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Summary. An apparatus that enables simultaneous stress-strain recording and morphologi-
cal observation in incidental light microscopy of a specimen surface during tensile loading is
described. Results from experiments on parallel-fibred collagenous specimens (tendons) are
reported and variations between behavior during the first tensile loading cycle and those in the
steady-state cycles (when the plasticity and irreversible viscosity are exhausted) are described.
Tt is found that the “toe” part of the stress-strain curve is longer from a morphological point
of view than can be mechanically measured, which means that the waviness of the collagenous
bundles is diminished before any measurable load is applied. The steady state means an even
longer such “toe” part and a better parallel arrangement of the fibers but the wavinessin the
relaxed specimen cannot be disturbed by repeated loadings. The functional range of a tendon is
also discussed as are the phenomenon of spraining and the possibility of pre-stress.

Key words: Biomechanics — Collagen — Connective tissue — Polarizing microscopy —
Tendons.

Introduction

As collagen is the force-resisting element in soft structures in the mammalian
body, considerable interest has focused on the mechanical properties of this
fibrous protein. In various structures it is arranged in different geometrical
patterns on fiber and fiber bundle dimension, ranging from the parallel-fibred one
in the muscle tendons to the three-dimensional meshwork in the dermis. To study
the behavior of this fibrous protein per se, it is advantageous to use the parallel-
fibred tendons in order to eliminate geometrical complicity and to minimize the
influence of ground substance, as in this tissue collagen constitutes about 85 per
cent of the dry weight.

The mechanical properties of tendons have been the subject of extensive
investigations. Reviews have been written recently by Harkness (1961, 1968) and
Viidik (1968). Collagen has traditionally been compared with elastin and considered
as inextensible when subjected to tensile forces, although already Wertheim (1847)
had described a stress-strain curve for tendons. Recently it has become evident
that the mechanical properties of collagen contain elastic, viscous and plastic
elements (e.g. Stucke, 1950; Rigby, Hiray, Spikes and Eyring, 1959 ; Laban, 1962).
The total mechanical behavior of collagenous tissue is strongly non-linear and
Fung (1967) emphasized the futility to try to characterize the tissue by the modu-
lus of elasticity and proposed a more complex mathematical deseription. In order
to visualize the mechanical properties of materials mechanical analogies can Dbe
composed of idealized elements of elasticity, viscosity and plasticity (dry friction)
coupled in series and/or in parallel with each other to satisfy the behavior of the
test material. In order to overcome the difficulty of the nonlinearity of collagenous
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tissue Viidik and Mégi (1967) proposed a nonlinear arrangement of linear springs,
where the springs come gradually into action with increasing deformation causing
a gradual stiffening. This corresponds well to the beginning of the stress-strain
relationship of parallel-fibred collagenous tissue, which starts with a “toe’ part,
i.e. a convexity towards the strain axis, after which a fairly linear portion ensues
(cf. Fig. 3a—b). If the straining is halted before failure of the specimen, the stress
reached decreases asymptotically towards a somewhat lower value, i.e. a stress-
relaxation occurs. This is due to the viseous properties of the material. To account
for this in the mechanical analogy a Kelvin element (i.e. elastic and viscous ele-
ments in parallel) was coupled in series with the non-linear spring arrangement
(Viidik, 1968). As the stress-strain curve shifts to the right and becomes somewhat
steeper (cf. Fig. 3b) while the stress-relaxation decreases with repeated cyclic
loading-unloading experiments until a steady state is reached after some six cyeles,
an irreversible part was included into the mechanical analogy and consisted of a
viscous element and a series of dry-frictional elements (strain-hardening). This
analogy was then analysed mathematically and verified experimentally by Frisén,
Mégi, Sonnerup and Viidik (1969a, b).

In a study with incidental and transmitted polarized light microscopy Viidik
and Ekholm (1968) confirmed the observations of Rigby efal. (1959) and of
Abrahams (1967a, b) that relaxed tendons have a wavy course and that this is
straightened out during the first part of straining. They, however, had before
performing their observations subjected their specimens to previous ** conditioning
stress-strain cycles, thus probably eliminating most of the initial phase. Viidik and
Ekholm (1968) showed that this straightening corresponds well with the “toe”
part of the stress-strain curve and that this part actually is longer than the
mechanical experiments indicate, i.e. some fiber bundles are straightened out
before any measurable load has been caused by tensile deformation of the tendon
specimen. They also found that practically all waves had disappeared when the
linear portion of the curve begins.

However, the microscopical observations had to be performed after the mechan-
ical ones as it was then not possible to record the loading during microscopy.
Therefore only the steady state behavior could be investigated after the irrevers-
ible phenomena in the initial phase had been exhausted.

To be able to observe the morphological events during the initial phase of the
stress-strain behavior of collagenous tissue, the mechanical and microscopical
recordings must be made simultaneously. Therefore, the materials testing
machine and the incidental light microscope must be integrated. Such an appara-
tus is described in this paper and the results from experiments with it are reported
here.

