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Fibre-buckling in composite systems: 
a model for the ultrastructure of 
uncalcified collagen tissues 
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Rat tail tendon and other connective tissues are being studied as unusual fibre-filled 
composite materials of biological origin. The collagen fibres of these tiasues follow a 
planar wavy course along the axis of the bundle of fibres, and the straightening of this 
waveform produces an initial "toe region" of low modulus in the stress-strain curve, 
followed by a linear high-modulus region associated with stretching of the fibres them- 
selves. Presumably this mechanical behaviour is valuable to the animal as an impact 
absorption mechanism. 

Synthetic composite models of buckled high-modulus fibres in a soft elastic matrix 
have been made by differential shrinkage of the components, and show a waveform having 
several features in common with the collagen fibres in tendon. Both waveforms are planar, 
with a shape intermediate between a sine and a zig-zag. Parallel fibres buckle in phase 
and in parallel planes for fibre separations up to 10 diameters. When strained to high 
levels, both showed a previously unnoticed second waveform of smaller period super- 
posed on the original waveform, due to slippage between the components. 

A possible mechanism for fibre buckling in vivo is discussed. 

List of symbols 
D = fibre separation distance (lain). 
d = fibre diameter (gm). 
10 = half-wavelength of waveform, i.e. peak 

to trough distance projected on overall 
fibre axis (gm). 

~tv = viscosity-average molecular weight 
(g tool -1) 

fl = angle between plane of microscope stage 
and plane of waveform, degrees. 

= axial strain, dimensionless or percent of 
original length. 

~oo = strain at which waveform is just pulled 
straight. 

emax = maximum strain to which sample has 
been subjected. 

00 -- maximum deviation of local fibre direc- 
tion from overall fibre axis, degrees. 

I. Introduction 
Rat tail tendon and other soft mammalian 
connective tissues are being studied as materials 
�9 1974 Chapman and Hall Ltd. 

of unusual structure and mechanical properties. 
The major structural component of these 
materials is collagen, which has been recognized 
for some time to be organized into fibrous 
entities in a hierarchy of morphological levels 
[13. It is also known that the collagen fibres do 
not lie straight along the axis of the primary 
tendon bundle, but follow some undulating course 
along it, becoming straight and parallel to the 
bundle axis only when the tendon is stretched. 
Several investigators using different techniques 
have described this uttrastructure variously as 
planar or helical, either with or without inter- 
twining of the fibres. Recently, Diamant and 
co-workers analysed the waveform in rat tail 
tendon (RTT) in considerable detail by the 
straightforward technique of transmission polar- 
izing microscopy [2], and demonstrated that 
the waveform is a planar shape intermediate 
between a sine wave and a zig-zag. They also 
showed how this ultrastructure gives rise to 
the unusual stress-strain behaviour of RTT. 
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Figure 1 Ultrastructure of rat tail tendon as seen in transmitted polarized light. In (a) and (b), the intact 
tendon bundle shows alternating regions of transmission and extinction. Maximum contrast is seen when tendon is 
oriented at the angle 00 with respect to polarizer direction, here 0o = 25 ~ Regions (arrow) which transmit at -00 (a) 
extinguish at +00 (b), and conversely. Scale bar 500 lam. In (c), a finely teased bundle shows the waveform 
physically. Extinction is seen where the local fibre direction is parallel to the polarizer direction. 

Deformation in the physiological range is pri- 
marily by straightening of the waveform, anal- 
ogous to the deformation of a cantilever beam 
under combined bending and tensile loading. The 
stress-strain curve shows an initial "toe region" 
of very low modulus, which rises smoothly into 
a linear high-modulus portion associated with 
extension of the collagen fibres themselves. Pre- 
sumably this mechanical behaviour is valuable 
to the animal as an impact absorption mechan- 
ism, while still maintaining high ultimate 
strength and limited extension at unusually 
high loadings. 

In the primary tendon bundle as pulled with 
forceps from the rat tail, the waveform manifests 
itself most clearly by alternating regions of 
transmission and extinction when viewed between 
crossed polarizers, as in Fig. la and b. The 
primary bundle, which is 100 to 500 gm in 
diameter, may be teased down to finer bundles, 
whose physical outlines follow the same waveform 
as that deduced from the polarizing optics of the 
intact primary bundle. Fibrous entities a few 
microns in diameter are often discernible, and 
these also physically follow the waveform, as 
seen in Fig. lc. However, Diamant et al, 
calculated that the structural level which governs 
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the deformation of RTT is the fibril of about 
200nm diameter seen in electron microscopy, 
which deforms by bending. 

As part of further work on the structure and 
mechanical properties of collagen tissues, our 
laboratory has reported the presence of a similar 
planar waveform in the collagen fibres of other 
mammalian tendon [3]. More recently, we have 
observed this waveform ultrastructure in the 
collagen fibres of human skin, pericardium, dura 
mater, peritoneal and other uncalcified collagen 
tissues (to be published), indicating that the 
waveform ultrastructure and the tissue 
mechanical properties resulting from it are quite 
widespread. The currently prevailing opinion on 
the origin of the waveform morphology seems 
to be that it is intrinsic to the collagen fibres, as 
summarized by Elliott I l l .  However, Gathercole 
et al [4] have used SEM to resolve the individual 
collagen fibrils about 100 nm in diameter as they 
follow the waveform in RTT, and found that the 
change in direction of the fibril is accomplished 
without any specific changes in morphology and 
there is no distinguishing fine structural feature 
along any portion of the waveform. Also, there is 
significant evidence that the non-collagen com- 
ponents or "ground substance" [-5, 61 of tendon 
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also play a major part in determining its proper- 
ties. Partington and Wood [7] and Bychkov et al 
[9] have investigated the changes in the mechani- 
cal properties of rat tail and beef Achilles tendon 
respectively, using enzymatic digestions directed 
at the non-collagen components, and concluded 
that the small amounts of mucopolysaccharides 
and/or non-collagenous proteins in tendon were 
of great importance in maintaining its mechanical 
integrity. Related experiments in this laboratory 
(which will be presented in detail in a separate 
communication) fully support the view that the 
mechanical and structural properties of tendon 
must be considered as those of a fibrous com- 
posite material. It is useful, then, to consider the 
relationships between synthetic composite 
materials and the properties of biological 
composites. 

