp C was held firmly in place by 

another clamp D consisting of two parallel brass plates 

and a / ••••• 
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and a securing screw E. Clamp C could move in a 

horizontal plane between the plates of D, thus faoilitating 

alignment of the fibre under the knife edge. Clamp D 

could also be moved in a vertical plane along rods R3 

and R4 and could be fixed in position by a locking screw. 

The circuit providing the current consisted of 

a 3-v battery in series with two switch-in resistors and 

two series potentiometers for coarse and fine adjustment. 

The current was measured on a microammeter. The whole 

apparAtus was made of brass to eliminate stray magnetic 

effects and was enclosed on three sides by an aluminium 

shield to eliminate air-current effects. Fibre deflections 

and lengths were measured by means of a travelling micro-

scope capable of reading to 0.002 mm • A narrow beam of 

collimated light illuminated the knife edge at the point 

of contact with the fibre; temperature effects due to 

the light were then negligible . 

Proced~ 

(a) General 

Meas~ements were carried out in a conditioning 

room at 20 0 C and 65% RH. The fibres were conditioned for 

at least 24 hours before being subjected to measurement. 

Fibre diameters were measured on a Visopan projection 

microscope (Reichert) at about 100 places along their 

length. Fibres with a Coefficient of Variation 

(C. of V.) greater than 8% were rejected. Kemp, 

possessing a medulla and having an elliptical, cross section 

posed some problems. 
/ 

Diameter measurements had to be 

carried out with the fibre immersed in oil, rotated 

o through 90 9 and re-measured. By this method, the mean 

major and / ••••• 
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major and minor axes were determined. Before the kemp 

fibres were stretched on the Instron, they had to be 

cleaned thoroughly and then conditioned in a standard 

atmopshere for at least 24 hours~ Fibres to be bent were 

cemented'in fine glass capillaries by means of "Cutex", 

care being taken for the fibre to emerge abruptly from 

the capillary tube. 

Deflections were read on the travelling microscope 

for units or multiple units of current and the mean 

deflection calculated. Deflections were kept to less 

than 4% of t he length of the snippet. 

Eb for individual fibres were calculated from the 

formula37 assuming the fibre weight to be negligible 

= 
gW1 3 
Y 31 (I) 

where W is the weight producing a deflection y for a 

fibre of length 1; and 

9 ::: acceleration of gravity 

I ::: second moment of area of cross section of 

the fibre. 

W ::: ik, where 

i = current and k = slope of calibration curve. 

For mohair, assuming a circular cross section of radius r, 

we have 

Eb 
4 ik13 

= 
3'rr 4 r y 

since I = 

OR 

Eb ::: C 1 3 
-r r y 

(2 ) 

where / ••••• 
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4 
"3 

if r is the deflection per unit of i • 

. For kemp, assuming an elliptical cross section, 

we have 

I ::: In 
4 

. and from Equation 1, 

::: c 
( 3 ) 

where a2 and b2 are t he outer maj or and minor axes, 

and a l and bl are the inner major and minor axes, 

respectively. Note that for an elliptical cross section, 

there are two neutral planes about which the bending can 

take place. Measurements of t he be nding modulus were 

measured in both these planes, and the result averaged. 

(b) Comparison of Eb and Es 

Twenty mohair fibres of uniform diameter were 

bent on the apparatus at two different lengths 11 and 12 • 

Each fibre was loaded and unloaded twice to obtain a good 

mean value for the deflection. The same fibre sections 

were then used for the determination of Es by means of 

the Instron tensile tester at an extension rate of 0.05 

em/min and gauge length of 0.5 cm. 

About 15 kemp fibres, having relatively small 

C.V. of diameter, were selected, bent, and stretched 

as described above. However, in determining Es' the 

fibre snippets were too short to be clamped securely in 

the Instron tensile tester and it was necessary to glue 

them into / ••••• 
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them into capillaries. Araldite cement was used and 

allowed to dry for 3 days. Lengths were measured on 

the travelling microscope before stretching. E values s 

for mohair and kemp fibres were computed from the 

following formula. 

= Stress 
Strain = m 

I' X 

where mg is the force producing an extension I' in a 

specimen of length 10 and cross section area A. 

(c) Sources of Error 

The coefficient of variation of Eb for mohair was 

3.310 with the major contribution being due to the meBsurement 

of 'Y' The use of the average value of diameter, instead of the 

expectation, leads to errors in most cases of about 1%. Extension 

rates and bending rates were considered to be high enough for cree~ 

effects to be neglected, and a more complete discussion of these 
38 and other errors is discussed in a previous report 

2.3 Results and discussion 

The calibration curve of the galvanometer is 

shown in Figure 2; it is linear and reversible. The 

conversion factor for current to weight, i.e. the slope 

f t h 1 · hIt value 39 of 7.69 o e1ne, as a eas -squares 

! 0.09 x 10-5 g/micro/amp, with a C.V. of 1.2%. 

A typical fibre deflection-applied force (or 

current) curve for mohair is given in Figure 3, showing 

a linear relationship and thus satisfying Equation 1. 

3 
The graph of the deflection 1 vs 1 gave a straight 

line, as may be seen for the two kemp fibres illustrated 

in Figure 4. This also substantiates Equation 1. These 

results are similar to those obtained for mohair, as 

shown by the examples in Figure 5. The fact that one 

of th e / •••••• 
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• of the curves of kemp does not pass through the origin 

is probably due to the fibre not emerging abruptly from 

the capillary. The length measured would then possess 

a small error. 

The results for mohair are given in Tables I and 

II while kemp results appear in Tables III and IV. There 

is a large fibre-to-fibre variation in Eb for kemp fibres, 

although the values do not vary significantly for a single 

fibre. The ratio l3/ y is independent of the moment of 

inertia, although not completely independent of the radius, 

so thnt differences seem to be due to the elasticity of 

the fibre. 

In Figure 6, Eb has been plotted vs Es iridicat..:Lng a 

linear relationship with a regression coefficient of 0.35. 

The large scatter in the results of Eb can be nscribed 

to the fact that in bending, the fibre diameter near to 

the base of the cantilever will be more important than 

at the tip. Also, the calculation of Eb involves the 

third ppwer of the length and the fourth power of the 

radius, so that errors in (1) and (r) will multiply. In 

contrast, calculation of E involves only the square of s 

the radius and the first power of (1). 

Although differences in Eb and Es exist for 

individual mohair fibres, the SDmple means differ only 

slightly as can be seen by the following figures 

Eb 4.09 1010 dynes/cm 2 = x 

and 

E 3.47 1010 dynes/cm 2 = x . s 

The difference batween these means gave a t-value 

of 1.46 which is non-significant. This agrees with 

~1i tc hell and / . . . . . 
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12 • Mitchell and Feughelman's finding, although their values 

for Eb are 50% smaller, probably, because their 

measurements were done in water which results in the 

well known breaking of hydrogen bonds so decreasing 
, 18 

the "dry" value of Eb • 

A poor negative correlation exists between Eb and 

the diameter as shown in Figure 7 and this effect 

becomes slightly more pronounced with E (Figure 8). s 

The regression coefficients are 0.093 dynes/cm2/micron 

and 0.095 dynes/cm2/micron, respectively, but are 

non-significant. A similar negative correlation was 

found by Thorsen 40 . There appears to be no correlation 

between Eb and bending length 1, a result which is to 

be expected. 

3 
Concerning kemp results, from a plot of 1 / 

Y 
3 3 

vs (a2 b 2 - alb 1) as shown in Figure 9, there appear 

to be two distinct types of fibre. The fibres on curve I 

(called Type I fibres) gave a mean value of Eb of 1.03 

10 2 
x 10 dynes/cm while those of curve II (Type II fibres) 

gave a mean value of 4.75 x 1010 2 dynes/em . 

A test for significance between the two means 

gave a t-value of 6.52 which is highly significant; 

hence, the above classification is a valid one. The 

most probable explanation for the above distinction 

must be sought in the presence or absence of a medulla. 



o 

7 

6 

) , 

• 4 .4 
A 

5 A 0 c> il 
Q 0 e 

0 
'0 

N 
E I.iI. 
U 

........ 
UJ 
m 4 c 
~ 

-0 

0 
....... J 
10 

....... 1 

>< 3 
..0 

lLl 
lJ 0 

t> 

() ~ 

2 

¢, 
0 

1 
30 40 50 6U 

Diameter 11 

Figure 7 . The correlation between Young's modulus 

for bend ing (E b ) and fibre diameter for 

mohair. 



d·\b 

6U 

\ 
0 ~ .• 

DC) 
0 

50 
0 

1'1:1 

\' 
\ 

40 \ 0 

\\ 
• \ • 

30' 
\ 
\ 

;:L \. 

H \, iLl 
..p , 
m '\ 

\ 
E \ m & . .., 

20 • \ C) 
r-:-I \ 0 

\ 
\ 

\ 
\ 

10 
0 \ 

\ 

\, 
\. 
\ 

\ 

1 2 3 4 5 

E 1'010 dynes/em 2 
x s 

Figure 8 • The correlation b e tv~een Young's modulus 

;tJ;~;~:~1./i1;.!g~~~~-~~, 
for stretching (E ) and fibre diameter. s 

, . 



N 

300 

250 

200 

150 

E 100 
(J 

5C1 

o 

~\ c 

25 50 75 100 

4 cm 

125 

Figure 9. The relationship between deflection ratio 

(~) and the moment of inertia for kemp. 
"( 



N 

300 

250 

200 

150 

E 100 u 

50 

o 

Type II 

25 50 75 

8 1 b1 3 ) x 1010 

100 

4 cm 

o 

125 

ype I 

Figure 9. The relationship between deflection ratio 

(1 3 ) and the moment of inertia for kemp. 
) 



- 22 -

TABLL-1 
• 

Determination of the bending modulus of mohair -
fibres ----

Fibre 3 EbXl010 
No. 1, mm "I, mm 1 /"/ 2 dynes/em 

a 12.435 0.7900 2.434 3.47 

9.702 0.3840 2.378 3.39 

7.137 0.1430 2.542 3.63 

5.450 0.0701 2.309 3.29 

3.914 0.0270 2.221 3.17 

1.990 0.0110 1.429 

Mean 2.377 3.39 
.. ......-

b 8.975 0.7570 0.955 2.74 

6.884 0.2770 1.178 3.38 

5.016 0.1180 1.070 3.07 

3.251 0.0312 1.101 3.16 

1.844 0.0045 1.419 4.07 
--

Mean 1.084 3.29 -
e 7.444 0.4230 0.982 3.83 

5.095 0.1020 1.294 3.73 

2.874 0.0190 1.248 3.61 

~ 1.175 3.72 
----= = 

d 7.691 0.3380 1.345 3.94 

5.434 0.1220 1.310 3.84 

3.916 0.0472 1.271 3.73 

~ 1.309 3.67 
.. =- = 
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Fibre 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 
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TABLE II 

Bending* and stretching moduli for mo~ 

fj.bres 

Diameter 
~ 

37.4 

55.0 

54.0 

53.4 

54.4 

55.8 

41.1 

46.8 

55.3 

55.8 

41.5 

50.0 

39.4 

33.2 

47.4 

36.1 

44.4 

40.6 

39.6 

5.18 

1.58 

2.67 
2.39 

3.49 
3.67 

3.22 
3.00 

3.20 
3.32 

2.59 
1.41 

2.36 
3.17 

7.05 
5.82 

5.06 
5.33 

3.15 
4.66 

5.14 
5.10 

7.76 
5.08 

4.54 
4.47 

4.54 
2.32 

4.92 
5.32 

4.94 
2.70 

5.31 
5.22 

E x 1010 
s 2 

dynes/em 

2.30 

1.88 

2.29 

3.00 

2.06 

2.78 

4.21 

2.54 

2.93 

3.59 

3.49 

4.25 

5.09 

4.71 

3.27 

3.72 

4.19 

4.95 

--------------------------------------------------
* Bending moduli were determined at two different 

lengths for each fibre. The values of Eb refer to 

the two different lengths used. 

.... ---~-~ 
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TABLE III 

Determinations of Young's modulus for keme fib~ 

Fibre 3 2 10 dynes/em 2 
1, mm y, mm 1 /y em 16(a2b23_~lb13) Ebxl0 _No. 

Type I Type II 
-------

1 3.186 0.0106 30.77 10 4 8.03(xl0 em) 1.96 

2 3.831 0.0094 59.98 52.01 0.59 

3 3.400 0.0030 132.87 9.92 6.85 

4 3.533 0.0107 40.91 3.28 6.24 

5 3.427 0.0027 151.13 17.26 4.48 

6 4.845 0.0048 236459 18.69 6.46 

7 4.347 0.0033 252.05 144.97 0.89 

8 3,669 0.0105 46.99 12.96 1.86 

9 3.273 0.0125 28.16 5.55 2.59 

10 4.105 0.0097 71. 60 7.27 5.04 

11 4.734 0.0103 103.30 9.09 5.66 , 
12 3.751 0.0167 31.65 4.00 4.05 

13 4.153 0.0120 59.67 4.86 6.26 

14 4.083 0.0081 83.63 12.51 3.36 

15 4.890 0.0101 115.77 12.48 4.64 

16 4.390 0.0026 325.49 133.41' 1.25 

17 4.369 0.0154 54.07 30.11 0.92 

18 5.767 0.0071 271.70 29.44 4.72 

19 5.0166 0.0280 7.024 26.86 0.80 

20 3.748 0.0086 61.22 4.83 5.55 

21 2.704 0.0036 54.92 24.07 1.17 

22 3.711 0.0020 255.6 25.60 5.12 

23 3.807 0.0156 35.36 2.35 7.50 

24 3.719 0.0131 39.27 26.96 0.79 

25 3.764 0.0108 49.00 13.61 1. 81 

26 3.8B8 0.0092 64.11 10.40 3.0B 

Mesrr 1.03 3.75 
= === 
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TABLE IV , 

Bending and stretching moduli for,kemp 

----- ---
Fibre 28 2 2b 2 281 2b l Elolo Fxlolo 

s0:·" 2 b·' 2 
.2!.0' d~n!cm dy.r,!/cm 

1 57.86 52.72 28.70 24.96 1.96 

2 10.3.32 92.32 82.64 70..76 1.0.5 0..59 

3 58.11 34.92 6.85 

4 52.39 41.14 28.86 23.33 1.17 6.24 

5 66.70. 65.40 36.04 33.85 1.0.3 4.48 

6 71.64 67.00 41.81 40.88 1.31 6.46 

7 120.46 119.96 89.69 88.88 0..70. 0.89 

8 96.93 54.77 74.63 34.13 0..69 1.86 

9 49.56 26.69 2.59 

10. 54.0.3 51.82 23.14 22.11 1.59 5.0.4 

11 60..35 55.59 36.53 32.71 5.66 

12 67.74 40..44 43.89 22.15 1.76 4.0.5 

13 56.11 45.17 26.57 22.63 1.93 6.26 

14 91.0.3 58.58 69.22 43.73 1.39 3.36 

15 76.20. 56.61 42.28 31.70. 1.50 4.64 

16 120..20 112.39 85.45 75.81 0..76 1.25 

17 81.19 80..79 60..0.7 59.57 1.20 0..92 
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In the development of the medulla, the cells may 

break down completely during keratinization of the rest 

of the fibre 1 leaving a completely hollow conal; this, 

however, is not always the case. In the case of wool, 

for instance, the m~ulla may be unbroken, interrupted, 
, 41 

or fragmented The medulla may occupy as much as 90% 

of the fibre and, if it is unbroken (i.e., solid) it 

can be expected to contribute towards Eb , and for this 

sample, is in fact what is considered to occur for fibres 

of Type II. The medulla material, not being entirely 

compressible, offers some resistance to bending; y is then 

smaller and Eb is larger than for a hollow fibre (i.e., 

interrupted medulla) of the same outer dimensions. The 

fibres on curve I and II (Figure 9) were microscopic~lly 

examined and it appeared that Type II fibres have filled 

medullas, i.e., the medullas are packed with cells, whereas 

Type I fibres are virtually devoid of cells, i.e., almost 

hollow. It was observed, however, that the optical 

densities of the medullas varied in both types, indicating 

different cell densities in the medulla. Fibres with 

intermediate medulla densities lie at points between the 

curves (Figure 9). These only occur near the intersection 

of the curves, since, for large diameters, the medulla, if 

not solid, would have little effect on 13/y because it is 

only influenced by filled medullas. Thus, for large 

diameters, semi-solid or hollow medullas would fall into 

Type I. (This may also account for curve II being better 

defined than curve I.) The occurrence of Type I fibre is 

much less common than Type II and is of the order of one 

to five for this sample. 