Materials and Methods

For this investigation Achilles and other hind limb tendons from skeletally mature rabbits
were used. The animals were sacrificed with an overdose of aether and care was taken to avoid
agonal straining of the tendons. They were sectioned in a freezing microtome in parallel with
the main direction of the fiber bundles. Specimens with an even surface displaying the various
bundles and with a thickness of 0.5 mm were thus obtained. Care was taken to perform the
freezing and thawing rapidly (cf. Galante, 1967) and no specimens, where bundles could beseen
to emerge from the surface, were used. When brought to failure by gradually increasing strain
these specimens behaved mechanically as intact tendons.
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Fig. 1. The whole set-up on three rails connected by cross bars. The microphotographic
equipment is fastened to the two-column stand on the two leftmost rails. The microscope with
the camera equipment is seen to the right and the electronic flash unit to the left. The
mechanical part of the set-up is fastened to the two rightmost rails

The set-up for the combined mechanical and morphological study is shown in Fig. 1. The
basic mechanical unit was a back-lash-free screwing device according to Viidik (1966) operated
by an electric motor, the speed of which was coupled to and regulated by a tyristor unit to
achieve a torque independent of the speed. Instantaneous halting was achieved by reversing
the polarity for a short moment. The screwing device was placed on two rails of a three-rail-
system united by cross bars. The deformation of the specimen was recorded as the movement
of the moving part of the screwing device by a differential transformer (Bofors RLK-1-8,
-+ 6 mm). The immobile end of the testing system was fixed via a force transducer (Bofors
KRX-1, 200 N) to the rails. Both transducers were coupled to measuring bridges (Philips
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Fig. 2. The specimen in clamps and immersed into Ringer’s solution. The water immersion
hood of the microscope objective is immersed into the solution between the clamps and
right above the specimen

PT 1200) and the signals from these were recorded as load versus deformation on an x-y-
recorder (Hewlett-Packard Moseley 7004 A). For both systems the recorded signals were
directly proportional to the load and deformation and calibrations proved fully reproducible.

Parts of a Leitz Ortholux microscope were fastened via a cross bar onto a two-column stand
on two of the rails. The horizontal movements in two directions could be performed by rack
gears and were guided by slide blocks enabling the tracing of the same part of the specimen
throughout the test series. The gross movement in the vertical direction was performed by
moving the cross bar with the microscope and the fine movement by a precision microscope
focusing gear.

The two clamps and the specimen immersed in Ringer’s solution buffered to pH 7.4 are
shown in Fig. 2. An objective 3.8/0.12 together with a water immersion hood were used.
Ilumination was provided by an Ultrapak incidental light equipment together with a polariz-
ing system. Microphotographs were taken with a Leica MDa camera on a micro adapter and
exposure light was provided by flash illumination of short duration (1/1000 sec) from a Braun
F-650 straight discharge tube coupled to a F-800 electronic flash unit and adapted to a Leitz
microflash optical system to achieve maximum intensity and optimal refraction. The synchronis-
ing contact of the camera for flashbulbs was coupled to the y-axis of the recorder in order to
mark the position on the load-deformation diagram, where photomicrographs were made.

Results

A typical load-strain diagram of a first loading-unloading cycle of a tendon
specimen is shown in Fig. 3a and corresponding photomicrograpbs are shown in
Figs. 4a—d. The specimen was brought to eight per cent strain (tensile deformation
i.e. elongation in per cent of original length). The starting point of the test is
indicated by “a”’ on Fig. 3a and the point where load was first recordable by** b,
The corresponding photomicrographs are Figs. 4a and b. No difference could be

14*
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Fig.3.a The first loading-unloading cycle for a rabbit hind limb tendon specimen to
eight per cent strain. The load is given in newton on the F axis and strain in per cent of original
length on the abscissa. b A load-strain diagram for the same specimen as in (8) after the irre-
versible phenomena had been exhausted at the load level reached in the first cycle. when it is
strained until failure. The loading curve for the first cycle is indicated by a dotted line

found between these two stages of straining, except that some of the waves in the
first picture were deeper. Then, during the mechanical toe part the waves were
straightened out gradually, although the waves in a fiber bundle disappeared
simultaneously in the whole length of the bundle. “¢”’ indicates the point of eight
per cent strain, where the load corresponded to about one third of the maximum
load. This was clearly within the linear part of the load-strain curve. Here all fiber
bundles were straightened out except two minor strands that exhibited waviness.
Such small wavy strands were quite often seen on this stage and were probably

Fig. 4a—k. Photomicrographs of the specimen of Fig. 3. Magnification 32, incidental light
and polarizing system. a—d correspond to the letters in Fig. 3a and e~k to Fig. 3b






210 A, Viidik:

caused by partial ruptures, as they were not present during the later section of the
toe part. However, these are more frequent above the one third maximum load
level and show, if large enough, as vertical dips in the load-strain curve (cf. Viidik,
Sandqvist and Magi, 1965; Viidik and Lewin, 1966). When the deformation was
reversed, the unloading curve was steeper and reached the zero stress level to the
right of the corresponding loading curve. This point is marked with “d’’. The
corresponding photomicrograph is Fig. 4d. This point showed a picture similar to
the “b” picture, although “b” is to the left of “d".