Among synthetic fibre-filled composite 
materials, a common mode of failure in com- 
pression is by buckling of the fibres [9-11]. The 
shape of the buckled fibres has been treated as 
planar, and has been assumed [9] or calculated 
[11] to be sinusoidal, at least for small dis- 
placements. Buckling of synthetic fibres has also 
been induced without applying external stress 
to the composite by shrinking the matrix in 
which the fibre is embedded [12, 13]. Since this 
occurs in cooling a composite moulding, it has 
been referred to as thermoelastic fibre buckling, 
and is considered undesirable. The shape of the 
buckled fibre in this case has been described as 
helical, but in none of the above cases has there 
been any test to distinguish between helical and 
planar shapes. 

The phenomenon of tbermoelastic fibre 
buckling has not received much mechanical 
analysis in the literature, perhaps because it can 
be eliminated by appropriate selection of 
materials and fabrication processes. Only some 
rather different problems in beam buckling 
provide any relevant background. The buckling 
in compression of a free, or laterally unsupported, 
beam has been extensively treated; the critical 
stress to cause buckling, and the stresses and shape 
shown by a severely buckled beam are presented 
in standard works on elasticity, e.g. [14]. For 
a laterally supported beam, which is equivalent 
to a fibre embedded in a matrix, the critical stress 
for buckling has been calculated for two special 
two-dimensional cases: a beam on an elastic 
foundation [15] which considers only the com- 
pressive and bending stresses in the beam and 
the transverse stress in the matrix; and the 

uniform compression of a whole composite struc- 
ture [9-11J, in which the initial internal stresses 
are neglected. The stresses induced in buckling 
by differential shrinkage are more complicated 
than the cases treated. In the above cases, the 
onset of buckling has been considered incipient 
failure of the structure, and no consideration has 
been given to post-buckling behaviour or to the 
properties of a material containing buckled 
fibres. 

The role of non-collagen materials in the 
formation of connective tissue fibres is not en- 
tirely clear, but it seems evident that interactions 
of collagen with the mucopolysaccharides are 
important [16, 17], particularly with the chon- 
droitin sulphates [18]. Electron micrographs of 
collagen fibrils show them to be surrounded by a 
material which stains as a polysaccharide. 
Therefore, it seemed reasonable to question 
whether shrinkage of the matrix in which the 
collagen fibres are embedded might produce 
buckling of the fibres akin to the thermoelastic 
case described above, and produce the waveform 
ultrastructure of the fibres in collagen tissues. For 
these reasons, it was decided to use fibre buckling 
by differential shrinkage as the basis for develop- 
ing a synthetic composite materials model for the 
ultrastructure of collagen tissues. A series of 
models was made using a variety of stiff fibres in 
softer matrices and different shrinkage tech- 
niques, and these were compared to the tendon 
samples. We have not demonstrated conclusively 
that fibre buckling does indeed occur in biological 
tissues, but there are several interesting points of 
similarity between the synthetic samples and the 
biological system, such that the possibilityof 
fibre buckling in collagenous tissues warrants 
further consideration, and a preliminary des- 
cription here. 

2. Experimental 
The fibres used were of E-glass from Owens- 
Coming Fiberglas, and of polycaprolactam 
(nylon 6) from Celanese, each of diameters 8 or 
12 lam. The matrix material for the samples 
reported here was polystyrene (Dow Styron 690, 
My about 240000), or poly(ethyl acrylate) 
polymerized in situ. Samples were also made 
using gelatin, epoxy, and various thermoplastics 
as matrices. These showed similar results to 
those reported here, but were less suitable for 
analysis. 

The glass/polystyrene samples were cast as 
thin sheets, 0.5 to 0.8 mm thick. A concentrated 

371 



W. C. D A L E ,  ERIC  BAER 

(40% by weight) solution of polystyrene in 
methyl ethyl ketone was poured into a shallow 
dish, the fibres were laid in, and another layer of 
polystyrene solution was poured on top of them. 
The samples were partially covered to maintain 
a slow drying rate which prevented the formation 
of a skin of hard polymer, and left in a hood for 
about three days while the solvent evaporated. 

The nylon/poly(ethyl acrylate) samples were 
prepared as long cylinders about 4 mm in 
diameter.The fibres were suspended inside a glass 
tube, between hooks of 23 AWG tinned copper 
wire, which also kept them well centred in the 
tube, as shown in Fig. 2. This entire lay-up was 

NYLON 6 FIBRES, CENTRED 
IN INNER TUBING ON WIRE HOOKS. 

ACRYLATE MONOMER. 

Figure 2 Schematic diagram of set-up to prepare cylin- 
drical samples of buckled nylon fibres in poly(ethyl 
acrylate) matrix. 

placed in an outer glass tube and monomer was 
added to cover the fibres. The system was frozen, 
evacuated, and thawed three times to remove 
dissolved gases, and sealed closed. Polymeriza- 
tion was carried out in a Cobalt 60 gamma ray 
source for 4 to 8 h at ambient temperatures, with 
a dose rate of 0.24 Mrad h -z. The ethyl acrylate 
shrinks about 20~o by volume during polym- 
erization, and also cross links in the gamma 
source, resulting in a soft rubbery elastic matrix. 