A plot of / •.••• 
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A plot of Eb for Type II fibres vs Es (Figure lO) 

gave an approximately linear relationship, with 8 

correlation coefficient of 0.517. Eb was always larger 

than E ~ which is not true for mohair. There is no 
8 

significant difference between Eb of Type I and Es . 

Also, there is no significant difference between the 

stretching moduli of Types I and II. This tends to 

agree with the above theory that in a solid medulla type 

of fibre, the material in the medulla offers resistance 

to compression but not to extension yielding higher 

results for bending moduli than their hollow or semi-

hollow counterparts. Experiments carried out simulta-

neously at this Institute by Hunter (unpublished at the 

time of writing) have shown that the presence of 

material in the medulla does not contribute significantly 

towards the breaking strength of the fibre but the medulla 

has a dielectric constant comparable with that of the 

rest of the fibre. Results from Part IV of this thesis 

(see 4.4(vi» also indicate that the above argument may 

apply. Kemp seems to be a composite material and 

appropriate theory, although not applied here, may 

be very fruitful. The medulla, it seems, plays no part 

in stretching; hence, E for Type I and II are similar. s 

It is apparent that the values of Eb of Type II fibres 

cannot strictly be compared with mohair, since to a large 

extent they are influenced by the m~ulla, and, consequently, 

are not isotropic. 
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PART III 

THEORY RELEVANT TO THE PROPAGATION OF ULTRASONIC 

PULSE2--1N ELASTIC WAVEGUIDE~ 

3.1 Introduction 

Explanation of the transmission of mechanical 

vibration from source to receiver through a material 

requires the concept of an acoustic wave. If one of 

the particles of a medium is displaced from its 

equilibrium position, the elastic forces acting on it 

.-.'.~:"~~ 

from the other particles will tend to restore it to its 

original position. The neighbouring particles them-

selves are displaced from their equilibrium state and by 

virtue of the inertia of the medium~ continue to 

oscillate about their original position even after the 

wave has passed. When the frequency of the oscillating 

particle of the medium lies within the audible range of 

the human ear, the elastic waves are perceived as a 

sound while ultrasonic oscillations are distinguished 

from elastic sound waves only by their higher 

frequency. The classical relationship holds for the 

sound propagation velocity (c), the wavelength (1\ )1 

and the frequency (f) such that 

.t\.= 
c 
f 

The upper limit of the frequencies for ultrasonic 

oscillation is of the order of 108 to 109 Hz and is 

followed by the hypersonic range which extends to 

frequencies of the order of 1013 Hz. The wavelength 

of the upper limit of ultrasonic oscillation approaches 

the wavelengths of light since a frequency of 108 Hz in 

air will / ••••• 
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-5 air will have a wavelength oT order of 30 x 10 cm. 

This is comparable to the wavelength of electromagnetic 

oscillations perceived by the human eye as light which 

( ) -5 have wavelengths between the limits 4 to 8 x 10 cm. 
, 

Ultrasonic waves are, therefore, in many respects similar 

to light waves - and the laws of geometric optics, such 

as the laws of reflection and refraction, can be applied , 

to ultrasonic waves. 

Ultrasonic waves may be propagated in all 

types of elastic media;the form of the wave propagated J 

however depends on the elastic properties of the medium. 
J 

Fluids for example resist a change of volume (but not 

a change of shape) and possess volume elasticity or 

bulk elasticity. Unbounded· liquids and gases therefore 

are capable neither of generating nor maintaining shear 

stresses or forces. Compressional stresses can be 

propagated in liquids and gases and the propagation of 

the deformation takes place in the direction of the wave 

front i.e. the particle motions are in a direction 

perpendicular to the wave front. Such waves are 

longitudinal waves. Solids, on the other hand, resist 

a change of shape as well as a change of volume and 

possass rigidity or shear elasticity. In solids which 

have been elastically deformed both volume deformation 

stresses and shear stresses arise and besides longitudinal 

waves, transverse waves are propagated. The deformations 

associated with a transverse wave are propagated in a 

direction perpendicular to the direction of propagation. 

In a purely transverse wave compressions and rarefactions 

of the medium do not occur. In solids surface waves 

can also / ••••• 
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can also be propagated but these are not important in 

this thesis. A theoretical treatment of the types of 

wave generated in solid media, is given at a later stage. 

3.2 The behaViour of a macromolecular fibre durinq sonic 

~£i1~ii9~ 

According to wegener34 the rate at which a sonic 

wave will be transmitted from one atom to another 

depends on the nature of the bond energies~ the 

spacial disposition of the atoms and the direction 

of the atomic vibration superimposed by the sonic 

excitation. The direction of the vibrations super-

imposed on the atom by the sonic vibration and the 

direction of propagation of the applied sonic wave need 

not coincide. If the direction of propagation of the 

applied sonic vibration coincides with the direction 

of atomic vibration between adjacent atoms in a chain 

molecule~ i.e. if the transmission of the sonic 

excitation is caused by intermittent changes in the 

space between the atoms, a comparatively high rate of 

propagation of the applied energy will result with the 

rate increasing as the bond energy increases. Atoms 

in a chain molecule are, however, not in linear arrays 

but are staggered and thus the transmission of the 

sonic energy will take place with intermittent changes 

of the valence angle. The smaller the angle the 

slower will be the rate of transmission of the 

energy applied. Hence, stretching the chain molecules 

with the / •.... 
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with the consequent distortiort of t~ valence angles, 

will increase the velocity of the wave. The rate of 

sonic transmission along a chain molecule depends, 

therefore, on the rigidity of the atomic bonds. 

The various chains in a molecule are linked by 

secondary valencies across which applied sonic energy 

can be transmitted by superposition, but these bonds 

are considerably weaker than atomic bonds. 

Consequently, the sound is transmitted through the 

secondary valencies at a lower velocity than through the 

atomic bonds. On account of the numerous cross-linkages 

of the chain molecules, these component parts are 

prevented from vibrating freely. Various conditions of 

excitation with differing directions of propagation 

become superimposed one on the other. To illustrate this 

consider an element of yarn being excited by sound, the 

excitation travelling first of all along the affected 

chain molecules, and is transferred from one chain molecule 

to another at the point of linkage between the chain 

molecules. Compared with the atomic linkages the 

secondary valencies, slow down the transmission of sound. 

Transference of the energy applied through the secondary 

valencies, is necessary in order to transmit sound from 

one chain molecule to another. The rate of transmission 

in the direction of the yarn axis depends, therefore, in 

the first / ••••• 
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the first place on the speed at which the sound can 

travel through a secondary v~lence bond on to another 

chain molecule 9 in other words on the bond energy at the 

point of linkage, and in the second place on the frequency 

with which such linkages occur. Using these principles 

Nosor ahd Osmin 42 have developed an acoustic method of 

determining the molecular orientation in fibres. from the 

above, it should be clear that a closer look at the molecular 

structure of wool, as in the next section, is required. 

It will be necessary to discuss briefly the structural 

nature of wool and its viscoelastic nature in order to 

obtain a clear understanding of this complicated system. 

It should be noted, that substitution of certain molecules 

in the protein structure gives rise to new methods of 

studying molecular structure. 34 Wegener seems to have 

been the only one who has applied ultra-sonics to this 

type of investigation - which is untouched at frequencies 

as high as 1 MHz in the textile field. It has been shown 

43 by Mason ,using frequencies from 200 Hz to 20 kHz that 

sonic and ultrasonic measurements of elastic moduli are 

useful in investigating the &ructure of fibrous proteins. 

3.3 lhe structure of protein fibres, with particular 

.~ference to wool 

Proteins are formed by the polymerization of 

amino-acids (with the general formula, NH 2-CHR-COOH) 

by means of peptide links (CO-NH) to give long-chain 

44 molecules with t he general formula : 

o 
II 

N C 
'\ :I' 

C 
/ \ 

Rl H 

Amino acid 
residue 

R H 

~ 
~ I 

C 
I " 

N C- .. . .. 
H 0 

. ' ..... Peptide lin'k 

In natural / ••••• 
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In natural proteins at least twenty different amino 

acid side-groups (R I R2 •.•• t) are found. It is the 

variation in the order and amount of these groups that 

determine the properties of the material and give rise to 

the large number of natural proteins which occur in animal 

and plant life. 

There are various sorts of cross-links which can form 

between neighbouring protein molecules: 

(a) Hydrogen bonds can be formed between the -NH -

and -CO- groups, linking ne ighbourin g main chains together: 
... / 

H, N -H~ 0 = C /H 
I " ·C C 

/' "- N / 
..... 

R C = 0 .:: !li. H - R 
/ " 

(b) Hydrogen bonds may form between hydroxyl groups present . , 

in the side-chains. 

(c) Since there are both acidic and basic side-chains, 

salt bonds may form between them, holding the side-chains 

together by electrovalent forces. 

(d) The cystine linkage, derived from a double amino-acid, 

will form a covalent cross-link between adjacent chains. 

Where this occurs, it really turns the many chain molecules 

into a single network molecule. The linkage is ;-
/ , 

0 = C ...... .....C = 0 
CH - CH 2,-S-S-CH 2-HC 

H N" ..... N H , , 
All these cross-links play an important part in 

determining the form of the protein. For example, single 

long-chain molecules may fold up into a compact ball, held 

together by internal cross-links; these are known as 

globular proteins. Alternately, the molecules may be more 

or less extended, and linked to their neighbours; these are 

the fibrous / ••••• 
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the fibrous proteins, the most important of which from a 

textile point of view are silk, wool and mohair. 

Keratin, a principal constituent of wool? is a 

complex protein with 8 large number of side-groups of 

all types occurring in appreciable proportions. Many of 

these cbntain active groups so that side-chain linkages 

are important. Evidence from x-ray diffraction 44 photo-

graphs show that two quite different crystal structures 

occur in keratin. There is the so called a-keratin 

structure? on the other hand if wool is stretched (it 

can be extended 50% in water, or a maximum of 100% in 

steam) there is a gradual and reversible transformation 

to another form known as ~-keratin. The macro 

structure of a wool fibre is, in itself? a complex 

structure and is illustrated in Figures ll(a) and ll(b). 

Although it has been well-known for some time that 

the a-helices in a keratin fibre unfold on extension of 

the fibre? the stability of the a-helices? their mechanical 

interrelationship, and the rale of the disulphide bond in 

this stabilisation and possible "destabilisation" as in 

the case of setting treatments? is only now becoming 

clearer. 

Recent work has emphasized the co-operative nature 

of the unfolding of a-helices in a keratin fibre and the 

important rBle of sulphydryl-disulphide interchange in 

modifying the properties of a fibre. 

The unfolding of a-helices during the extension of 

wool fibres has been investigated by a technique known as 

45 the theory of rate processes • This has shown that on 

extending the fibre the a-helices can only unfold into 

opened-out structures in a co-operative manner? that is? 

a unit consisting / ••••• 
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a unit consisting of a group·of a-helices must open 

simultaneously rather than one helix at a time. In 

addition studies of recovery and setting hDve indicated 

that these a-helical units are partially stDbilised by 

disulphlde bonds. Thus, when the helices are unfolded 

during extension of a fibre, the "memory" which directs 

the structure back to its originDl unextended state is 

mainly provided by these disulphide bonds. 5ulphydryl-

disulphide inter-change, while the helices are unfolding, 

may interpose new cross-links, which sterically hinder 

the reformation of the original crystalline structure Dnd 

may stabilise the ~-crystallines found in the extended 

states. This has important consequences in permanent \ 

setting of wool. 

The mechanical properties of wool and mohair are 

closely related to the molecular structure of the cortical 

cells which form the bulk of the keratin fibres. At 

practically the molecular level, these cells consist of 

long cylindrical units known as fibrils, and micro-fibrils 

which are approximately 80 ~ diameter and are aligned 

• parallel to the fibre direction with a centre to centre 

distance of about 100~. The material between the micro-

fibrils is an amorphous sulphur-rich material called the 

matrix. In water the matrix becomes swollen and 

mechanically weakened, whilst the micro-fibrils are 

relatively unaffected. As a result the torsional modulus 

of a fibre in water decreases much more than in longitudinal 

extension. 

By converting the disulphide groups to thiol in the 

keratin molecule, a decrease in stiffness is observed 46 • 

Studies of / ••••• 
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Studies of such phenomena reveal the mechanism of 

permanent setting, for example, and has led to the 

development of theoretical models which are useful in 

predicting and explaining mechanical properties. 

Feughelman and Watt 47 have classified the methods of 

chemical modification of wool into two categories. 

These are: 

(a) The introduction of a suitable molecule into the 

keratin structure, which .by its presence reduces 

the volume of loosely bound water, in the fibre. 

This can be achieved, for instance, by the intro-

duction of ninhydrin which has the effect of 

increasing the internal viscosity of the keratin , 

structure by reducing the amount of loosely bound 

water. 

(b) Introduction of cross-links between polypeptide 

chains in the wool fibres. This can be achieved 

by combining formaldehyde with the structure and 

is verified by the marked reduction in swelling 

in formic acid, the mechanical effects being 

opposite in nature to those brought about by 

ninhydrin. 48 Oku et al have also found differences 

in the mechanical properties in wool as a result 

of chemically modifying the fibre by formalization 

which decreases the cystine content of wool with 

corresponding changes in mechanical properties. 

3.4 The viscoelastic nature of keratin 

The classical theory of elasticity deals with 

mechanical properties of perfectly elastic solids, for 

which stress is always directly proportional to strain; 

i.e. ~ = Ee / . .... 
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i.e. ~ = Ee where ~ is the,stress, e is the strain 

and E the proportionality constant, in this case 
I 

Young I s modulus. The theory of :. hydredynamics on the 

other hand deals with properties of perfectly viscous 

liquids) for which, in accordance with Newtonls law, 

the stress is independent of the strain but 

proportional to rate of strain; i. e. "'C = 

directly 

o e 
!..L '5 t 

where !..L IS the proportionality constant or the shear 

modulus, but independent of the strain itself. These 

categories are idealizations, however, any real solid 

shows deviations from Hooke1s law under certain conditions, 

and any real liquid would show deviations from Newtonian 

flow if subjected to sufficiently precise measurements. 

There are two important types of deviations. 

firstly, the strain (in a solid) or the rate of strain 

(in a liquid) may not be directly proportional to the 

strass but may depend on the stress in a more complicated 

manner. Such stress anomalies are familiar when the 

elastic limit is exceeded for a solid. Secondly, the 

stress may depend simultaneously on the strain and the 

rate of strain. Such time anomalies evidently reflect a 

behaviour which combines liquid-like and solid-like 

characteristics, and they are therefore called 

viscoelastic. Both stress and uma anomalies may coexist. 