After the first loading-unloading cycle of the specimens to eight per cent strain
the irreversible mechanical phenomena were exhausted at the load level reached
in the first cycle by keeping the specimen at that load with gradually increasing
the deformation until the load value became constant without requiring additional
deformation adjustment. Then after ten minutes resting period at the completely
relaxed state (point “a’ in Fig. 3a) to recover the reversible viscous properties
completely the specimen was deformed at the same constant strain rate until
failure occurred.

This second stress-strain curve for the same specimen as in Fig. 3a is shown in
Fig. 3b, where the position of the loading curve for the first cycle is indicated by a
dotted line. The corresponding photomicrographs are Figs. 4e—k. There was a
clear shift to the right, the curve became steeper and the ““toe part without load”
longer. The specimen could usually be strained 4-5 per cent from the starting point
of the toe part of the first cycle without getting any load reading. The starting
point for the initial curve is indicated by “e” in Fig. 3b and the corresponding
photomicrograph of the second experiment on the specimen is shown in Fig. 4e.
The waves in this position tended to be deeper than “b” but the bundles seemed
to be more parallelly arranged than in “a’’, where no load had been applied at all.
“£” is the point where some load could be recorded in the second experiment
(Fig. 41) and here the picture was similar to “b”. “g” indicates the same load
level as reached at the peak in the first experiment and the photomicrograph in
Fig. 4g is similar to Fig. 4c. At the “h” level, which is just before a major dip
in the curve the same fibers were still straightened out as in “c¢”’, i.e. all except a
few strands, which already had failed. At “i””, which is the maximum load point,
always more fiber bundles had regained a wavy appearance (Fig. 4i). At “k’’ the
load value had dropped considerably and a pronounced part of the fibers displayed
waviness and gliding apart occurred (Fig. 4k). Later on the fiber bundles regained
their appearance as in Fig. 4e, although splitting up and gliding apart were very
evident. In some instances the failure was abrupt at “i”’ level and afterwards only
a few fiber bundles bridged over the gap. This was more pronounced in the speci-
mens that failed in one of the clamp yaws than those that failed in the free space
between the yaws.

Discussion

Here an apparatus is described that enables simultaneous microscopic observa-
tion/recording of a specimen surface and mechanical testing of the specimen. A
polarizing system is used for the ““shadowing” of the surface and for the elimina-
tion of reflexes on it. On the other hand, the birefringence of the collagen fibers
cannot be displayed by this incidental light technique.
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The functional morphology of rabbit hind limb tendons during initial phase
mechanical behavior and its transition into a steady state behavior were also
investigated. It was found that in the loading-unloading cycles of a specimen the
mechanical toe part started laterin the cycles following exhaustion of the initial phase
phenomena than in the first cycle. This was found to be due to a rearrangement
of the fiber bundles to a more parallel orientation during the first cycles. The
wavy formation of the bundles, however, could not be diminished by repeated
mechanical straining cycles and was present even after failure except where the
bundles were splitted up. Failures of minor strands occurred even at rather low
load levels, i.e. below one third maximum load.

It is not yet established where the ““ physiological ” working range of the muscle
tendon ends. These experiments indicate that it should be considerably below the
one third maximum load limit investigated here as partial ruptures, although very
small, occurred already at this level. It is probable that when spraining of ten-
dons oceurs, i.e. morphologically partial ruptures and clinically soreness, the load
is most often brought to somewhere between the one third and two third maximum
load levels. At higher load levels an avulsion of a bony insertion would occur, as the
tendon never is the weakest point in the functional unit of bone, tendon, musecle,
tendon and bone (McMaster, 1933; Viidik, 1969). Furthermore, it was calculated
by Harkness (1968) on the basis of the investigation by Elliott and Crawford
(1965) that the tensile strength of a tendonis about four times the maxi-
mum isometric tension its muscle can create. The relation between the tensile
strength of muscle fibers in contraction and that of its tendon, which is of interest
for e.g. the analysis of the influence of externally applied torque, remains to be
investigated. However, it is probable that the maximum stress in the tendon is
never reached as the injuries encountered in orthopaedic surgery are mostly
tear-off fractures.

It was pointed out by Elliott (1965) that the waviness of tendon fiber bundles
was straightened out at one tenth of the maximum tension its muscle was able to
create. This is well in agreement with the present investigation that the waviness
is straightened out within the toe part, the most of it being within 5 per cent of the
maximum load of the tendon, of. Fig. 3b and the calculations of Harkness (1968).
It can therefore be concluded that the functional activity in the tendon occurs
within the toe part of its stress-strain curve. The early part of it may be at most
times in activity, although no specific information is available on whether there
is a pre-stress in the relaxed system of bone-tendon-muscle-tendon-bone in vivo
or not.
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