In both sets of samples, the modulus of the 
fibres was about two orders of magnitude higher 
than the final modulus of the matrix, but fibre 
buckling undoubtedly occurred while the matrix 
was much softer than it was in the finished 
sample. The shrinkage in the cast samples was 
primarily transverse to the axis of the fibres, and 
it is possible that this biased the results some- 
what. However, in the polymerized cylindrical 
samples the fibres could usually be extremely well 
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centred in the tube, and the matrix occasionally 
pulled away from the tube walls; the shrinkage, 
therefore, was definitely symmetric about the 
fibre axis, and probably near to isotropic in the 
central portions of the samples. 

Optical observations were made with a 
Reichert Zetopan microscope, using transmitted 
polarized white light. The cylindrical samples 
showed considerable lens effect, and when this 
interfered with observations, it was reduced by 
immersing the samples in water. A rotating disc 
compensator with combination plates of quartz 
was used for the measurements of optical path 
difference, using standard techniques, e.g. [19]. 

3. The buckling of single fibres 
A single buckled nylon fibre in a poly(ethyl 
acrylate) matrix is shown in Fig. 3 at various 
angles, 0, between the polarizer direction and the 
gross fibre axis. In these micrographs, the 
polarizer and analyser directions are approxi- 
mately horizontal and vertical in the frame of 
the photographs. Fig. 3a shows the fibre with the 
polarizers fully crossed, and Fig. 3b shows the 
shape of the fibre as viewed with no polarizers. 
Extinction is seen where the local direction of the 
fibre coincides with the polarizer direction, i.e. 
at the apices of the waveform when the gross 
fibre axis is along the polarizer direction. The 
rest of Fig. 3 was taken with the polarizers not 
quite crossed, so that both the fibre itself and the 
extinction bands can be discerned. As the micro- 
scope stage is rotated, alternate extinction bands 
approach each other and merge until a position 
is reached where there is maximum contrast 
between the transmitting and extinguishing por- 
tions of the fibre. This is referred to as the 0o 
position, which denotes the maximum angular 
deviation of the local fibre direction from the 
gross fibre axis. The value of 00 = 28 ~ for the 
fibre in Fig. 3 is at the upper end of the range 
found in tendons. Rotation beyond the 0 o 
position results in decreased contrast, until at 
0 = 45 ~ the fibre shows maximum transmission 
all along its length. This is precisely the optical 
behaviour of RTT from which Diamant et aI [2] 
deduced the presence of the waveform before its 
physical shape was observed. The behaviour 
shown in Fig. 3 of this paper corresponds in detail 
to Diamant's Figs. 1, 2, and 8 for the intact 
tendon bundles, schematic drawing, and teased 
tendon bundles, respectively. 

The result of rotating a buckled fibre sample 
abOut its own gross fibre axis is shown in Fig. 4. 
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Figure 3 Behaviour of extinction bands as single buckled nylon fibre is rotated with angle shown between the 
overall fibre axis and the polarizer direction. In (a) polarizers are fully crossed; in (b) they are parallel; in the 
rest, polarizers are not quite crossed to show both physical shape and optical behaviour of the fibre. 

Figure 4 Buckled nylon fibre sample rotated about the 
overall fibre axis by the angle indicated, fl denotes angle 
between the plane of the waveform and the plane of the 
microscope stage. 

In Fig. 4a, the fibre was placed in its 00 position, 
here 00 = 15 ~ and simultaneously rotated 
about the cylindrical axis of the sample until the 
waveform was seen most clearly, which is taken 
as the/3 = 0 position. As the sample is further 
rotated about its own axis by the angle /3, the 
apparent amplitude of the waveform and the 
contrast between transmitting and extinguishing 
regions of the sample both decrease until at fl = 
90 ~ they both reach a minimum. As the sample 

is rotated beyond/3 = 90 ~ contrast reappears, 
but regions which appeared dark at angles 
0 < /3 < 90 ~ transmit at angles 90 ~ < fl < 180 ~ 
and conversely. At/3 --180 ~ there is full restora- 
tion of contrast and amplitude. Clearly, the 
waveform of  the buckled fibre is planar as 
opposed to helical, and the positions/3 = 0 and 
/3 = 90 ~ correspond to looking straight down 
upon, and along the plane, respectively. Fig. 4 
shows, in fact, the manipulation devised by 
Diamant et al to distinguish between planar and 
helical waveforms in tendon, and duplicates the 
results shown in Fig. 5 of  their paper on rat tail 
tendon. The minimum in contrast separating a 
sharp reversal of transmitting and extinguishing 
regions is sufficient to show planarity; it is 
helpful but not necessary to be able to see the 
waveform physically. 

Although the cylindrical samples were very 
convenient to demonstrate that the buckled 
fibres were in a planar shape, this could also be 
determined in the sheet samples with only slightly 
less certainty. The • 10 objective lens of  the 
microscope had a focal depth of field of  about 
10 gm, and the displacement of the fibre relative 
to an arbitrary datum plane could be determined. 
to about this precision by noting the amount of  
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vertical stage travel needed to preserve focus as 
different parts of the waveform were scanned. 
Of the several dozen cylindrical and sheet 
samples examined, some showed more departure 
from planarity than that shown in Fig. 4, and 
some showed less, but in no case did the wave- 
form of the buckled fibres resemble the helical 
shape previously suggested in the literature. 