If only the latter are present, we have ~~ visco-

elastic behaviour. 

The viscoelastic boundaries of keratin are difficult 

to define and Mason 43 has shown that although a-keratin 

is typically half crystalline and has a much more complex 

structure than ordinary polymers, fuere are indications 

that a / ••••• 



. ',,":" ;.-

.... :. 

.; " . 

. ' '. .~ '. .. . 

- 38 -

that a substantial component. of this structure may be 

treated as an amorphous polymer. A slow extension of an 

a-keratin fibre in water reveals it to be ve~y stiff with 

10 2 a Young's modulus greater than 10 dynes/em. In a 

comparably slow lateral compression, the same fibre is 

some 100 times softer. The relatively low time-dependent 

shear modulus evidently reflects the viscoelastic character 

of the non-crystalline keratin found between the orientated 

helices. In extreme cases, where crystalline keratin has 

been melted by heat treatment it showed "rubber-like" 

qualities. 

During static and quasi-static tests (creep and 

stress relaxation, etc.) the visco~s losses accompanying 
\ 

these viscoelastic deformations are negligible and the 

model has consequently been assumed to be purely elastic. 

During dynamic modulus measurements, however, the stresses 

and strains usually vary sinusoidally with time. If 

viscous losses accompany the deformation, then the stress 

is out of phase with the strain. If the viscoelastic 

behaviour is linear, the stress can be decomposed 

vectorially into two components, one in phase with the strain 

o and the other 90 out of phase with the strain; when these 

are divided by the strain, the modulus is separated into 

an in-phase (real) and an out of phase (imaginary) 

component. Thus~the modulus of a viscoelastic material 

is given by 

E* == E + iWfl ( 5 ) 

where E is Young's modulus and fl the modulus of the 

viscous phase of the meterial, i.e. the shear modulus. 

The simplest type of stress wave propagation in a 

viscoelastic solid / 
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• 
viscoelastic solid, is that of an infinite train of 

longitudinal sinusoidal waves along a slender rod or 

~ilament, the specimen being sufficiently long for 

reflection from the opposite end to be neglected. 

is the arrangement used by Ballou and 5ilverman2l , 

Ballou and 5mith19 , Nolle 49 , Hiller and Kolsky50, 

and Hiller5l .) If, for this case, at the angular 

(This 

frequency w, the particle displacement at the driving 

end of the filament is taken to be 

A sin wt, 

then, at a distance x along the rod, the particle 

displacement will be given by 

A sin w (t -~) expo c ( -a x) 

where a is the attenuation coefficient of the material 

and c the phase velocity. The constants a and c may, 

under these conditions, be related to the viscoelastic 

properties measured quasi-statically, and for a linear 

viscoelastic solid, when a is not too large, 

2 * c = E and a = w t ~ f 2c an u (6 ) 

where f is the density of the material, and tan 0 is 

the loss factor which is equal to the ratio of imaginary 

to the real part of the complex modulus, i.e. tan 0 

= E/ • 
Il 

For viscoelastic materials E* increases with 

increasing frequency whereas tan 0 can either increase or 

decrease, Tan 0 never decreases more rapidly than ~ 
c 

however, so that a always increases. At high 

frequencies, therefore, waves are propagated with higher 

phase velocity and attenuated more rapidly with distance 

than waves of lower frequency. 

In re al / ••••• 
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In real viscoelastic solids the manner in which the 

mechanical properties vary with frequency depends on the 

various microscopic and molecular relaxation processes, and 

in general no simple relations exist for the dependence of 

a and c on the frequency. In order to treat the problem of 

wave propagation analytically a nwmber of simple models ha·s ... 

been constructed. The stress relaxation for these materials 

is asuumed to be similar to that of the mechanical models 

which are composed of perfectly elastic springs, and dash-

pots, which observe linear vis~oelasticity. The simplest 

models are the well known Maxwell and Voigt models. The 

wave equation for plane wave in a viscoelastic material is 

given by (for a Voigt model) 

+ (7 ) 

where displacement has the solution 

"' = 

iw) A exp.- (a + -c expo (iwt) 

Nolle 49 has shown that by considering real and imaginary 

terms 

(8) 

where 0 = aA, A being the wave length. If 0 is much 

smaller than 21r 9 equation B reduces to 

2 
E = f c • 

It is important then, to determine the value of 0 when wave 

propagation measurements are undertaken in a material. (It 

is shown at a later stage .that for keratin, 0 is 

sufficiently small for the latter equation to be used in 

the determination / ••••• 
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the determination of E.) 

The equations given above, assume certain 

simplifying conditions and it should be noted that in 

real solids, it is not possible to displace a section of 

the medium in one direction without causing displacements 

in the other directions (the ratio of the change in 

diameter to the change in length is known as Poisson's 

ratio (f ). Where the medium has finite boundaries 

the lateral components of a wave generated in it will be 

reflected from side to side and the medium behaves as an 

elastic waveguide, so that the classical theories of 

elastic wave propagation do noi give a complete 

description of the phenomenon, and more sophisticated 

theory is necessary. 

General theory of elasticit~: 

To describe the force acting on a small element of 

area of a cube ina material nine components of stress are 

required: 

Three perpendicular to the facesof a cube and six 

tangential to the f0.c8's of the cube, (See Appendix II). 

By the Dnsa~er reciprocity relation only 6 are independent. 

If the general form of Hooke's law is assumed 1 i.e. each 

of the six components of stress is a linear function of 

six components of strain, then there are 36 elastic 

constants describing the elastic behaviour of the body. 

As the symmetry of the material increases, the number of 

constants decreases, until in an isotropic material only 

four constants, of which two are independent, are usually 

considered. These are Young's modulus E, Poisson's 

ratio t':r; shear' modulus 1-1, and the bulk modulus k. 

It is rare for fibres to be isotropic and the simplest 

assumption which / ••••• 
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assumption which is likely to hold reasonably well fo~ 

many fibres is that there is no difference in properties 

between different directions at right anglesto the fibre 

axis, although these are different from the constants for 

longitudinal deformation. Under these conditions, which 

are called orthotropic or transversely isotropic, the 

number of constants may be reduced to seven, i.e. two 

Young's moduli EL, ET two shear moduli ~LT and ~TT and 

three Poisson's ra'tios ~ T' ,;- TL and c:r.rT (See Figure 12), 

where the subscripts Land T refer to the longitudinal and 

transversei axes. Of these, EL is t he modulus measured in 

tensile or bending tests and ~LT the shear modulus involved 

in torsional rigidity. The others have been neglected, 

experimentally partly because their technological importance 

is less obvious but also because they are more difficult 

to measure. In fact, real fibres are unlikely to satisfy 

the conditions of homogeneity and perfect elasticity, but 

nevertheless, the above system will be a reasonable 

approximation. Few measurements of the elastic constants 

of fibres other than EL and ~LT have been made. Bankey 

and Slen 52 found values between 0.42 and 0.63 for ~LT 
53 wool 

at various levels of extension and Ferrous has reported 

values between -0.2 and +0.5 for nylon at various 

humidities. 

With a knowledge of the elastic constants in a fibre 

the following pages give a theoretical explanation of the 

production of different types of waves which are p~ssible 

in solids. Only those sections of the theory applicable 

to the special sample shape used here, the cylinder, will 

be given. Other information can be gained from the 

original text by Redwood 54 • 

3.6 The general / ••••• 
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3.6 The general wave equation for isotropic solids 

The derivation of the general wave equation for 

unbounded media is given in Appendix II and only the most 

important results are quoted here. The potential functions 

-~ and Af will satisfy the wave equation if they are 

solutions of 

2 1 '620 r:; 0 = 2 ~t2 cd 
(9 ) 

'\/t 1 )21 
= c t 2 ~t2 i = x, y, z (10) 

where and = (11) 

and A and 11 are the Lame constants and f is the 

density of the material. 

The Equations 9 and 10 indicate that two types of 

disturbance may be propagated in an elastic solid. One 

type of wave represented by the potential function ~ 

travels with velocity Cd and inv~lves no rotatiQn. 

This type of wave is d esc ribed as "lon gi tudlnal" , 

"compressional", l1dilatationall! or "irrotational". 

The suffix tid" is used here to refer to the term 

"dilatational". 

The other type of wave, corresponding to the -vector potential function "r is called "transverse", 

"shear", "equivolumental" 9 "rotational'! or 

" dis tor t ion a 1 " . The s u f fix "t '1 .; sus edt 0 den 0 t e 

"transversel!. In fluids only one velocity of propagati('1"" 

is possible since the shear modulus 11 is zero. This has 

important consequences when discussing liquid coupling 

methods. / ..... 
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methods. 

3.7 Reflection and refraction of waves at an interface 

It is necessary to discuss briefly the effects of 

a simple boundary befors solving Equations 9 and 10, since 

these determine the type and mode 0 f wave propagation. 

Solid vacuum interface: 

(i) Reflection of a dilatational wave 

We consider the reflection of a plane 

wave at a plane interface separating 

solid and vacuum as illustrated in 

Figure 13. The boundary conditions, which 

must be satisfied, are that stresses both 

normal and parallel to the boundary surfate 

must be zero, i.e. 

at x = 0 "'t'xx = ~xy = '"t xz = 0 

(See Appendix II.) 

Equations 9 and 10 must be solved. 

Substituting equations of the fo rm given 

in Equation A14 and A15 for the 

potential functions ~ and ~ ; gives two 

differential equations which when boundary 

conditions are applied, show that the 

first equation cannot be satisfied by ~ 

alone and it is necessary for ~ to be 
y 

finite also, because there is also a 

transverse wave with motion in the 

xz - plane. Boundary conditions can be 

satisfied only if the dilatational incident 

coefficient; ~nd refi~dtion coefficient 

and the / ••••• 
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and the transverse reflection coefficients 

are finite. This means that a p1an~ 

dilatational wave incident on a solidI 

vacuum interface produces both a reflected 

gi1atationa1 wave and a reflected 

transverse wave. 

By analogy with optics it can be shown 

that the angle of incidence and reflection 

of the dilatational waves are equal and 

the angle of reflection of the transverse 

wave at is related to ad by 

= 
(12) 

55 A proof of this can be found in Kolsky • 

(ii) The reflection of a transverse wave 

The analysis of the reflection of a 

transverse wave at a boundary is similar 

to that of a di1atotiona1 wave. When 

considering the reflection of a plane 

transverse wave, there are two problems 

to be dealt with, for transverse waves 

moy be polarized in the y-direction 

("Shear horizontal" or S.H.) or in the 

z.-direction (S.V.). Any other 

polarization may be synthasized from a 

combination of these two. 

It can be shown that a plane 

transverse wave, ~he-displacement of:~hich 

wholly in the y-direction, is reflected 

without phase I ..... . 
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without phase ~hange or loss in 

amplitude. For a S.V. wave 9 however, 

it is not possible to satisfy the 

boundary conditions at all angles of 

incidence with a reflected transverse 

wave alone 9 and a dilatational wave is 

also generated. (A more detailed analysis 

of the above can be found in Redwood 54 .) 

3.B Continuous waves in fluid waveguides: 

The analysis of the simplest type of waveguide will 

illustrate most of the remaining concepts which are 

important in mechanical waveguides. As an example the 

fluid plate will be used, although cylinders ere 

of prime interest. The plate 9 however, is more 

simply understood and illustrates the same phenomena 

as the cylinder but the solutions involve sine and 

cosine functions which are more easily handled than the 

Bessel Functions for cylinders. Application of the 

technique of analysis to a solid cylinder is given in 

Appendix 111 The difference in analysis between the 

plate and cylinder lies mainly in the boundary conditions 

applied. 

The fluid plate with free bo~daries. 

Consider a plate with boundaries at x = a = a 
and x = ~ as in the adjacent figure. 

We must find solutions for the 
x =-a 

Equation 9 which satisfy the 

boundary conditions (p) + = 0 where p is the pressure. x=- a 

Introducing a time factor e iwt , and assuming no 

variation in / •..•• 
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variation in the y-directioA j Equation 9 may be 

written 

(13) 

For a complete solution the potential is put equal to 

the product of two functions X(x) and Z(z) which are 

independent of z and x respectively. This merely 

separates ~ into two components with one parBmeter each, 

a well-known technique in solving differential equations. 

This gives two equations: 

)2 X k 2 X == 0 

'Ox2 
+ d (14) 

~2Z 2 

kd 'Z == 
0 

l 2 
+ (f!!-) 

Cd 
z 

(15 ) 

The solution of the first equation is a combination of 

sin kd x and cos ItJ x while for the second 

exp(-ik z) is chosen to represent waves travelling o 

in the positive z-direction. 

Here k 2 
d 

(16) 

Combining the various parts of the solution and 

inserting constants we have the solution: 

iJ == A ISin"\ k x exp (-ik z) exp iwt. 
tCo~ d 0 

(17) 

Boundary conditions require that: 

== == 0 
+ 

(18) 
== - a 

So if / •.•.• 
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50 if we choose the sine term~ in the solution, 

sinkda = 0, while if we choose the cosine terms in 

the solution, cos kda = a 

This means that 

mrF 
Z-

m = 1,2,3 .•• (19) 

If we separate these into sine and cosine solutions 

m even (20 ) 

fdr sine solutions and 

m odd. (21) 

for cosine solutions. 

This means that only certain forms of waves can 

be pr~pagated. Each value of m ,describes a "mode" 9! 

eroeagation. Those modes for which m is even are 

called asymmetric mod~~ while for m odd we have 

symmetric modes. 

Some important features of these modes are 

listed below:-

(i) Each mode may be thought of as a synthesis 

of plane waves reflecting at the boundaries, 

and travelling along the guide in a zigzag 

path. The sinusoidal distribution of 

pressure over a cross-section is the 

"interference pattern ll formed by these 

waves as they cross one another. 

(ii) ko depends / ••••• 
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k depends ant h~ value 0 f m hence it is 
I) 

written as k instead of ko ' The full 
or 

solutions are 

~syru.metric m od.~9 m even 

(miL) 'k z iwt 
t1 A sin -~ 

== e 0 e 2a (22) 

.9ymmetric mode§! , m odd 

- , k iwt t1 A (m..!L) -~ z 
= cos e a e 2a 

(23) 

Designation of the modes is similar ~o the 

convention used in electromagnetic wave 

guides. The first term in the brackets 

corresponds to the variation in the x-directio~ 
\ 

the second to that in the y-direction - which 

is zero in this case because there is no 

dependence on y. Thus, the modes are called 

the (m, 0) modes. 

(iii) Phase ve10cit~ Each mode has a characteristic 

pressure distribution as shown in Figure 14 

and a characteristic phase velocity Cp given 

by 

Cp == w Cd 
k' = 

a 'Sin ad (24 ) 

Since kd is a constant fa r any particular 

mode we may write 

kd 
2 

== w2 1 L) (--2 C 2 Cd P 

or 

C == Cd p ..1. (25) 
[1 

Cd 2) 2 - (k d -) w 

(iv) Cut-off / ..... 
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(iv) Cut-off frequencies and evanescent modes 

The cut-off frequencies of modes (feo ) are 

important. For any mode Cp is infinite when 

or 

f co 

::: 1 

= kdCd 

211 
(26) 

Below this frequency k' is imaginary and 
o 

negative and the wave is attenuated in the 

-ik'iz z-direction, according to the term e£ 9. 