4. Geometry of buckled fibres 
Although the simplest shape for a planar wave- 
form would be a sine wave, it was noted by 
Diamant et al [2] that the shape of the waveform 
in rat tail tendon was instead intermediate 
between a sine wave and a planar zig-zag, as may 
be noted in Fig. lc. It is also known that the shape 
of a buckled free beam, that is one which is not 
laterally supported, is strictly sinusoidal only in 
the limit of infinitesimal displacements. The 
shape for the case of large displacements is 

amplitude and half-wavelength. It is seen that the 
shapes of the buckled fibre model and of tendon 
are quite similar, while the free beam which is 
not surrounded by a matrix material shows 
entirely the opposite type of deviatiol~ from the 
sinusoidal shape, and becomes more broadly 
bowed. The difference in shape between the 
buckled fibre model and the free beam must be 
attributed, then, to the presence of the matrix, 
and implies that the presence of a matrix also 
influences the shape of the waveform in RTT 
similarly. 

5. Double- and multiple-fibre 
interactions 

For the case of a uniformly compressed com- 
posite material, there are two simple relation- 
ships possible between adjacent fibres [9-11]. The 

BEI'" 
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Figure 5 The shape of the waveform in the buckled fibre 
models compared to that of rat tail tendon. The shape of 
a pure sine wave and of a buckled free beam are shown for 
reference. 

available in texts on the theory of elasticity, e.g. 
[14], as the problem of the "elastica". 

The: shapes of several buckled fibre samples 
were plotted and compared to sine waves of the 
same amplitude and periodicity. While some of 
the samples could reasonably be described as 
sinusoidal, many samples, especially those 
showing large values of 0o, showed very definite 
deviations from this shape, and the deviation 
was always toward the shape of a zig-zag. Fig. 5 
shows the shape of such a zig-zag buckled fibre 
and compares its shape to that of the waveform in 
RTT as shown in Fig. lc, to a pure sine wave, and 
to a buckled free beam, all reduced to the same 
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Figure 6 Co-operative buckling between double fibres. 
Parallel fibres buckle only in phase at separations up to 10 
diameters (a) and (b). Only at very large separations above 
50 diameters (c) do they buckle independently. 

fibres may buckle all in phase (shear mode), or 
with alternate fibres out of phase by one-half 
cycle (extension mode). Where the volume 
fraction of the fibres is below about 0.3 the 
extension mode prevails, and the shear mode is 
dominant at higher fibre fractions. While 
mature tendon contains collagen fibre fractions 
upwards of 0.6, developing young tendon shows 
a fibre fraction which is in the range of 0.3 
[20, Fig. 23 in 17], and is probably even smaller 
in the earliest stages of fibre formation. 

For the present samples, fibres buckled by the 
differential shrinkage method showed only the 
in-phase (shear mode)re la t ionship  for fibre 
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Figure 7 Co-operative buckling among multiple fibres in 
two groups of three, separated by about 20 fibre dia- 
meters. The sample is rotated about the overall fibre 
direction. The waveform of each individual fibre is 
planar. The planes of the waveforms of the set of fibres 
are all parallel, and in this case coincide with the plane 
defined by the original centrelines of the set of fibres. ]3 
denotes angle between plane of the buckled fibres and 
plane of the microscope stage. 

separations up to 10 diameters or more, as shown 
for samples of two fibres in Fig. 6a and b. Only 
at fibre separations of about 50 diameters or 
more was the buckling of two parallel fibres 
clearly non-co-operative, as shown in Fig. 6c. 
At separations intermediate between 10 and 50 
diameters, other possible relationships between 
buckled fibres were observed, but there were 
insufficient samples in this range to decide 
whether these were truly co-operative relation- 
ships or only happenstance. Samples with more 
than two fibres seemed to show co-operative 
effects for even greater separations. 

The relationship between the planes in which 
the individual fibres buckled is shown in Fig. 7, 
where the sample contain six fibres in two groups 
of  three separated by about 20 diameters. When 
the sample is rotated about the gross fibre axis, it 
is seen that the fibres buckled co-planar, in the 
plane defined by the centrelines of the unbuckled 
fibres. The relationship was again the only one 
observed for fibre separations less than about 10 
diameters. Multiple planes of fibres were not 
specifically investigated, but for arrays where the 
fibre centrelines were not originally in the same 
plane, the planes in which the individual fibres 
buckled were all approximately parallel, and 
the waveforms still in phase, for fibre separations 
up to at least 10 diameters. Thus the waveform 
of  the synthetic samples corresponded in detail 
to that of the collagen fibres in RTT and other  
collagen tissues, even for very low fibre fractions. 

6. Strain field in the matrix surrounding 
fibre 
Little could be observed of the strain field in the 
rubbery matrices, although the brightening of 
the background in Fig. 3 as 0 increased from 0 ~ 
to 45 ~ shows an overall strain in the matrix. Nor  
is any information accessible about the strains in 
the ground substance of connective tissue. The 
polystyrene matrix, however, showed informa- 
tion of this kind in some detail. For this section, 
samples were selected for which the plane of the 
buckled fibre corresponded approximately to 
the plane of the cast sheet. The birefringence 
around a single buckled glass fibre in poly- 
styrene is shown in Fig. 8a. The first point of 
interest is that the matrix shows significant 
birefringence at distances in excess of 450 ~tm 
from the fibre, or about 40 fibre diameters. 
Secondly, one notes that there are also alternating 
regions of extinction and transmission in the 
matrix as one scans along the fibre. However, as 
the sample was rotated about the normal to the 
plane of the buckled fibre, the motion of the 
extinction regions in the matrix was quite 
different from that caused by the birefringence of 
the fibre itself. In the 0 = 0 position, the extinc- 
tion regions are at the apices of the waveform in 
both the fibres and the matrix. As the sample is 
rotated, the extinction regions translate along the 
fibre, and no longer are continuous across it, 
except where 0 is 45 ~ or multiples thereof. 

The optical path differences (OPD) measured 
with the quartz compensator were rather small, 
the larger being in the range 10 to 30 nm for 
various samples, with a subjective error in loca- 
ting the extinction position of about 2 to 3 nm. 
All measurements were left in the form of OPD, 
since it was not possible to assess the effective 
thickness of the strained regions. The magnitude 
of the OPD in the matrix adjacent to the buckled 
fibres did not show much variation at different 
points along the waveform. However, the 
transmission directions have a periodically 
varying orientation with respect to the overall 
fibre direction as one scans along the wave- 
form as sketched in Fig. 8b. Unfortunately, the 
OPD indicates only the difference between the 
algebraically largest and smallest strains, and not 
the actual magnitude of  either. 

Interpretation of  the strain becomes clearer 
when a double fibre sample is examined, as in Fig. 
9. In Fig. 9a, areas between the fibres and outside 
them both show the same alternation of  trans- 
mitting and extinguishing regions, indicating 
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Figure 8 (a) Strain field in the polystyrene matrix around a buckled glass fibre. As the microscope stage is rotated with 
respect to the polarizers by the indicated angle, the extinction pattern in the matrix shifts in quite a different 
way from that in the fibres, as described in text. Arrow denotes the same extinction region in each photograph. 
(b) Schematic diagram of birefringence field in matrix. Long axis of ellipse denotes faster transmission direction. 

Figure 9 Strain field in the polystyrene matrix of double 
glass fibre sample. No compensator used in (a) and (c). 
In (b) and (d), compensator setting corresponds to 16 nm 
optical path difference, and the faster optic axis (i.e. lower 
refractive index direction) of the sample is oriented 
NW-SE in the frame of the photographs. 

periodic fluctuation in the magnitude o f  the 
shear strain perpendicular to the overall fibre 
direction. When the cOmpensator 'was  used to 
extinguish this birefringence, as in Fig. 9b, it was 

seen that:  the magnitude o f  this shear strain was 
greatest at the nodes;  was approximately the same 
between the fibres and outside them;  and the sign 
at the nodes where the local fibre direction 
showed a positive slope was opposite f rom that  at 
the nodes where the fibre had a negative slope, all 
as might  be expected. In Fig. 9c, the sample is 
rotated by 45 ~ and shown with no compensator.  
The matrix outside the fibres shows regions o f  
transmission at the apices o f  the waveform, but  
the region between the fibres is fairly uniform and 
no t  far f rom extinction. Thus there are signifi- 
cant  strains parallel or  perpendicular to the over- 
all fibre axis in the matrix outside the fibres, but  
not  in the matrix between fibres. When  the 
bireflfingence was compensated, as in Fig. 9d, 
extinction was seen in the matrix outside the 
fibres on the convex side of  the apices, corres- 
ponding to compression transverse to the fibre 
direction at these points. The region between 
the fibres is h o t ' q u i t e  uniform, but  the vari- 
ations are too  small to measure. When  the 
sample was rotated by 90 ~ , extinction was seen 
on the concave sides of  the apices, indicating 
transverse tension at these points. '~ 
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The major strains seen in the matrix, then, 
are the lateral restoring strains which oppose 
the transverse displacement of the fibre, and the 
shear strains which oppose the rotation of the 
local fibre direction away from the overall fibre 
axis. The former are reduced in the area between 
fibres which are close together. 

7. Deformation behaviour 
The synthetic models reproduce the essential 
geometric features of the collagen ultrastructure 
described by Diamant et al; we consider now 
their behaviour during deformation. The models 
described here did not show a significant "toe 
region" in their stress-strain curves, as the bio- 
logical tissues do, although a reason for this is 
readily apparent. In the present models, which 
are rather preliminary, buckling occurred while 
the matrix was still very soft, and the matrix 
hardened considerably further before the samples 
were suitable for handling. As a result, the stress- 
strain curves were dominated by the strength of 
the matrix material, and were essentially Hookean. 
In the biological systems, however, the sequence 
of  events would be quite different. I f  fibre 
buckling does occur, it would happen during the 
earliest stages of fibril formation, as will be 
discussed later. Radial growth of the fibril is by 
deposition of additional collagen on an already 
deformed substrate; the collagen stiffens by 
cross-linking while the amount of matrix material 
decreases. Thus the stress-strain behaviour of 
tendon is dominated by the straightening of the 
waveform, as described by Diamant et al I"2]. 

However, in both the biological and the syn- 
thetic materials larger deformations cause other 
effects on the ultrastructure which have not been 
reported previously. 

7.1. Biological tissues 
It is generally known that the collagen fibres in 
tendon become straightened out when the 
tendon is strained, and the waveform reappears 
on unloading if the strain is not too large. At 
strains above this elastic limit, irreversible 
changes are seen in the stress-strain curves, and 
it has been reported that the waveform disap- 
pears and never returns [21, 22]. We have 
observed, however, that instead of disappearing 
the waveform may be altered greatly in size. 