The mode is then described as nevanescentl1 

and there is no transmission of energy alung 

the waveguide. 

(v) Simultaneous excitation of several modes 

If the ~aveguide is excited by a source 

producing a pressure distribution identical 

with that corresponding to one of the modes 

as given by ~ in Equation 17, then that 

mode alone will be excited. Whether it will 

be propagated unattenuated or is evanescent, 

depends on the frequency of exc~tion. 

If the source of excitation of the wave-

guide is not the same function as anyone of 

the distribution corresponding to the modes 

of Equation 17, which is usually the case in 

practice, then several modes will be excited 

simultaneously. If the source of waveguide 

excitation produces a constant pressure over 

the cross-section/ •••• 
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the cross-section, for example, an 

infinite number of symmetrical modes 

will be excited, since an infinite series 

of sine waves is needed to synthesize the 

constant amplitude functi~~. Of this 

infinite number of modes, the majority 

will be evanescent. At high frequencies, 

many non-evanescent modes may be excited, 

but as the frequency is reduced, the 

number diminishes until at frequencies 

below the cut-off frequency of the (3,0) 

mode, only one symmetrical mode can carry 

energy. Below the cut-off of this mode 

(I,D) all modes are evanescent. ~ 

3.9 Continuous wave in a solid cylinder 

(i) k9nCll-..tltd!!:!!"l Mod!;!.§. 

The derivation of the wave equation 

for a solid cylinder is given in 

Appendix III. The characteristic' 

equation is more complicated and 

solutions of this equation are usually 

expressed graphically. The most useful 

method is a plot of the phase velocity 

as a function of frequency, or the inverse 

of the wavelength. From the value of Cp 

at any frequency, k may be found and then 
o 

kd and kt from equations A31 and A32 

respectively - which in turn allow the 

displacements to be calCUlated. The 

group velocities may be obtained from 

slope of / ••••• 
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slope of the cwrve of phase velocity 

dw versus frequency through Cg = dk • 
56 0 

Bancroft has presented most 

comprehensive calculations of phase 

velocity as a function of frequency and 

his curves are reproduced in Figure 15 

where Cg 
w 

= c. 
p 

One cannnt use the same nomenclature 

for these modes as was used for the fluid 'J 

since the number of cycles of the displace-

ment function across a cross-section 

depends on frequency. The system of 

suffixes adopted here is the same as that ... 

used by Redwaod 54 , i.e. naming modes, the 

L (I,m) or L(2~m) mode. The first suffix 

indicates whether the mode is symmetrical 

or asymmetrical') through the number 1 and 2 

respectively. The second number indicates 

the order of the mode. L(lljl) is a 

symmetrical mode with no cut-off frequency') 

L(1,2) is a symmetrical mode with lowest 

cut-off frequency of the series of 

symmetrical modes') L(1~3) that with next 

lowest cut-off and so on. Other symbols 

are,) however,) in use in the literature. 

Bancroft1s calculations refer only 

to "Young's modulus" mode L(l')l). It can 

be seen that at low frequencies in fact as 

frequency approaches zero, 
E .L 
~) 2') hence the nams" for t his mode. 

D . 57 h / aVl.es as 

Cp approaches 

...... 
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Davies 57 has p lotted 
C 

vs .-9. for 
C a 

a 

I\. 
L(l~) mode as reproduced in Figure 16. 

From this it can be seen that for 

a the L(191) mode when A approaches 
C ~~ 

0, ~ approaches unity. In our case we 
p 

have for f = 0.5 Mhz, assuming a velocity 

a of the order of 2 x 105 cm/sec, that A 
-3 is about 10 • For an extremely thick 

fibre 9 say a = 100 !J the ratio is 4 x 10-3 

C 
and it can be taken that --2= 

C 1. That is, 
a 

we assume the group velocity at low 

frequencies to be given by 

(ii) Torsional Modes 

Again the derivation of the wave 

equation for the special case when 

u = 0, and u = il and that u is finite and r z 8 

independent of Q is given in Appendix IV, 

and leads to the torsional modes of 

propagation in a solid isotropic cylinder, 

designated T(0)9 T(l) etc. 

Equation A42 represents a non-

dispersive wave since Cp = Ct at all 

frequencies. The other modes 9 the 

characteristics of wh ich may .. be cibtaihed from A43 

are dispersive and have cut-off frequencies 

given by k = 0) o 

= 

which in / ••••• . 
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which in our case 1S 
t 

Wco = 2~ f co 
~ 

f ~~ = 2n~; kt · co 
~ 

50 that, provided we operate in the 

frequency range below f ,only the co 

(27) 

fundamental Torsional mode, T(O) mode, 

will be propagated. This mode requires 

a special sort of excitation, with the 

amplitude of the displacement proportional 

to the radius, but such an excitation is 

not practicable. Even if the excitation 

takes some other form, the remaining modes 

will be evanescent if the frequency and 

radius are adjusted so that the waveguide 

is operating below cut-off frequency of the 

second mode. This, of course, is useful 

in fibres with high damping since all the 

energy will be carried by one mode and not 

divided, making transmission more likely. 

Shear Waves 

58 According to Gelles ,shear waves 

through cylinders for which ~" is less 

than 1 have not yet been discussed in the 

open literature, and the author has not 

yet come across any publications. 

Mc5kimin 59 has studied the case of ~ 

much greater than 1. For our case this 

would require a frequency of at least 

200 MHz, which, if course, is impossible 

with the apparatus described in Part IV. 

For this / •••.• 
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For this reason the theory of shear waves 

is not discussed here. Values of ~ 

can be obtained from longitudinal velocity 

measurements 9 while torsional velocity 

measurements for an isotropic medium will 

yield the same velocity for shear modes 

and torsional modes 9 yielding the same value 

for the modulus. The problem of including 

a viscoua term in the above theory in order 

to extend it to viscoelastic materials will 

not be included here. 

The theory given above'J a pplies to 

'" continuous waves in the particular waveguide. 

The use of a short square pulse generally 

necessitates complex analysis,} such as 

Fourier analysis to describe the shape of 

the pulse mathematically. Redwood 54 has 

shown that for a pulse modUlated carrier 

wave,) under certain conditions,} continuous 

wave analysis can be used to describe the 

pulse shape mathematically. He ascribes 

a "bandwidth figure", defined by the first 

zero of a Fourier spectrum of the pulse 

(since the most important Fourier components 

lie within the first zero)-. If this band-

width figure is only a small fraction of 

the carrier wave frequency, the frequency 

spectrum of the pulse only occupies a 

relatively narrow bandwidth9 and continuous 

wave theory can be used to predict the 

appearance of / . . . . . 
- -~ 
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appearance of the pulse. The relative 

bandwidth can be assessed by the number 

of cycles of the carrier inside the 

modulating envelope. When this is large, 

say 100 or more? continuous wave theory 

can be used. When the number of cycles is 

less than say 10 9 other analytical 

methods must be used. This analysis can 

often be justified, and simplifies matters 

to a large extent should pulse shape be 

of importance. 

The theory given in this section? 

should be sufficient to understand the 

advantages and limitations involved in 

waveguide analysis as applied to the 

animal fibres used here. 
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PART IV· 

TECHNIQUES OF TRANSMITTING SHORT ULTRASONIC PULSES 

THROUGH FIBRES 

4.1 Introduction 

For the propagation of pulses through animal fibres 

a wave train of pre-determined carrier frequency fa = 1 MHz? 

or alternatively 0.5 MHz? and pulse width up to about 20 ~s 

was used. For accurate pulse propagation measurement, the 

pulse length is required to be much smaller than the 

-t im e . ,of t ran s m iss ion. T his the n set sal im ito nth e 

frequency used which is further restricted by the fact that 

according to McSkimin 59 the radius to wavelength ratio? ~? 

must be less than O.l? if excitation of high-order or spurious 

modes is to be avoided. Assume a pulse in a wool fibre with 

an average diameter of 30 ~, saY9 to have a velocity of 

5 2 E 5xlOlO 
2xlO em/sec (Calculated from C =1' = 1.31 )9 then for 

../\ ~ lOra 300 10-4 and the frequency f 
c = x cm, = - = .A 

2 x 105 
6.6 MHz. Thus long as the frequency is 

10-4 = as 
300 x 

less than about 7 1\1Hz radius to wavelength ratio will be less 

than 0.1. However, if the attenuation in the fibre is very high, 

short fibre lengths must be used 9 which limits the pulse 

length. For a fibre 3 mm long the time a pulse travelling 

at 2 x 10
5 

em/sec takes to traverse it is approximately 

1 ~s. By using pulse delay techniques, however 9 this can 

be extended and a pulse width of 10 ~s can be safely used. 

A carrier frequency must be used which is high enough to 

allow about 10 cycles (see page 55) of carrier frequency 

into a pulse width of about 10 ~s but it must not be too 

high since / ••••. 
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high since attenuation incre8.ses wi th frequency. The 

frequency chosen was 0.5 MHz which satisfies these 

requirements. Furthermore, ~ is small enough for the 

longitudinal velocities and torsional velocity to be 

equal to, Cd and Ct9 respectively'J so that 

C 2 = 2+ 2 ~ d 

f 
(28) 

and 

C 2 
t = { (29 ) 

Substituting these equations into Equation A3 of 

Appendix III yields 

(30 ) 

Only under certain circumstances, however, particularly 

when the radius to wavelength ra~~o approaches 

zero, does the equation reduce to the classical 

equation 

2 
Cd = E 

f 
In the classical derivation of this equation, it is 

assumed that plane transverse sections of the specimen 

remain plane during the passage of the stress pulse. 

The longitudinal expansions and contractions of a 

section will result in similar lateral movements'} so that 

Poisson's ratio cannot be neglected. This effect 

only becomes important9 however, when the wavelength 

is of the same order of magnitude as the specimen 

diameter. Equation 31 is assumed to hold true for the 

experiments described in this thesis. 

Rearrangement of Equation 30 provides a relation-

ship which is suitable for fitting of linear regression 

lines to / ••••• 
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lines to the datB9 i.e. 

Cd 
2 

= m f ( 0-) E +b 

where 

m = constant of proportionality and 

conversion factor of units 

mf (.(f) = slope of th e straight line" 

and b = Y axis intercept at E = o. 

This equation is useful for the study of non-ideal 

materials which are not homogeneous or isotropic as 

has been assumed in the original theoretical derivation 

of Equation 30. 

4.2 The apparatus 

A block diagram of the link-up is given in 

Figure 17 and consists of a pulse generator" a specimen 

and transducer holder? a wide band-width amplifier 

(Axenburg L. F • A. '5501) and a Tektronix 'I model 555 dual 

beam oscilloscope (Photograph 1). Two of these items 

will be discussed in detail, i.e. the pulse generator 

and sample-transducer holder, since both were built at 

SAWTRI. 

The pulse generator 

60 
The pulse generator was designed by Axenburg 

and produces a pulse packet of high voltage sine waves 

which are variable in pulse length and delay. This 

generator was chosen because? due to the high acoustic 

damping expected in keratin fibres, a high source of 

energy for the transducers was necessary in order to 

overcome the energy loss in transmission. For the same 

reason it was necessary to use short fibres" and lengths 

of 2 to 5 mm / ••••• 



Figure 17. Exe8rim8nt.~,1. S"ysten:l 

P.G. - Pulse Generator 

5 - Sender Transducer 

R - Receiver Transducer 

A - Amplifier and Detector 

Os Oscilloscope 

T - Time Delay and Trigger 



Photograph l(a) The apparatus. 

r.1~ ~ ~ ,~~~~~ ~ ,n 

(J~~ ~ ' ~~~~~ ' ~1l1 

== 

Photograph l(b) The pulse packet. 

} Time scale: 10 ~s/cm. 
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of 2 to 5 mm were anticipateo, which as pointed out, 

limits the pulse length used. The Arenburg pulse generator 

has a suitable pulse length adjustment, and can be operated 

at sufficiently high vol tages • (500 V to 1 Kv.) A circuit 

diagram'is given in Figure lB. 

The crucial element here is VB, a tetrode oscillator 

connected with tank coil Ll and condenser C3 in a push-pull 

arrangement. The output is taken from Ll via a step-down 

transformer which supplies a high voltage oscillation to 

the transducer. The inductance of the secondary winding was 

found to be very critical since if it was too large 

oscillations would cease due to overloading. The grids of V8 

are normally cut off by the large positive bias on the, 

cathod~s, put there by the network Rl, R2, R3 and Cl and 

C2. Full-plate voltage is available from the positive 

H.V. supply via the centre-tapped primary of LI, the screen 

grids are grounded and no current flows, so that no tendency 

exists for oscillations. At a predetermined time a large 

positive pulse is applied to both the screen and control 

grids and oscillations begin immediatelyo The grid 

resistors R4 and R5 together with their condensers quickly 

cause the control grids to reach a fixed, class C, 

operating condition and within a cycle or two the pulse 

packet oscillations have stabilized. The damping diode 

V9 would short out these oscillations if it were not 

reverse biased by the same large positive pulse which is 

present on the screen grids. At the end of the predetermined 

pulse width, the activating pulse is removed, the screen 

voltage drops to zero, the grid bias attains a large 

negative value (with respect to the cathode which has a 

high positive / ••••• 

" 
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high positive value with respect to ground), and the 
• 

oscillations cease almost immediately. The tank circuit, 

however? would continue to ring if the damping diode V9 

did not short it out9 at this instant, so as to terminate 

the oscillations abruptly. The pulse packet developed 

by this oscillator is shown in Photograph l(a). 

The control circuitiy· is more conventional. VI is 

a free-running? square wave multivibrator9 the frequency 

of which is controlled by PI. The negative going edges of 

each square wave are differentiated to provide negative 

spikes which then pass through the cathode follower V2A 

and drive the monostable multivibrator V3. Each 

differentiated pulse causes a square pulse output from 

V3, the width of which is adjusted by P2 9 the delay control. 

Between V2A and V3 is a connector 9 J1 9 from which a 

synchronizing trigger is taken. The rear edge of the 

adjustable pulse from V3 is applied to V2B. Since it is 

the rear ed ge that is u sed as a trigger and since the 

pulse width is adjustable? V3 acts as a delay generator? 

delaying the start of the oscillations from VB in 

proportion to the setting of P2. After amplification in 

V2B, the delayed trigger activates the monos table 

multivibrator V4 of which the output pulse width is 

adjusted by the BPulse ~vidthti potentiometer? as was done 

in the case of V3. Instead of differentiating this pulse 

to get atrigger9 as was done with the output from V3 9 

the whole pulse is a~plied to the V5 amplifier which feeds 

the cBthode follower V7 to give the positive pulse on the 

screen and control grids of VB starting oscillations. 

The undifferentiated pulse from V4 is eventually applied 

to VB and / ••••• 
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to V8 and consequently the width of the pulse packet of 

oscillations from LI is controlled by the setting of the 

u Pulse ~~idth" potentiometer controlling the output pulse 

width V4. The Arenburg pulse oscillator is a most 

useful device, giving a sharply defined oscillation group 

with controlled delay and width for driving piezoelectric 

and other transducers. 

The power supply was designed and built at SAWTRI 

and supplied 600 volts to the oscillator circuit. 

The Sample and Transducer Holder 

Details of the sample and transducer holder which 

61 was built on lines suggested by Gelles and Bombhard 7 are 

shown in Photograph 2. Two vertical perspex supports 

hold the sample or delay plates. The top edge of the 

support is rounded with a small radius of curvature 

(about 0.2 mm) to minimize the tendency to shear the 

sample when a plastic contact with the transducer is used. 