In examining the effects of chemical treat- 
ments on the reversibility of the stress-strain 
curves and of the waveform, we have used the 
technique of incremental strain cycling, i.e. the 

sample was extended and then returned to its 
original length at a constant rate, and the 
maximum strain was increased by a fixed incre- 
ment for each successive cycle. For the results 
shown, the strain increment was 1 ~ ,  and the 
strain-rate was 10~o min -1. In agreement with 
other workers, we find that the waveform and the 
stress-strain curves are essentially reversible for 
strains within the "toe region" associated with 
straightening of the waveform, and into the 
linear region of the stress-strain curve. The effect 
of higher maximum strains on the waveform is 
shown in Fig. 10. For the sample shown, e~o, the 
strain at which the waveform was just pulled 
straight, was 3.5 ~ ,  and after strains to Emax = 4 
and 5 ~o, there was no change in the appearance 
of the sample after it was unloaded. Strains to 
Emax of 6 and 7 ~ each produced a decrease in 
the 00 angle, and reduced the contrast visible 
in the waveform. Strains to 8, 9 and 107o 
emax did not result in pulling the fibres per- 
manently straight, however, but resulted in the 
appearance of a new waveform which was 
superimposed on the original one, and in some 
cases obliterated the original one entirely. The 
new waveform was of much smaller periodicity 
than the original, though the wavelengths did 
not seem to be numerically related. In Fig. 10, 
the original waveform has a half-wavelength, 
denoted 10, of about 110 gin, and the small- 
period waveform is about 20 pm; waveform less 
than 5 gm has been induced by strain cycling. 
The possibility was considered that light and 
dark striations in the samples might be due to 
other causes, but the movement of the extinction 
regions as the microscope stage was rotated 
corresponded exactly to that shown in Fig. 3, 
demonstrating that this was indeed a new 
waveform. There was no tendency for the wave- 
form to revert to its original size on prolonged 
storage under no load. 

The new small-period waveform was seen 
most clearly in tail tendons from young rats 
(e.g. two months as in Fig. 10) which had been 
incrementally strain cycled, but it was also seen 
in mature RTT (6 months) strained monotonic- 
ally to break, especially near the fracture site. 
Only in very old rats was it questionable if the 
phenomenon occurred. The range of strains in 
which small-period waveform appeared corres- 
ponded to stress-strain curves which showed 
pronounced reductions in modulus from the 
earlier cycles, and an increase in the length of 
the toe region. No small-period waveform was 
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Figure 10 Development of small-period waveform in rat tail tendon. Sample was extended to strain indicated 
above each photograph, then unloaded, photographed, and strained to next highest level. Optimum contrast angle 00, 
indicated below each photograph, does not decrease to zero, but a much smaller waveform appears in the tendon, 
superposed on the original. 

seen in RTT cycled extensively to strains below 
that needed to completely straighten the wave- 
form, or below the elastic limit. 

It is possible that a similar reduction in size of 
the waveform occurs in vivo in tendons subject to 
high strain, load bearing or impact require- 
ments. For example, human Achilles tendon, 
which would be expected to have higher load 
bearing requirements in vivo than rat tail tendon, 
is also characterized by a much smaller l0 and 
00 than RTT [3]. The characteristics of the 
waveform produced artificially in RTT by strain 
cycling in vitro are quite similar to those of 
human Achilles tendon. 

7.2. Synthetic models 
The synthetic composite systems also showed a 
great reduction in the period of the waveform 
when they were strained to sufficiently high levels. 
The waveform of the buckled fibres was observ- 
ed to straighten out as the samples were strained, 
as expected, and this was reversible for small 
strains. Samples were strained manually beyond 
the point where the fibres were completely 
straightened, and the effect on the waveform after 
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Figure !1 Development of small-period waveform in 
nylon/poly(ethyl acrylate) models, strained beyond elastic 
limit. In (a) and (c), small-period waveform appears 
superposed on the original. In (d), the fibre has frac- 
tured (which was rare), and there is no small-period 
wave form. 

unloading the samples is shown in Fig. l l. 
Again a second waveform of smaller period was 
superposed on the original one. 

In the case of the synthetic samples, the 
mechanism by which the small-period waveform 
was formed is fairly clear, and is shown in Fig. 
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(e) i ~ i ' ,  e=o 

(b) ,'} i E = ~m 

Figure 12 Schematic diagram of mechanism by which 
small-period waveform develops in models, described in 
text. 

12. The samples could be strained without 
internal damage from e = 0 (Fig. 12a) to E~ (the 
strain at which the fibres were just pulled straight, 
Fig. 12b), and just slightly further. At higher 
strains, the samples failed by slippage at the 
interface between the fibres and matrix, since no 
particular steps were taken to assure adhesion. 
The rubbery matrix continued to extend while the 
much stiffer fibre stayed at a constant and smaller 
strain, slipping within the channel of matrix 
material (Fig. 12c). In several samples, the free 
ends of the fibres, which were originally flush 
with the ends of the sample, were observed to 
have withdrawn into the sample, leaving an 
empty channel behind. As the sample was 
released, the buckled fibre rebuckled within the 
channel in the matrix material as a means of 
accommodating the increased strain differential 
between the fibres and matrix, resulting in the 
small-period waveform shown in Fig. 1 la to c. 
Only very rarely was the interface strong enough 
to cause fracture of the fibre, as shown in Fig. 
1 ld. Here, the broken ends have also returned 
to their original positions. 