One of the transducer supports can be displaced in a 

horizontal direction? by means of a long feed screw to 

accommodate samples of different length and to alter 

coupling between sample and transducer. Both can be 

rotated about a vertical axis to adjust for parallelism 

at the supports? and both can be moved in a vertical plane 

by means of the brass screw adjustors. The transducer 

holders slide on two vertical brass rods on either side 

of the screw adjustor. Variation in the vertical plane of 

the coupling angle betwBBn transducer and sample is achieved by 

rotation of the cylindrical perspex segment by means of an arm 

attached to it. 

The spacing between the sample support and transducer 

support is / ••••• 
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support is such that the transducer rotation axis 
• 

coincides with the knife edge of the sample support? 

t hat is j the s am p 1e sup p 0 r t 8 d g e is at th e c en t reo f the 

circle? on the circumference of which the perspex segment 

rotates," This allows the transd.uce.I' angle to be varied 

without breaking the sample-transducer contact. The 

transducers press-fit into the perspex hemi-cylinders .. 

The transducers used were I MHz X- cut and V-cut quartz 

(obtained from Standard Telephones and Cables? Boksburg) 

and 0.5 MHz P.Z.T.-transducers (obtained from Branson 

Instrument Company, Connecticut U.S.A.) .. For compressional 

wave generation the X-cut quartz or the P~Z.T.-5 

transducers were employed, while Y-cut quartz and 

P.Z.T.-4 shear wave transducers were used for shear and 

torsional wave generation. Both X-cut and Y-cut quartz 

transducers had high Q!s and were damped by fixing hard 

rubber to their edges and sometimes loading their rear 

faces with plasticine. They were not as efficient as 

the P.Z.T.t s , although they exhibited good mode purity, 

i.e. they did not tend to excite spurious modes. The 

P.Z.T.'s on the other hand, were more robust? efficient 

and completely screened 9 and were consequently used most 

of the time .. 

Rec,ording of the resul ts was achieved by means of 

a Robot Royal 24 camera attached to the oscilloscope. 

Experimental pro~dure and related results 

All experiments described in this part of the 

thesis were conducted at 20°C and 68% R.H. 

Generally,} the pr,ocedure followed corresponds to 

35 that advocated by Gelles who transmitted ultrasonic 

pulses at / ...... . 
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pulses at 10 MHz through film~, foils, fins wires, 

whiskers, etc. He did not give any results for visco-

elastic materials 9 and most of his samples were good 

acoustic conductors. No other attempts have been noted 

in which frequencies above S kHz have been used in 

determining elastic moduli in single fibres. 

The sample-transducer holder used here, utilizes 

three configurations generally used in the generation of 

the various modes of wave propagation in a sample. These 

three configurations A, Band C are illustrated in Figure 19. 

CONFIGURATION A 

This configuration is used with compressional trans-

ducers (P.Z.T.-S) to propagate the lowest order longitudinal 

mode, L (O~)7 in the sample. Minimum loss of energy is 

incurred with this configuration when using rigid samples. 

According to Gelles 35 , the total loss from electrical 

input to electrical output (exclusive of sample attenuation) 

is generally about 50 dB. 

CONFIGURATION B 

This configuration is used with compressional 

transducers to produce the L (01) mode and the T(O) mode 
I 

(lowest order torsional mode) in the sample. Non-brittle 

samples are bent around the perspex supporting edges and 

taped into p~sition. (The taping of the sample ends forms 

an absorbent termination which helps to eliminate echoes 

originating from the sample and reflection in good acoustic 

conductors). 
, 

The over-all loss from electrical input to electrical 

output (exclusive of sample attenuation) is generally about 

56 d B. 

CONFIGURATION C I ..... 
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CONFIGURATION C 

This configuration is used with shear wave,trans-

ducers to propagate the T(O) mode in cylindrical samples. 

The total electrical loss in this case is generally about 

60 d. B. , It should be noted that P .. Z. T. transducers do 

not exhibit good mode purity and" in particular in 

configuration E9 simultaneous excitation of the L(gl) and 

T(O) (and other fundamental modes) is often possible. One 

can, therefore'J calculate both .A and II from a single 

experimental arrangement. This is well illustrated by 

61 Gelles whose photographs are reproduced in Figure 20 for 

a copper wire of 4.40 cm length and 75 ~ diameter. 

Figure 20(A) illustrates the good mode purity of a Y-cut 

quartz transducer" in which only T(O) mode is excited. 

On replacing the Y-cut quartz transducer with a she~r 

polarised transducer, as shown in Figure 20(B), there is 

a 15 d.B. gain in signal level, but additional modes are 

excited and some dispersion is evident. This dispersion is 

moderate for the L(ql) mode 9 slight for the flexural" 

F(1,,1)9 mode and negligible fIT the r(O) mode. Suppression 

of one or more of these modes can be effected by altering 

the transducer coupling angle or the contact pressure. 

It is essentia1 9 where rigid .samples are used, to 

adopt some means of efficiently coupling the ultrasonic 

energy from the transducer to the specimens and is usually 

a visco~~ liquid such as glycerine. The use of liquid 

coupling agents however 9 limits the type of wave that can 

be generated since liquids have no shear modulus. In the 

case of keratins the fibres are sufficiently elastic to 

be bent over the sample support knife edges and the 

transducer pressed / ••••• 



Figure 20. Results by Gelles for 

fine copper w~re. Time 

marks at bottom indicate 

1 fJS intelvals. Note 

that the separation of 

tne pulses is only 4-5 ~s. 

V-cut transducers were 

used in A, while P.Z.T.-4 

transducers were used in 

B • 
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transducer pressed against the fibre to make a plastic 
• 

contact. 

Initial attempts to obtain wave propagation in 

keratin fibres were unsuccessful when using both a 

pressu~e contact (plastic) or liquid coupling agents between 

the transducers and the sample so that the delay plate 

technique was then adopted as described below. Satisfactory 

results were obtained when good acoustic conductors such 

as glass and fine copper wire were used both with the P.Z.T. 

and quartz transducers~ The pulses produced in a specimen 

of glass 4.74 cm in length and 0.030 cm in diameter using 

P.Z.T. transducers for example 9 are shown in Photographs 

3 and 4. The uppermost trace in each photograph is the 

pulse packet supplied to the transmitter. 

Assuming that the decrease in amplitude of successive 

echoes in Photograph 3(a) for example j is exponential, an 

estimate of the acoustic damping factor a can be calculated 

from the equation 

y = Y exp (-a~) 
n 0 

where the successive amplitudes of the echoes are 

labelled Y to Y and ~ is the distance between successive a n 

pulses (wavelength). The damping is more commonly 

expressed as the log decrement 59 and is the produc t of 

a and./\. • A value of 0 of 3.1 x 10-3 was obtained'} which 

agrees favourably with a value of 9.5 x 10-3 quoted by 

Kolsky 55 for soft glass. (The specimen used here not was 

soda-glass and this probably accounts for the difference 

between the results.) 

The quartz transducers were not very satisfactory 

for pulse propagation measurements since they were 

susceptab1e to / 
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Photograph 4(a) The R.F. pulse of s~eeimen 

of photograph 3(a) and (b) 

with a longer input pulse. 

Time seale: 1 em = 50 ~s. 

Photograph 4(b) The Video output 

of 4(a). 
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susceptible to ringing once the excitation pulse had been 

switched off. The ringing effect could be eliminated by 

damping the crystals and was accomplished by fixing pieces 

of hard rubber to the sides and back of the crystal. The 

transducer efficiency? however, was then drastically 

reduced and the signal to noise ratio became too small 

for this type of transducer to be useful. The P.Z.T. 

transducers wsre 9 therefore, subsequently used for all 

measurements. The ringing effect in the quartz transducers 

is demonstrated in Photograph 5. 

Another method, the delay plate method used by 

Gelles 35 for very short samples (of the order of a few 

millimeters) was then used to propagate pulses in keratin 

fibres since the plastic coupling method was unsuccessful. 

If no propagation was previously obtained because of the 

high damping of the ultrasonic energy in keratin, then by 

this method, it was hoped fibre damping would be of minor 

importance because of the short keratin ultrasonic path 

length involved. Briefly, the delay plates consisted of 

two identical glass plates, (approximately the size of 

microscope slides) separated from each other by a few 

m£liimeters and bonded together by means of hard rubber 

struts to form a rigid planar assembly. The pulse is then 

conducted from the sender through the first delay plate, 

through the fibre which bridges the gap between the plates, 

and is picked up via the second delay plate, by the receiver. 

Coupling between the transducers and delay plates was 

achieved by means of glycerine, while fibre to delay 

plate coupling was by means of an adhesive, water or 

glycerine. 

Photograph 6(a) / ••••• 



Photograph 5 The R.F. pulse received 

after transmission through 

a thin glass rod with Y-cut 

Quartz as receiver. The high 

Q of the Quartz transducer 

causes the ringing effect 

after the main pulse has passed. 

Time scale: 1 cm = 10 ~s. 
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Photograph 6(a) displ.ays the pulse transmitted 

across a 2 mm air gap (without a fibre bridging the gap) 
"-, 

while in Photograph 6 (b) a typical pulse conducted throug'h"'···. 

mohair fibre is depicted. Similar results were obtained for 

kemp fibres but attempts with wool fibres were unsuccessful. 

Although the pulse conducted through air could serve as an 

ideal reference velocity, results were very difficult to 

interpret, and the exact velocity of the pulse could not 

be found. It was impossible to identify any modes or to 

separate them. Consequently, this approach was abandoned. 

It became apparent that the main problem to be dealt with 

was not the relatively high damping of the ultrasonic pulses 

in the keratin fibres, but the loss of energy in 'injecting' 
" 

the pulse into the fibres. 

The obvious solution to the problem of coupling the 

fibre to the transducer was to fix the fibre directly to the 

face of the transducer; a method which was tedious and 

damaged the transducer face, so that the only alternative 

was to fix small hooks to the transducer face, over which 

the fibre could be suspended. Good fibre-transducer contact 

could thus be established. Two discs, about the same 

diameter as the transducer faces, were cut from thin brass 

shimming, and a small wire hook soldered in the centre of 

each. The assembly was then cemented to the transducer 

face with Eastman 90 adhesive. The hook assembly was kept 

as light as possible, in order not to load the transducer 

excessively. In fact? no observable difference was seen 

in the transducer performance. With this assembly, the 

fibre with small weighted clamps on its ends 9 was merely 

suspended over the hooks when taking measurements. The 

arrangement functioned / ••••• 
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Air pulse 

Photograph 6(a) Propagation of pulse 

across air gap of 

delay plates. 

Tima scala: 1 em ~ 50 ~s. 

Mohair Air 

Photograph 6(b) Air gap in the delay 

plates bridged by a 

~ mohair fibre. 

Time scale: 1 em = 50 ~s. 



- 69 -

arrangement functioned very well and good large amplitude 

pulses were obtained. Thus relatively lower amplification 

could be used 9 and consequently noise and jitter created 

fewer problems. 

Damping Measurements 

With this hook suspension method? the fibre length 

could be varied without upsetting the coupling to the 

transducer. A method devised by Nolle 49 and discussed in 

paragraph 3.4 to determine the damping factor a in highly 

damped materials at a particular frequency was investigated. 

From Equation 6 9 if the log. decrement 0 is very much less 

than 211 9 then damping factor a can be neglected in the 

calculation of Young ' s modulus~ However, a simple plot'of 

amplitude versus length of fibre did not give a simple 

exponential decay of amplitude. Instead? a standing wave 

pattern was obtained as shown in Figures 21 and 22 for mohair 

and coarse wool fibres respectively. Therefore the method 

adopted to determine the attenuation was that according to 

Ballou and Smith19. By means of a plot of pick-up voltage 

V versus the distance x of the pick-up from the transmitter? 

the maximum and minimum pick-up voltage envelopes were found. 

The peaks decay exponentially and theyl9 have deduced an 

analytical expression for the relationship between a and the 

received voltage envelopes in terms of tanh (~ + a X)9 i.e. 

V min 
V max ::: tanh (~ + ax) (33 ) 

where ~ is the constant real part of the exponent of the 

reflection coefficient. In order to calculate a from 

Equation 33 a plot of arg. tanh V min. 
V versus d~stance x, max 

was drawn for mohair 9 yielding a straight line as shown 

in Figure 21./ •••••• 
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in Figure 23. Thus a is the slope and was found for the 
• 

mohair fibre to be 

a ~ 0.013 nepers/cm 

or 

& ~ 0.0033 nepers. 

Because 0 is much smaller than 211 we are 

justified in neglecting a in calculations of E. 

The value obtained for a is not very accurate since 

amplitudes cannot be determined by better than (Oo004) 

volts/em on the oscilloscope· due to a jittery trace. 

Nevertheless it does serve as a rough estimate in 

establishing the magnitude of 5. 

A good example of pulse propagation in mohair is, 

given in Photograph 7(a). The fibre was suspended over 

the hooks under slight tension but was not fixed to them 

by an adhesive. The first pulse is condu~ted in the sample 

while the second large pulse is that transmitted directly 

through air? and the others are probably secondary modes 

or shear modes conducted through the fibre. Usin~ a 

different length of the same fibre the results displayed 

in Photographs 7(b) and 7(c) were obtained. Similar 

results were obtained with mohair and other fibres and 

some results are given in Table V. {In all photograp hs 9 

the input or transmitter pulse (upper trace) is coupled 

electromagnetically to the receiver and is shown 

directly below it on the lower trace.) 
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( a ) 

~ 1 t 
1st 2nd 3rd 

( b ) 

t 
1st 2nd 3rd 

(c ) 

t t 
1st 2nd 

Photograph 7 This sequence illustrates the pulse 
pattern received in mohair by the 
hook method 9 as sample length is 
increased. The 1st pulse is that 
conducted through the specimen while 
the 2nd pulse is conducted through 
the air between the transducer faces 
and the 3rd pulse is an echo of the 
2nd pulse. 

Time scale : 1 cm = 50 ~s. 
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TABLE V 

Veloe i tv determinations with hooks fixed to transducers 

Samj21e V-from Equation 34 V-from Eguation 35 

N~lon 1.28 x 10
5 

em/sec 1.25 x 10
5 em/sec 

Kemp 0.38 J! if 0.48 " 11 

Kemp stretch 30% 0.59 " II 0.67 n 11 

Coarse wool 0.61 If If 0.51 " H 

Mohair M-1 

1 = 1.94 em 1st Pulse 0.76 " If 0.92 " " 
2nd Pulse 

3rd Pulse 0.48 " H 0.63 " f1 

4th Pulse 0 .. 35 II " 0.38 n it 

Air Pulse 0.032 it n 

1 = 3.39 cm 1st Pulse 0.75 fI " 0.70 H " 
2nd Pulse 0.56 tI H 0.53 H " 
3rd Pulse 0.45 !I " 0.44 n II 

4th Pulse 0.39 lY " 0.39 l1 it 

Air Pulse 0.032 !! II 1f Ii 

1 = 3.48 em 1st Pulse 0.77 " " 0.68 " " 
2nd Pulse 0.63 " fl 0.58 Tf It 

3rd Pulse 0.50 It " 0.46 " " 

4th Pulse 0.44 n " 0.41 " It 

Air Pulse 0.032 II " Ii ff 
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The velocities of pulses measured under these 

conditions are subject to a small error since their 

transit time measurement? includes a circuit time delay 

factor, to. This delay arises by virtue of the fact 

that a certain finite time is spent by the electrical 

pulse excited in the receiver transducer in being 

amplified and fed to the plat3s of the oscilloscope. 

The delay was estimated by plotting the time taken for 

the pulse conducted directly between transducer faces 

through the air, as a function of the distance between 

the transducer faces? and extrapolating to obtain the 

zero-intercept time delay (see Figure 24). A regression 

analysis yielded a t value of 4 ~s for the P.Z.T.-4 
o 

transducers, while a value of t of 12 ~s was obtained 
o 

for the P.Z.T.-5 transducers. The true velocity of the 

pulse through the fibre is then 

I v = --.s __ 
t - t o 

where t is the time interval between transmitted and 

received signals read on the oscilloscope, and 1 is the s 

sample length. The slope of the line in Figure 24 is the 

velocity of the pulse in air. The velocity obtained from 

tables 62 having been corrected for temperature and humidity 

4 was taken to be 3.44 x 10 cm/sec. This agrees within 2% 

with the results obtained for the P.Z.T.-4 and P.Z.T.-5 

transducers. The velocity of the pulse in air serves as 

a good reference. 

Suppose the pulse transit time in the reference 

medium is 

t - t r 0 

I = r 
V-

r 
where 1 

r / •••.. 
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where 1 is the distance between the transducer faces~ and 
r 

v the velocity of the pulse in the reference medium. 
r 

The corresponding equation for tho velocity of a pulse 

through a sample is 

ls =v-
s 

The difference in time between these two when 

ls = lr is given by 

t 1 
== 8 

*-
V - V s r 

OR 

Vs = 18 -::-'"---
ls 
iT - at ( 35) 

r 

and is independent of the zero time intercept delay. 

There is a fair correlation between the 

individual velocities as calculated from Equations 34 

and 35 in Table V. This type of suspension leads to 

the generation of spurious modes? and it was difficult 

to reproduce any particular pulse pattern in anyone 

fibre. 

As a modification of the above coupling technique, 

thin flat rectangular pieces of brass? approximately 2 mm 

wide, were soldered to the thin circular brass shims? 

which were then fixed to the transducer faces by means 

of Eastman 90 adhesive. These flat pieces of brass were 

fixed in the plane of the transducer face and extended a 

few millimeters beyond its circumference. The ends of the 

brass extensions were tapered to form smooth polished 

kni fe ed ges • The fibres were suspended over the perspex 

supports and / ••••• 

I' 
I" ~. tl 
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supports and tensioned either by weights attached to their 
• 

ends 1 or by taping the ends to the supports. The trans-

ducers were brought into contact with the fibres as 

indicated below. 

(P--, :::tr fibre 

l~ ~ I~ k n i f e 8 d g8 

The :b6~tabt angle Q, could thus be varied and it was 

found that mast of the spurious modes observed with the 

hook coupling method could be eliminated. A typical 

signal received is given in Photograph 8, in which the. 

first two pulses are transmitted through the fibre, while 

the third is that propagated through the air. Amplitudes 

too, were at least ten times greater than previously 

observed. With this type of coupling it was found that 

usually only one pulse ,was transmitted through the fibre 

using the P.Z.T.-4 transducers, while usuSlly at least two 

pulses were observed when the P.Z.T.-5 transducers were 

used. Spurious modes were sometimes generated but were of 

lower amplitude and did not cause complications. Table VI 

gives some results obtained with both pairs of transducers. 

Where possible, if the sample was not severed when adjusting 

the transducer coupling, velocities were calculated on the 

same fibre using both the P.Z.T.-4 and P.Z.T.-5 transducers. 

Measurements were carried out on the same fibre, but at 

different lengths, end 9 are indicated by (b) 9 (c), (d) etc. 

for the particular fibre. The t corrections of 4 ~s and o 

12 ~s for / 



Photograph 8 

i i t 
1st 2nd 3rd 

Knife edge coupling on a mohair 
specimen. The first and second 
pulses received are conducted 
through the fibre, while the 
third is that directly trans­
mitted by the air between the 
two transducers. 

Time scale: 1 cm = 50 ~s. 
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12 ~s for the P.Z.T.-4 and P.Z.T.-5 transducers respectively 

were applied? and included in Table VI. In most cases? the 

amplitude of the air conducted pulse was too small to be 

detected so that the use of Equation 35 to calculate 

velocity coul d not be employed. The highest velocity 

pulse in each case was tentatively t erm ed the ilL (0).) 11 or 

" Longi tudinal II mode velocity ? while t he next highest was 

termed the "T(O) 1I or 'torsional' mode velocity. Resu 1 ts 

marked with an asterisk indicate that b oth T(O) a nd L(Ol) 
J 

mode velocities were determined with the same transducer? 

viz. the P.Z.T.-5 transducers. Comparis on of the 

uncorrected valu3S of velocity of the IIlongitudinal ll mode? 

(as determined with the P.Z.T.-5 transducer) with the 

uncorrected velocity of the "torsional lt mode (obtained 

with the r.Z.T.-4 transducers)? indicates that the 

"longitudinal ll mode has the same velocity as that of the 

"torsional" mode. For example? mohair fibre (1) has an 

uncorrected longitudin a l velocity of 1. 48 x 105 em/sec when 

measured by means of the P.Z.T.-5 transducer. Using the 

same fibre and the P.Z.T.-4 transducer? the so-called 

'torsional' velocity 2S given in l( a ) as 1.49 x 105 cm/sec. 

The "torsional" mode as measured with the P.Z.T.-5 trans­

ducer (and marked with a n asterisk) is 0.99 x 105 cm/sec. 

Other examples are fibres 7 and 7(a) 9 8 and 8 (a) etc. 

This means that the P.Z.T.-4 and P.Z.T.-5 transducers 

were in fact generating the same mode? which was thought 

to be the longitudin a l mode? while the second pulse 

observed with the P.Z.T.-5 transducers was either the 

torsional mode or a second order longitudinal. In view 

of the discussion at the beginning of Part IV? it was 

assumed that / ••••• 
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assumed that this was the r(O) mode, and was again, 

tentatively termed accordingly. Further comparison of 

the "longitudinal!! and "torsional" mode velocities, 

excited by the same transducers indicate a fairly 

consistant velocity difference of about 0.3 x 105 cm/sec 

for the two modes. Conversion of these velocities to 

moduli values (by squaring the velocity and dividing by 

the density) provided in Figure 25, gives values which 

are comparable with Young's modulus and shear modulus 

f k t ' 63 or era ~n . 

Further conclusions from Table VI are that 

mohair fibre l(d) has a velocity which is almost the 

mean of fibre (b) and (c). It was found that the 

velocity of the pulse depended on the position of the 

knife edge on the fibre, and a position could be found 

at which both these pulses could be simultaneously excited. 

Photographs 9 (a) to (c) illustrate the sequence, while 

Photograph (d) shows the simultaneous excitation. The 

pulse patterns for the three different fibre types is 

shown in Photographs 10, 11 and 12. 
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TABLE.JLl 

Velocity determinations using knife edge method 

Sample 

• 

Longitudinal velocity x 105 
cm/sec. 

(obtained by P.Z.T.-5 trans­
ducer) 

Torsional velocity x 105 
cm/sec. 

Fibre No. Uncorrected Corrected Uncorrected Corrected 

Wool 1 

2 

3 

4 

5 

6 

7 
7{a) 

8 

8(a) 

9 

9 ( a) 

Mohair 1 

l(a) 

l(b) 

l(c) 

l(d) 

2 

1.54 

0.78 

0.89 

1.16 

0.91 

0.95 

1.01 

1.48 

2 repeat-

Kemp 

3 

4 

4(a) 

4(b) 

4(c) 

4(d) 

4(e) 

5 

Nylon 1 

l(a) 

l(b) 

1.12 

1.15 

1.40 

0.97 

0.9 

0.9 

1.67 

1.07 

1.17 

1.66 

1.19 

1.21 

1.30 

1.98 

1.48 

1.44 

1.82 

1.33 

1.1 

1.2 

1.19 

1.25* 

0.94 

0.49* 

0.58* 

0.60* 

1.09 

0.78* 

1.08 

0.86* 

1.17 

0.99* 

1.49 

1.15 

1.35 

1.26 

1.39 

1.52 

0.77* 

0.188* 

1.29 

1.40 

1.22 

1.38 

1.46 

1.04* 

0.97 

0.69* 

0.65* 

0.7* 

1.1 

0.8* 

1.1 

1.32 

1.67* 

1.04 

0.59* 

0.69* 

0.71* 

1.23 

1.02* 

1.18 

1.05* 

1.28 

1.19* 

1.65 

1.25 

1.49 

1.39 

1.50 

1.63 

1.08* 

1.03 

1.40 

1.52 

1.33 

1.52 

1.58 

1.25 

1.07 

0.84* 

0.80* 

0.9* 

1.2 

0.9* 

1.2 

Velocities marked with an asterisk indicate that the P.Z.T.-5 

transducer was used to generate the so-called "torsional mode". 
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( d ) 

Photo graph 9 Va ri at ions in position of the 
knife ed ge on the fibre yields 
sligh t ly differen t velocities 
as illustrated in the sequence 
of photograph (a) to (c). The 
pulse shown in photograph (b) 
has the mean velocity of that 
shown in (a) and (c). Simultaneous 
excitation of (a) and (c) is shown 
in photograph (d) . 

Time scale: 1 cm ~ 20 ~s. 



Photograph 10 A secondary mode excited in a 
mohair sample of length 6.50 cm 
with knife edge coupling and 
longitudinal transducers. 

Time scale: 1 cm = 20 ~s. 

t 1 t 
1st 2nd 3rd 

Photograph 11 A kemp fibre produces the pulse 
shown here using shear wave 
transducers. The second pulse 
is that conducted through air 1 

while the third appears to be 
an echo of the first fibre 
conducted pulse. 

Time scale: 1 cm = 20 ~s. 

Photograph 12 The pattern obtained with a 
wool fibre using longitudinal 
wave transducers. This is 
similar to that depicted in 
photograph 10 for mohair. 

Time scale: 1 cm = 20 ~s. 
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Prior to this it has not yet been possible to excite or 
• 

distinguish the L(~), T(O) and F(~) modes excited either 

individually or simultaneously in a specimen. It was felt, 

however, that this could be accomplished provided a method 

was employed in which the coupling angle could be effectively 

varied. This again suggests the method used by Gelles 35 , viz. 

plastic contact between transducer and specimen when the latter 

is bent over the sample support and taped into position, a 

method which, without refinement to the existing apparatus was 

unpractical for diameters less than about 30 ~. Amplitudes 

with knife edge coupling were very large which indicated that 

coupling losses were relatively small so that losses with the 

plastic coupling method as initially attempted, must have been 

excessive, and means to reduce these losses were then employed. 

By fixing thin discs, cut from brass shimming, to the 

transducer faces and polishing the surfaces as much as possible, 

contact could be made with the specimen without interference from 

the pedestals, thus reducing contact losses. The straight edge 

of the sample supports were altered so that they had finer, 

highly polished knife edges, and were slightly convex so that 

contact with the transducer face was localised to one small area. 

With the aid of an eyeglass the transducer could be lowered into 

gentle contact with the sample. Shearing of the sample which 

in this arrangement became more probable, created some problems 

but improvements to the manipulating system could not be 

immediately brought about and the "crude" existing system had 

to suffice. 

Using a single strand of unravelled Litz wire 

the results obtained by Gelles 6l shown in Figure 20 

could be reproduced as depicted in Photograph I? A shear 

transducer was / ••••• 



Photograph 13 

d:f;1 
... 

;t . '""" "'""' -
II 

The L(O,l), T(O,l) and F(l,l) modes 
excited in a fine copper wire 
specimen of length 9.80 ems, using 
plastic coupling of the shear wave 
transducers. Note the short pulse 
length necessary. 

Time scale 1 em = 10 lls. 

Photograph 14 

&iii .- - -I'I'1n 

• 
I 
I 

II 
" II 

II ~ -

Most probably the L(O,l) and T(O) 
modes excited in a mohair sample 
with longitudinal wave transducers 
at a coupling angle g of about 900 • 

Time scale 1 cm = 10 lls. 

Photograph 15 The echo observed when long specimens 
are "used. 

Time scale: 1 cm = 20 lls. 
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transducer was used at an angle of about zero degrees. In 

most cases it was difficult to e xcite all three modes s i mul t a-

neously, as on e mod e , usually the L(O~) or T( O) domin at e d . Simil a r 

results were obtained with the P.Z.T.-5 transducers at a ngles 

between 45 0 and 90 0
9 the results of which are tabulated in 

Table VII. The reason that this technique had not been 

successful previously was due mainly to t he fact that the 

transducer faces were relatively soft and uneven. On pressing 

the transducer into contact with the fibre 9 it was impossible to 

avoid contact between the sampl e su pport and the transduc e r 

and energy losses were too great. The hard polished brass 

surface 9 in conjunction with the curved knife edge, made clean 

contact between specimen and transducer possible, and the 

problem was to a large extent overcome. 
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TABLE VII 

The velocities of the L(Ol), T(O) and F(ll) modes in a s~ngle 

Transducers 

P.Z.T.-4's 

P.Z.T.-5's 

Gelles' 
Results 

strand of unravelled Litz wi r e 

Trial 
Number 

1 

2 

3 

4 

1 

2 

3 

4 

2.70 

2.97 

2.57 

2.58 

2.96 

2.32 1.79 

2.21 1.77 

2.39 2.04 

1.85 

2.16 1.75 

2.16 

2.17 1.78 

2.21 1.90 
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The velocities for the resRective pulses calculated from 

Gelle~6l results are also included in Table VII. Note however 

that no t correction was applied to any calculations in the 
o 

table. The variation in the calculated value of the velocity was 

due mainly to the error involved in measuring the sample length. 

Different tensions were inadvertently applied during each 

measurement consequently the lengths measured are subject 

to a small error. Agreement with Gelles~l results is good, 

especially 1n fourth P.Z.T.-4 transducer case. Pulse lengths 

varied from 4 ~S to 8 ~s and sample lengths up to about 10 cms 

were used. 

Upon substituting a mohair fibre for the copper wire 

specimen pulses were obtained of which a typical example 1S 

given in Photograph 14 for the P.Z.T.-5 transducers. A 

secondary mode or echo was sometimes observed, an example 

of which is given in Photograph 15 (note that the time 

scale is different from Photograph 14. Judging from the 

velocity, this second pulse was most probably an echo, 

which in most fibres was not observed for either type of 

transducer for nearly all configurations (from Q = 00 to 

By using both P.Z.T.-4 and P.Z.T.-5 transducers 

on the same fibre specimen, the results given in Table VIII 

were obtained. Diameters of the samples were also measured 

as described in Part II. During measurements on one 

particular fibre, it was found that two exceptionally 

large amplitude pulses were received, a nd on microscopically 

examining the fibre, it was found to be highly medullated. 

A second fibre in the group was found to produce three 

pulses - and on examination it was found to be split into 

a number of parts. Thus certain gross structural differences 

were indicated by the odd pulse patterns for these particular 

fibres. From / 
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fibres. From Table VIII it will be noted that the results 

obtained with the P.Z.T.-4 transducer are slightly 

greater than those obtained with the P.Z.T.-5 transducers. 

It has since been found that this difference in velocity 

obtained is due to there being a different value of t for o 

each transducer for this type of coupling. This value of 

t , is different from that obtained when using knife edge or 
o 

hook coupling and accounts for the velocities here being 

different from those obtained in Table VI. 

A plot of velocity against radius for some of the 

fibres in Table VIII as shown in Figure 26 reveals a fairly 

positive correlation and this could account for the general 

scatter of velocities obtained for a particular sample, since 

the thicker fibres would tend to yield higher velocities. 