The above mechanism implies that rebuckling 
would be most favoured in the central portion of 
the sample length where the compressive stress 
on the fibre was greatest and the shear stre ss on 
the interface was least, and similarly rebuckling 
would be least favoured at the ends of the fibres. 
In the samples examined, rebuckling was 
observed over most of the length of the fibre, 
but not in the segment near free ends (as 
indicated in Fig. 12d), nor near ends created by 
fibre fracture (Fig. 1 ld). If only the transverse 
stresses in the matrix and the compressive and 
bending stresses in the fibre are considered, the 
present samples may be analysed as a beam on 
an elastic foundation [15]. Using the fibre 

"103 psi = 6.89 N m m  -2. 

properties and geometry of the present samples, 
this analysis predicts a critical stress for rebuck- 
ling of 2000 to 5000 psi,* which is at least one 
order of magnitude smaller than the fracture 
stress in tension. 

Because the small-period waveform in rat tail 
tendon occurs only when the tendon is strained 
beyond its elastic limit, and in monotonically 
strained samples is seen most dearly near the 
fracture site, it is clearly associated with slippage 
between the collagen fibres after the medium 
transferring stress between the fibres has failed. 
The analogous phenomenon of fibre rebuckling 
in the synthetic samples is much more readily 
understood, and may offer a starting point for 
understanding the failure mechanism of tendon. 
However, the identification of the entities in 
tendon corresponding to the fibre-matrix inter- 
face and to the pre-existing channel is far from 
obvious. 

8. The prospects for fibre buckling in 
biological systems 

The synthetic models based on fibre buckling 
accurately reflect several important features of 
the waveform ultrastructure of fibrous collagen 
tissues, as summarized in Table I. Reproduction 
of the geometric features is quite good, and both 
types of materials show a planar waveform of 
comparable shape and the same co-operative 
relationships between multiple fibres. The models 
reproduce only some features of the deformation 
behaviour of the tissue such as straightening of 
the fibres and the small-period waveform. The 
differences in the stress-strain curves are prob- 
ably due to excessive hardening of the matrix 
after fibre buckling has occurred in the models, 
and by improving fabrication procedures it is 
most likely that these differences could be 
essentially eliminated. It is natural to inquire 
whether the models are only phenomenologically 
similar to the tissues, or whether fibre buckling 
also occurs in biological systems. However, to 
date no critical experiment has been conducted 
which answers the questions decisively. 

It has long been known that skin wounds 
involving loss of substance do undergo lateral 
contraction during the generation of new tissue 
[23], but the relation of this fact to the waveform 
in the collagen fibres of skin is not yet clear. It is 
necessary, then, to consider what is known about 
the interactions between collagen and the 
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TABLE I Summary comparison of ultra.structural features of rat tail tendon, and fibre-buckling models 

Rat tail tendon Models 

I. Planar waveform 
0o = 7 ~ to 30 ~ 
Io = 20 to 100 ~m* 
d = 100 nm, lo/d = ~ 5 0 0 *  

2. Shape intermediate between sine and z i g - z a g  

3. Fibres in phase 
4. Planes of waveform parallel 
5. Deforms by fibre bending 
6. Toe in stress-strain curve 
7. Develops small-period waveform 
8. Matrix stresses important 

~/as in tendon 
~] as in tendon 
quite variable 
d =,-~ 101~m, lo/d = 10 to 100 
t as in tendon 

for D/d up to 10 
~/for Did up to 10 
unknown 
NO, matrix stiffness dominates 
t mechanism understood 

suitable for study of matrix stresses 

*These are typical values in RTT 2 weeks to 3 months old, but corresponding values for embryonic tendon are not 
available. 

ground substance of connective tissue, and 
inquire whether a means for fibre buckling may 
occur in vivo. In tendon, the structural com- 
ponents of the ground substance matrix con- 
sist of: the mucopolysaccharides hyaluronic acid, 
chondroitin sulphates B and C; and non-collagen 
protein, at least some of which is bound to the 
mucopolysaccharides [6, 24, 25]. The muco- 
polysaccharide composition varies from one 
connective tissue to another, but the mixture of 
hyaluronic acid and some chondroitin sulphates 
is quite widespread, and the following discussion 
will be in terms of these two classes of poly- 
saccharides, and the differences in their proper- 
ties. Alternative discussions in terms of non- 
collagen protein components, elastic fibres, or 
even cellular changes might be envisioned, but 
these are not at all clear at present, and are even 
more hypothetical. 

The chondroitin sulphate-proteoglycan (CS-P), 
usually obtained from cartilage, interacts 
strongly with collagen. Addition of CS-P to 
tropocollagen solutions under approximately 
physiological conditions causes rapid gelation 
or precipitation of collagen fibrils in native form 
[18, 26]. Lowering the temperature to 4 ~ 
suppresses growth of the fibrils, but nucleation 
of them still occurs instantaneously. CS-P is 
generally recognized to consist of a number of 
chondroitin sulphate side chains attached to a 
central protein core [25, 26], and these in turn 
may form larger aggregates [27]. If  the protein 
is removed, the individual protein-free CS chains 
still interact strongly with individual tropo- 
collagen or polypeptide molecules, forming a 
complex with calfskin tropocollagen seen by 
electrophoresis [26], causing a major change in 
the conformation of polylysine [28], and raising 

3 8 0  

the thermal denaturation temperature of tropo- 
collagen from 38 up to 46~  [29]. However, 
protein-free CS is of relatively little effect in 
promoting aggregation of  tropocollagen into 
fibrils [18]. Apparently multiple points of contact 
between several tropocollagen molecules and 
several CS chains of the CS-protein are necessary 
to promote nucleation, and the CS-P plays a 
significant role in stabilizing the fibril. On the 
other hand, hyaluronic acid shows much weaker 
interactions than chondroitin sulphate in the 
nucleation of  fibril aggregates [18], and in 
stabilizing tropocollagen against thermal dena- 
turation [29]. 