The procedure for the above-mentioned results, was to 

lower the transducer gently into contact with the specimen 

o 
with the face of the transducer at an angle of about 45 to 

the specimen and then adjust both the pressure and this angle 

to give a maximum amplitude of the received signal, the 

pulse width being set at maximum - viz. about 18-20 ~ secs. 

Shortening of the pulse length had n o apparent effect other 

than to reduce the amplitude of the received signal. The 

time separation of the L(Ql) and T(O) modes in the fibre, 

if they existed, may be less than the pulse width (in the 

case of Litz wire, these were separated by about 10 ~ secs 

for about a 10 cm sample length). Shorter pulse lengths 

were then empoyed and consequently shorter fibre lengths were 

necessary, i.e. from 3 cms to 5 cms in order to make up for 

the attenuation of the received pulse. With extremely delicate 

coupling the pulse pattern depicted in Photograph 16 was 

obtained. 
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TABLE VIII , 

Velocity measurements on the same fibre with both P.Z.T.-4 

and P.Z.T.-5 transducers 

Fibre P.Z.T.-5 transduc er P.Z.T.-4 transducer Mea n 
No. velocity X 10 cm/sec velocity X 10 5 "';111/sec Radi us 

1 1. 31 1.24 21.1 

2 1.15 1.12 21.6 

3 1.41 1. 47 28.3 

4 1. 31 1. 47 17.5 

5 1.25 1. 62 

6 1.21 1. 48 20.7 

7 1.34 1.5 8 24.6 

8 1.28 1.65 27.6 

9 1.1 6 1.4t: 1 6 . 8 

10 1.4 6 1. 46 25.6 

11 1.48 1. 54 28.5 

12 1.33 1. 25 25.3 

13 1.23 1.23 (medullated) 

1 4 1.23 1.37 20.9 

15 1.34 1. 61 (split) 

16 1. 37 1. 64 28.17 

17 1.39 1. 47 24.18 

18 1.33 1. 51 

Average 1.31 1. 45 
--
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Photograph 16 Most probably the L(O,l), T(O) and 
F(l,l) modes excited in a mohair 
fibre of length 3.03 cms by long­
itudinal transducers at a 
coupling angle of about 90 0 • 

Time scale: 1 cm = 10 ~s. 
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With most fibres two pulses were visible, which would • 

merge into one of considerably greater amplitude if 

the pulse length were too long. These, it was assumed, 

were actually the L(Ol), T(O) and F(ll) modes being 

produce9 in the specimen. The single pulses observed 

in the previous results , were therefore most probably 

a superimposition of the L(Ol) and T(O) modes. Once 

they had been separated, the higher velocity component 

was generally more easily excited on its own by adjusting 

the coupling. 

Again a number of mohair fibres from the same group 

were examined with each type of transducer. Young's 

modulus for stretching, E and fibre diameter were 
s 

computed as described in Part II. The velocities, and 

their respective moduli, were c alculated and tabulated 

with E and diameter in Table IX. s 
The moduli calculated 

from the velocities of the two modes a re accepted to be 

E and ~ and are tabulated as such, although the validity 

of the modes have yet to be conclusively proved.The 

values of E and ~ appe a r to be of the same order of 

magnitude as those obtained by other workers at lower 

f . 63 requencles . 

Correlations of CL2f d C 2f an T versus 

2 in Figures 27 and 28 whilst those for CL f 
E cHe given 

s 

and CT2 f 
versus radius are shown in Figures 29 a nd 30 respectively. 

These latter plots, indicate a positive correlation as 

previously found. The correlation between ultrasonic 

modulus and stretching modulus, as indic a ted in the 

former graphs is poor. This poor correlation can be 

partially accounted for by errors introduced in both 

moduli measurements. Length measurements during ultrasonic 



Fib r e 
No. 
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6 
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10 

11 

12 

1 3 

1 4 

1 5 

1 6 

17 

18 

1 9 

20 
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TABLE IX -----

Pulse ve locity, ul tras on i c modu l i , stretchi ng modu l i 

and r ad i i fo r moh a i r f i bres 

5 
CTXI 05 E = CL 2f ~ = CT 2f R ad i us E CLXI0 

10-4 
s 

em/s e c e m/se c XI01 0 XI 010 X XI010 
2 2 em 

dy nes/em dynes/ em dyne s /em 

1. 65 1.1 5 3 . 57 1.7 3 23 .1 6 4 .1 3 

1. 37 1. 02 2 . 44 1. 36 31. 58 3. 41 

1. 44 1 . 09 2 .71 1. 55 24 . 44 4. 53 

1.3 8 0. 96 2 '. 50 1. 26 24 . 88 4 .02 

1.47 0. 98 2 . 84 1.28 21. 86 4.72 

1.5 5 1.01 3 .1 6 1. 41 23 . 22 4 .8 3 
, 

1. 52 0. 88 2 . 96 1.02 30. 96 3 . 36 

1. 26 0. 89 2 . 86 1 . 03 21. 57 4.1 8 

1. 24 2 . 02 25 .7 4 3 .7 9 

1.41 0 . 90 2 . 62 1. 06 

1.2 6 0. 88 2 . 06 1.02 24 . 47 2.3 6 
1.1 6 0.7 9 1. 75 0 . 83 

1. 3 0 0 . 86 2 . 22 0 . 97 1 9 . 33 4. 54 

1.23 0 . 94 2.15 1.1 6 1 9 .7 3 3 .51 

1. 36 0 . 92 2 . 40 1.1 3 

1. 3 6 0 .8 8 2 . 40 1. 02 26 .17 3.42 

1. 3 5 0. 8 5 2 . 36 0 . 94 23 .70 2 .77 

1.45 1. 0 4 2 .7 6 1. 41 2 8.58 3 . 00 

1.28 0.8 8 2 .1 4 1. 01 2 2.17 4. 88 

1. 41 0 . 92 2 . 62 1.11 1 8 .75 4. 7 2 

2 



- Ln 

0 
0 

0 (3 
rl 
([I 

0 
C H 

0 .r! . r! 
-0 ru 
::J ..c 

-iJ 0 
.r-! E 
0 ' 
C H 
0 0 
rl It-

• U U) 
.r! ::J 
C rl 
0 ::J 
U) ' 0 

0 N UJ 0 
E H E 
u +-' 

'-... rl (J) 
U) ::J C 

" 
;i) .r! 

0 C C _c 

0 
>, t'] U 

• TJ W +, 
3: OJ 

CJ +, H 
rl OJ +-' 
'U Ll fJJ 
rl 

C LJ 
X 0 C 

0 .r! rJ 
tT) U) +-' 

I.!J [ (j m 
rl ::J 

0 
G) rl 
H ::J 
H '0 
0 0 

U E 

I'--
0 0 N 

0 
('J 

H 
::J 
(J) 

.r! 
I.J.... 

Ln Ln 

N rl 

W:J / S8 U!lp 
CJ121 X J- -I ~ 

G G .J 



N 
E 
o 

'-.... 
({J 

2 . G·· 

CJ 
C 
>0 1 . 5 '-

-c 

o 
ri '0 
rl 

x 
<\-- 1 

N 
I­

U 

0 
g 

0 

b 

Q 

0 

" 0 

0 0 

Q 

0 

o Q 0 
0 

., 

O . 51----------------------------------------~------------------~------
2 

Figu r o.: 2B . 

3 

- 1 C 
Es X 10- dyne s / 2 

cm 

4 5 

Corre l a tion bs t wee n ul t r ason i c tors i onal modulus 

a n d st r a tc hing mod ulus c f moh eir . 

" 



0 

0 -- rrJ 

LJ 
C 
(U 

(I] 

::J 
.-t 

~ ::J 
LJ 
0 
E 

.-t H 
0 {\j -.-I 

C m 
t!J In -.-1 £ 

N LJ 0 
<a ::J E 
0 

Q +' 
-.-1 H 

~L (J) 0 
Q 0 C 4-

(I] 0 
0 ::J r-I (I] 

-.-1 ::J 
LJ C -r-! 

(lJ 'D --0 
a:: ilj (G 

0 3: H 

0 
+' 
ell m 

_0 H 
Ll 

C -.-1 
0 4-

-d 
CJ +' 

0 N rJ 
..... \ 

0 fl.} 

H 
H 
0 

U 

0 "\ 
N 

m 
H 
::J 
(J) 

-r-! 
u... 

LIl LIl LIl 

rrJ N .-t 

UJ O 
,.:u ll p JZ lJ Z / S Il T.91 X 



Ul 
:J 
r-l 
:J 

LJ 
0 

0 0 E 
H 

Q r-l .,-j 
0 m (Tj 

M C ..c: 
• 0 0 

. ,-j E 
Ul 
H H 
0 0 

..p (I-

Q 
C Ul 
OJ :J 

0 • <) . .1 . ,-j 

• 3 LJ 
0 -I-' fD 

0 0 [~ H 
~) .D 

OJ 

0 0 C H 
;::L 0 .D 

.,-j .,-j 
I c:J Ul ..p 4-

\I N :J m 
0 .,-j r-l '0 

~ -u OJ c 
rei H m 

0:: H 
0 

u 

0 
rrJ 

ill 
H 
:J 
Ul . .-/ 

0 LL 
..... 1 

III 

N ~1 r-l 

W:::J 

J L, 2/Se' uA' p cnllT x 
2 .J 



- 86 -

modulus measurements were in error since the fibres were 
t 

under varying amounts of tension before propagation was 

possible. Also, the d e lay times (t ) for each type of 
a 

transducer were not kno wn so th at another er r or is 

introduced .. E results had a large variation. 
s 

This is 

because the calculation of E involves the inverse of the 
s 

square of the radius. Fib r es with radii with a C. of V. 

greater than 12% were rejected as in Part II of this thesis 

in order to minimise the error. It should be noted, 

however, that E and ~ vary over only approximately 1 x 10
10 

dynes/cm2 , while E var~8s over approximately 3 x 10
10 

s 

dynes/cm2 • This may be related to fibre structure, 

since the components responsible for ultrasonic propagation 

are different from those responsible to extension moduli. It 

is, however, rather premature to speculate at this stage. 

As a result of manipulation difficulties, it was 

necessary to substitute the transducer holders, with micro-

manipulator units, since it was found almost impossible to 

vary the transducer angle of contact, without either ~evering 

the sample or breaking contact with it. The crude adjustment 

available made propagation a rather IIhit and miss" technique 

and possibly introduced different results on the same fibre 

as a result of slightly different contact areas as was 

shown to be the case for fibre mohair l(c) in Table VI. 

4.4 Discussion of results and conclusions 

The sequence of presentation of the results above, 

indicate the difficulties which arose and how they were 

overcome, in exciting the lowest order longitudinal mode, 

L(O~), and the lowest order torsional, T(o), mode in the 

fibres. At the outset, the major difficulty was that of 

the extremely / 
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the extremely high attenuat ~on of the transmitted pulse 

in the fibre. Ideally, the approach to adopt would have 

been to commence experiments at a low frequency, increasing 

fibre diameter until conduction occurred; then increasing 

the fre~uency and varying the diameter to determine how 

rapidly the attenuation changes. From a few such points 

one could estimate the limits of experimental feasibility. 

This 9 however, was not possible since experiments were 

limited to one particular frequenc'y, which was selected 

for the reasons given in the introduction of this section. 

Very short fibre lengths were employed to begin with, 

which necessitated the use of the delay plate technique. 

After conduction has been obtained, it was observed th a t 

coupling played an important r~le a nd, having no success 

with standard methods, a variety of other coupling techniques 

were investigated. The results from one of these techniques, 

viz. a knife edge fixed to the transducer face, indicated 

velocities were slightly lower than anticipated due to an 

additional time delay being introduced. This time delay 

apparently varied with the type of transducer employed, 

and also with the position of the knife edge to fibre 

contact for a fixed fibre length (see Ta ble VI). This 

method of excitation is accomplished relatively simply 

and quickly. With minor refinements a known tension can 

be applied tQ the fibre, consequently this type of coupling 

seems most suitable for routine measurements of elastic 

moduli. Mode separation and identification is difficult 

however. The method of attaching small hooks to the 

transducer faces, could be refined~ but spurious modes 

were generated which also made identification of the 

various lowest / ••••• 
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various lowest order modes difficult. This is shown by 

the results in Table V. 

Initially the pressure contact method between 

transducer fuce and specimen was subject to large energy 

losses due mainly to the relatively soft irregular face of 

the transducer. The polished discs~ fixed to the transducer 

faces, overcame this 9 but introduced manipulation difficulties 

when fine diameter specimens were used. This method allowed 

the identification of the L(0~)9 T(O) and F(~) modes in a 

fine copper wire specimen? and equivalent modes in mohair 

fibres 9 enabling the values of E and ~ to be calculated. 

Indications ar8 9 from the wire specimen results given in 

Table VII that the time delay factor t 9 as calculated 
o 

in section 3.3 for the shear and compressional P.Z.T. 

transducers were in error, and should be of the order of 

0.5 ~ secs to 1 ~ sec. The delay factor t appears to be 
o 

different for different types of transducer coupling.* 

At this stage of the investigation the following 

conclusions have been drawn:-

* 

(i) It is possible to excite mohair, wool and kemp 

fibres, (amongst others) to act as elastic 

waveguides and so propagate the lowest 

order longitudinal L(0~)9 and lowest order 

torsional T(O) modes of vibration in the 

fibres; and hence to obtain values for 

Young's modulus E9 and shear modulus ~9 of 

the specimen, which are consistent with those 

obtained by / ••••. 

This fact has since been confirmed by the author. 
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obtained by static determinations~ and 

those 0 f 0 ther evorkers. 

(ii) Although poor correlations exist between 

(iii) 

and E , i.e. E and ~ s 
and 

E , this can be accounted for by (a) the 
s 

large variation in E values as a result of 
s 

diameter variations 9 (b) the variation of 

velocity due to an error introduced in 

measuring the fibre length under tension, and 

(c) an effect observed where a different 

vel 0 cit Y is 0 b t a i ned for the s a me fib r e , w he n 

a different area of contact on the transducer 

face is used. 

A positive correlation between fibre ~ 

radius and pulse velocity indicates that a 

tendency exists for thicker fibres to yield 

higher values of moduli. 

Improvements to the transducer manipulating 

system are essential if the various modes 

are to be excited or decoupled*. 

(iv) Indications are that with the improvements 

suggested in (iii) above, it will be possible 

to excite small diameter wool fibres. With 

the existing arrangement coarse wool fibres 

were easily excited, while some results were 

obtained for fine wool. The main problem 

with the finer fibres was that severing occurred 

with the / ••.•• 

* It has been found, since completion of this thesis, that 

a combination of knife edge coupling and plastic coupling 

in an ideal means of identifying modes by measuring the 

slope of a distance versus transit time curve; while 

simultaneous decoupling of a mode is also possible. 
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wit h the s lightes t amoun t of m,anipulation. 

(v) The feasibility of developing an instrument for 

the rapid accurate determination of elastic 

moduli of high attenuation animal fibres has 

been demonstrated in the knife edge coupling 

method. This method has certain advantages 

over standing wave techniques (S.IJJ. T.). These 

are: 

(a) neither frequency nor length need 

be varied to calculate the velocity, 

whereas with S. W.T. at least one of 

these parameters must be adjustable 

in order to obtain standing waves; 

(b) sample lengths, tension, or degree of 

stretching can be varied conveniently 

with pulse techniques, and the mos t 

important advantage is 

(c) more than one of the elastic constants 

of the material can be measured during 

a single excitation. 