The mucopolysaccharides largely determine 
the volume of the connective tissue matrix and 
any possible changes in that volume, since they 
are highly hydrated in vivo. The mucopoly- 
saccharides as a class show major space-filling 
or excluded volume effects, in that when in 
solution they immobilize or exclude to other 
molecules a much larger volume of solution 
than just the volume of the dry polysaccharide 
molecules. Of the mucopolysaccharides as a 
class, however, hyaluronic acid shows these 
effects most pronouncedly [25, 30]. In vivo, 
hyaluronic acid frequently serves a space- 
filling or lubricating role, as in the vitreous body 
of the eye or in synovial fluid. Hyaluronic acid 
may play a role in reducing the flow of water and 
regulating the passage of smaller molecules 
through the connective tissue ground substance, as 
has been discussed extensively by Laurent [30]. 

Conditions for fibre buckling in vivo would be 
most favourable when the ratio of poly- 
saccharide ground substance to collagen is 
greatest, which is during fibre formation. Fitton 
Jackson [20] found collagen volume fractions of 



FIBRE BUCKLING MODEL FOR COLLAGEN TISSUES 

0.2 to 0.3 in embryonic chick metatarsal tendon. 
The fibre fraction was increasing rapidly at this 
stage of development, and since the collagen 
fibres were first distinguished when their dia- 
meters were about 8 nm, it is likely that the 
earliest stages of development involve still 
smaller collagen fibres and smaller fibre volume 
fractions. Also, the waveform ultrastructure is 
clearly visible in tail tendon from rats as young 
as newborn. In injured tails of old rats, the new 
fibres formed in the healing wounds have been 
observed to have the ultrastructure characteristic 
of young rat tail tendon, i.e. the waveform is 
related to the time elapsed since formation of the 
collagen fibre, rather than to the calendar age of 
the animal [-2]. It is also during fibre formation 
that the concentration and metabolic turnover of 
the polysaccharides is highest. 

The two classes of connective tissue poly- 
saccharides, then, serve essentially different 
functions; chondroitin sulphates play an impor- 
tant structural role in fibre formation and 
probably some space-filling role, while hya- 
luronic acid plays predominantly a space-filling 
role and perhaps only a minor structural role. The 
relative turnover rates and concentrations of the 
connective tissue polysaccharides have been 
reviewed extensively by Sobel [6], who noted 
that hyaluronic acid shows a considerably higher 
metabolic turnover rate than the chondroitin 
sulphates in several tissues, and responds more 
rapidly in repairing tissue trauma. There is a 
general pattern shared by a number of tissues, 
consisting of a decreasing concentration of 
mucopolysaccharides which is most rapid during 
development and growth, and slow during 
ageing. This loss is mostly of hyaluronic acid, 
and there is a corresponding loss of water- 
holding capacity, while there is a relative or 
absolute increase in sulphated mucopoly- 
saccharides. Detailed data for a specific example 
may be found in [-31]. 

The interfibrillar matrix, then, is originally 
relatively rich in hyaluronic acid and relatively 
expanded because of its high water-holding 
capacity. The loss of hyaluronic acid would be 
expected to result in a reduced space-filling effect 
and contraction of the matrix, specifically of 
chondroitin sulphate which is strongly associated 
with collagen. Such a contraction could produce 
compressive stress on the collagen fibres, and the 

same conditions for co-operative fibre buckling 
as were created in the synthetic samples. 

9. Conclusions 
The model composite systems consisting of 
synthetic fibres buckled by shrinking the matrix 
material in which they are embedded show a 
pattern of major general similarities with the 
waveform ultrastructure found in rat tail tendon 
and other fibrous collagen tissues, specifically: 

1. transmission polarizing microscopy shows 
that the wave shapes are clearly planar as 
opposed to helical, although the latter shape has 
been suggested for both materials in the past; 

2. the wave shape in both cases deviates from 
a simple sine wave toward the shape of a planar 
zig-zag. This deviation is in the opposite direc- 
tion from that seen in a buckled beam which is 
not laterally supported, indicating the effect of 
the surrounding matrix; 

3. buckling of parallel multiple fibres is 
co-operative over quite large fibre separations, 
up to about 10 fibre diameters. In this range, 
fibres buckle in phase, with the wave shapes in 
parallel planes (co-planar, when possible, to the 
plane defined by the original fibre centrelines). 
These co-operative effects produce the same 
relations between individual fibres as seen in 
RTT, even for very low fibre volume fractions; 

4. when strained beyond their respective 
elastic limits, both RTT and buckled synthetic 
fibres show the formation of a second waveform 
superimposed on the original, and of much 
smaller periodicity. In the synthetic models, this 
is due to slippage at the fibre-matrix interface as 
the sample is extended, and rebuckling of the 
fibre in the channel of matrix material as the 
sample is released. 

In addition, the models offer information 
about the strains in the matrix surrounding the 
fibres, where corresponding information in the 
collagen tissues is not accessible. 

This pattern of similarities suggests that 
fibre buckling can produce synthetic models for 
biological tissues which are useful, if only 
empirically. However, the available information 
about the ground substance mucopolysaccharides 
and the formation of collagen fibres also suggests 
a hypothetical mechanism for fibre buckling 
during the development of connective tissue, and 
that this is the cause of its ultrastructure.* 

*Note added in proof. We have recently observed that the collagen fibres of newborn (but not adult) RTT may 
straighten out spontaneously when the non-collagen matrix is digested enzymatically. This supports the idea that  fibre 
buckling does occur during the formation of connective tissue, but leaves the mechanism still unclear. A report is in 
preparation. 
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