(vi) Highly medullated fibres show indications of 

behaving differently to unmedullated types 9 

and a possible group distinction 9 as found in 

Part II seems probable. 
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SUMMARY OF PART II 

An apparatus has been built by means of which the 

static bending modulus of fibres can be determined. By 

passing known amounts of curren t through a sensitive 

galvanometer 9 with a knife edge attached to the pointer9 

a known force can be applied to fibres held in a cantilever 

position. The lengths of the fibres and their deflections 

under an applied force were measured by means of a 

travelling microscope 9 while the diameters were measured 

on a projection microscope. 

Bending moduli Eb 9 for mohair and kemp were 

determined. The coefficient - of variation of Eb was found 

to be about 3%. 

The bending modulus of mohair was compared with 

its extension modulus a nd differences for individual fibres 

for these two quantities were sometimes very large. 

However 9 there was no significant difference between the 

sample means of Eb and Es. 

Bending of kemp fibres led to two distinct types 

of fibre 9 with mean values of Eb differing significantly. 

The difference is thought to be due to cell filled and 

partly cell filled medullas. Bending and stretching of the 

hollow type of kemp do not significan t ly vary and values 

are in agreement with those of mohair. 
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SUMMARY OF PART IV 

Excitation of single keratin fibres to act as 

elastic waveguides and so conduct lowest order 

longitudinal and torsional modes has been accomplished. 

Two modes were obtained in the mohair fibres examined 

which were probably the modes corresponding to Young's 

modulus E and the shear modulus ~. In order to confirm 

this, further investigations have been planned and await 

the arrival of a.specially cut X-cut and Y-cut Quartz 

transducers. The main difficulty encountered, was accurate 

transducer manipulation to make gentle contact with the 

specimen without severing it; more sensitively adjustable .. 

manipulators are also to be employed before further 

investigations commence. Excitation of fine wool fibres 

into propagating any particular mode was extremely difficult 

due to manipulation difficulties and to have attempted 

thorough investigations would have been time consuming unless 

the improvements suggested above were carried out .. Positive 

correlations exist between radi~ and moduli while a poor 

correlation was found between dynamic, moduli and stretching 

moduli. Experiments in which variations in velocity with 

frequency are investigated are planned, so that a more 

accurate picture of attenuation and perhaps optimum operating 

conditions can be obtained. 
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APPENDIX I ' 

Correction to Moment of Inertia 

(i) For Mohair:-

I 
1_ 4 

= -" r 4 
where I = Moment of Inertia 

r = radius of the fibre 

= ~ (di a meter) 

For a normal distribution of r along the fibre: 

I X Expectation (d 4 ) 

64 This can be integrated by parts to give (Kendell ). 

1 4 1 12 1 3 14 
~4 =(O)~4 + 4~3~1 + 6~2~1 + 4~1~1 + ~ , 

4 2 2 2 4 = 4. 6 + m + m 
4 x 2 2 x 1 

i. e • I = 'n/64 [3 
. ..4 

(J + 6 ." 2 
{,1. 

(3)2 + (3) 4] 
::::: 1'1/ 64 34 fl + 6 ((f) 2 + ({) 4 l a 3 

In the case of mohair fbre No.1 (See Table II) we may 

calculate 

I 1'i/64 34 (1 6 4 ......... ) = + + 1900 

= '0/ 64 34 (1.073) 
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APPENDIX I t (Contd.) 

(ii) For a kemp fibre:-

I = 11/64 {[ d~ 

_[j~ (1+6(~/ +3 (;;)4]} 
From which we may c alcu l ate the Moment of Inertia 9 for 

example, for kemp fibres No~ 3 (see Table III):-

4 9 4 25 - dl (1 6 d2 (1 I ~'/ 64 + 4900) - + 6 1600 = 

tI/64 (1.009) 

where d2 and dl are the inner and outer diameters of 

the fibre 9 respectively. 
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APPENDIX II 

Derivation of the wave Equation for unbounded media 

(See Redwood 54) • 

The stress tensor necessary to des cribe the force 

on an element of a rea os is (See Figure 31 ) 

1.'xx \ xy t'xz 

Lyx t yy ~yz 

"'t- '"tzy ~z zx 

Where the first subscript is reg arded as the co-ordin ate , 

axis normal to the plane on which the stress acts a nd the 

second subscript as the direction of the stress. 

However we h ave that 

'" xy ::: ·~yz ~ zx ::: "'tx z "'C'y z ::: 'Czy 

by taking moments about the v a riou s axes ? l ea ving the six 

components of stress mentioned in section 3.5. 

For small stresses Hooke's law is obeyed 9 thus each 

of the six components of stress is a linear function of the 

six components of strain(e). There are then 36 elastic 

constants Cl19 etc. 

~xx Cll e + C12 e yy + C13 e + C14e yz + C15ezx+C16exy ::: xx zz 

"'tyy = C'2,l e + C22 eyy + C23 e + C24 e xx zz yz ...... 

~z =:: C31 e + C32 xx ........ 

~z ::: C41 e + ........ xx 



z.. 

i ""u + \}Lg', 

Fig u re 31 . ThH oqu ilibriu m of a 

sol i d vol ume ol ams nt 

unde r St1.' 8 SS . 

o n 1 y S 0 m l:; 0 f th e 

st rEsS ~ S Ar c shown . 
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APPeNDIX II (Contd. ) 

"'" 
= C51 e + ...... zx xx 

I'(' = C61 e + . . . . . . Al xy xx 

It has been shown 65 that if the elastic energy 1S 

single-valued function of strain Cjk = Ckj and the number 

of independent constants is 21 . For an isotropic solid only 

two of these constants are needed and they are call ed the 

Lame constants: ~ 9 ~. 

All other coefficients are zero. Thus for the stress 

we now have 

1: = ).(e + e + e ) + 2~e = h!l. + 2 ~exx xx xx yy zz xx 

"t yy = )\ (e + e + e ) + 2~e = 1\6 + 2 ~eyy xx yy zz yy 

--r = " (e xx + e + e )+ 2~e = A (). + 2 ~ezz zz yy zz zz 

1iyz = II r:> • 
l'""''-' yz 9 

'lCzx = lie • 
I'"'" zx9 1txy = 'ie A2 I'"'" xy ••.••• 

where a = e xx + e yy + e zz = 

and is the cubic al dilatation. 

)v 
+ -- + 

Oy 
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A P P E N D 1 X 1.1 ( Con t d . ) 

A and ~ complete l y define the elastic c onstants of an 

i s otropic s olid and are related to E, If and k by 

>.. (( E E 
:::: ~ = 

( 1 + 0 ) (l- Zt!' ) Z ( l+ ~ ) ........ ....... 

E g(3 A + Z t+) 4' = 
')\ 

k ~ + 
2 

~ = = '3 
~ + ~ 2 ( ~ + ~) 

Note that 

e :::: 6 u ~ V 8 ~ XX y-x 9 e = , zz = zy ~y 

~ w )v ) u 

A3 

+ d v . _)u + ~ w e 8 = Dy e =1); + oy .. '''" ... TZ 9 - 'SZ Ox yz zx xy 

wh e r e (u 9 v , w) are the co-ordi nate s wh ic h define the 

d ispl ace me n t of a point P (x 9 y ,z). 

Con s ider the equilibrium of a vo l ume e l ement (Fig ure 31). 

Th e steady forces a c ting on the body as a who l e (such as 

those d ue to gravity) a re omitted . The x- compon e nt of 

the resultant forc e on the volume e l ement is: -

T. a "tix 
6 . -C. ) 6 + 

6 ( i ) 
- si 1.X 1. 1.X 

1. = X 9 Y9 Z 

whe re 6S = (Sy . 6x ) et c . This comp onent may therefore x 

be wr i tten 

+ 
)'tyx 

O y 
), "t'zx 

+ ). 6x . 6y . oz . 
) z 

A4 
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APPENDIX I I (Contd . ) 

By Newt on ' s second l a w9 this forc e wi ll be equal t o: 

f 
f 

. )2u. 6 x 6y 6 z . t he i ne rti a l force in the x- dir e c t ion . 
~t 2 . 
is the line a r de nsi t y of th e mat eri a l . Simil a r a r gume nt s 

ma y be a pp l ied to the compon e nts of forc e in th e y- a nd 

z - direc t i on 9 a nd we ha ve t hree equ at ions 

z 

2 ~~Xy + 1-(~Y )--Cz y ,; 5 

f 
v .... ......... . 

= + 
ot 2 o x '0 z 

-(' ) 2w "a --e x z )"'Cyz ~'t' z 

) t 2 ~ 
+ - + 

x a y '0 z 

Thes e equations a r e t r ue for bot h i sotropic a nd a ni so t ropic 

me d i a . Substitutin g fro m Eq uat ion A2 i nto A5 giv e s three 

e quatio ns o f wh i c h t he f irst is 

~ ( A b + 2 ~e ) l> x xx 
(~ e ) 

y ~ 

or s ubst i tuting for stra i ns In te r ms of d i spl ac ements 

etc . IrJ e ha ve 

l' ~ :~ a6 2 
= ( A + ~) -x-; + ~ \l ~ . 

f ::0 2v ( A + ~) '0.6. 
+ ~ \1 2v 

d t 2 = iiY 

f-t :~ ~ ( 1\ + fl ) ~L\ + fl V' 2w. 

where \/ 2 is th e La pl ac ia n op e r ator : 

A6 
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AP PE NDIX II (Contd.) -----

The wave equation in terms of potentials 0 and ry in 

rectangul a r co-ordin ate s: 

The two potenti a l functions~ a s calqr 0 and a 

vector"Y - with co mp onen ts ,...-!.J ;.J) ......u are define d Ix 9 ly ~ Iz 

by: 

~0 '61z 'd""r ~ u = d x 
+--(JY d Z 

v = d0 + ~lx ~:t. A7 
dY az x 

60 + 4'!y ~"V . j x 
w :=: 

~ - -sY 

The d ilat~tio n is then 

b. ~u + J v ~w \/ ,. =: -V-;- l)Y +-V = 

Thus the first of the three Equations A6 may be written 

This equation, a nd th e a nalogous equations also derived 

from A6 will be satisfied if the potential functions 

o and ~ are solutions of the e quations 

AS 



where 
C 2 

d 
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I~ PPE N D IX I I • (Cont d .) 

1 
=ZZ 

t 

~ = x,y;z. 

:= 'A + 2 kL = _.-:E~(:..::1~-...;.0-!....) __ 

f (1+0 ) (1-2(/ ) 

C 2 = Q 
t f 

A9 

Al0 

All 
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APPEND IX II I 

Continuous waves in a solid cylinder 

In the most ge neral solution of the wave equation 

for a solid c ylinder with cordinates r? Q9 a nd z the 

particle 'd isplacemen t s will be function s of a ll three 

variab l es . " Fl exu raIl! I.rJaves are foun d in this category . 

Two speci a l solutions a re of importan c e. The displacements 

may be independent of Q - t h{s condition correspond s to 

" l ong itudinal" "'laves - or the displacemen t s in the radial 

and axial directions may be zero, when torsion a l waves will 

be propagate d . 

Axially symmetrical waves : !1 1 ong itudinal waves " 

( Pochammer-Chree - solutions ) 

vve assume all functions are indepen den t of Q . In 

cylindric a l co - ordin at es the wave equ a tions a re: 

Putting 

61- 6 
'ttl-

J1-~ 
'?J r( 2-

A 
I 

+ 

.....,. 

1- ?J<h U 
k or + Z;')z-

() 

'6~. 'iJ"- 'V,) 
1-

. I -r ~ --r -y:;: 037.. 

I - L Ie, ~ 
oC,) -t.. 0 d 
10 

.L )~~ 
1.. ~tl.. CJ 

.L J~ lv 
~ 

~~ Ot. 1-

we obtain t wo differential equatio ns 

'at- Po I )~ -0 2 l.J d 
-1-- ~ -+- U CcA 1 - K.o I () 

") .,.'- I trv 
and 

~ 1. fD d~& +[(~t 
2_ 

+ k /\1.1 
-~ 1" .~ o - l'D 

0 

- 0 

A12 

A1 3 

A1 4 

A15 

A1 6 

A17 
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AP PENDIX III (Contd.) 

Each of these may be solved by sep a ratin g the vari ab le s 

as in th e c as e for a fluid plate. Th e e quations a re 

first order Besse l equations with solutions . 

~ 

"\!I 
/ 

where 

and 

., R 30 ( ~~) -L Ro j 

- C J a ( Kt, '" ) 

k 2. ~ 
d 

_k 
i-

t) 

A..-wt 
.e.. 

} ~ wt 
L v 

To find kd a nd kt and A/c in te rms of W 9 the boundary 

conditions are used. Th e r adial a nd axial displacements 

are 

'0 ¢ 'ot.~ 
u ::::: -- -/_ I 

r 0-1 ~--r '0 d 

6~ )L'f ~ ~XjJ - --u = 
~ 0""'- -r 'd< z 

a 

The stresse s are r e l ated to the displacements through 

~1 + ~ J.I ~J~ + I. 'u iJ W-r 
o-f D~ / ~ 

d t..l . 1 cdJ 

Al B 

IU9 

A20 

A2 1. 

A2 2 

A23 

A24 

A25 

A26 

A27 
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APPE NDIX III (Cont d .) 

At the boundary (r = a ) the stress must be ze ro. Subs t i t ution 
• 

from A24 and A25 intn Equation A26 and puttin g this equal 

t o zero at r = B , we obt a in 

, + c..( L k k 1. 1 (k Cl) - l k-o ~ t J (k c)l 
o t- 0 t. a I t lj 

Putting Eq uat ion A2 7 equa l to zero at r = a an d using 

A24 a nd A25 we ha ve a se con d e quation. 

If A and e a re eliminated from Equations A2B and A29 

we obtain the " ch aracterist ic equation " . 

o 

If we subst i tute for Ale f rom A29 the equations for ~r 

and IJ became: z 

and 

IJ, 2 8 

A30 

A3 1 

The frequency Equation A30 may be so lve d at any frequency ; 

each roo t gives the ph as e veloci t y of propagation a nd the 

dis placement functions of a parti cul ar mode . These mod es 
./ 

are loosely c alled t he " lon gitud i na l modes of vibration". 

It can be s hown that 

A33 
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APPE NDIX III (Cont d .) 

and 

A34 

The solutions of the characteristic equation are 

discussed in the text. 
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APPE NDI X IV 

Torsional waves in so!~d cylinders 

Substitution o f Ur = 0 9 Uz = 0 and U a finite 
8 

qu antitY 9' i . e . 

into Equation A16 or A17 yields one equation of motion 

The solution to this equation may be written 

whe re as before 

A35 

A3 (j 

A37 

A3R 

The boundary conditions must also be 

satisfied. 1:' 

zero, and 1::' 
..,.~ 

This may be written 

or 

-

and rr 

-=0 

2. ---\\ ~ 
t 

at 

t: are both rz 

-r -=- a 'I~ 

A39 
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APPEND IX • IV (Cont d .) 

The roots of this equation are k C\ -; (») 5'136) 8·41<6 II'b2..0 
~ / . . 

the solution kta = .0 must be re-examined since u(r)=o . 

We must r ewrite the d ifferential Equat i on A36 as 

The solution is u(r) = Er 

We have thus the solution 

when k t = 0 

when kt f. 0 

Equation A42 is the non-dispersiv e wav e mentioned 

In section 3.9(ii) since c t = c p a t all fre que ncies. 

A40 

A41 

A42 

A43 
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