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ABSTRACT Collagen is the most abundant structural protein in vertebrates. The specific shape of its stress-strain curve is
crucial for the function of a number of organs. Although the macroscopic mechanical behavior of collagen is well known, there
is still no explanation of the elastic process at the supramolecular level. We have performed in situ synchrotron x-ray
scattering experiments, which show that the amount of lateral molecular order increases upon stretching of collagen fibers.
In strain cycling experiments the relation between strain and diffuse equatorial scattering was found to be linear in the "heel"
region of the stress-strain curve. A new molecular model for collagen elasticity is proposed, which, based on the existence
of thermally activated molecular kinks, reproduces this linearity and gives a simple explanation for the form of the stress-strain
curve of collagen.

INTRODUCTION

Collagen type I is the most abundant structural protein in
vertebrates, and its mechanical properties are essential for
the function of a number of organs, like tendons or arteries.
Many of these properties are due to the shape of the stress-
strain curve of collagen, which is characterized by a region
of relatively low elastic modulus at small strains ("toe
region") followed by an upward bend of the curve ("heel
region") and, finally, a linear region with high elastic mod-
ulus at large strains (Vincent, 1990; Silver et al., 1992).
Despite its importance to the mechanical function of colla-
gen, there is still a lack of understanding of the correlation
between the specific shape of the stress-strain curve and the
deformations of collagen at the molecular level.
The toe region of the stress-strain curve had been linked

to a macroscopic crimp with a period of about 100 ,um
(Silver et al., 1992; Abrahams, 1967) or shorter (Dale and
Baer, 1974), found systematically in unstretched collagen
fibers by polarized light microscopy. In tendons this crimp
disappears upon stretching at extensions of (typically) 4%
(Silver et al., 1992; Abrahams, 1967), a value that may
depend on the age of the animal (Diamant et al., 1972). At
larger strains, x-ray diffraction measurements (Mosler et al.,
1985; Folkhard et al., 1986) of the axial molecular packing
(Hodge and Petruska, 1963) were interpreted as a side-by-
side gliding of the molecules, accompanied by a stretching
of the cross-linked telopeptide terminals and a stretching of
the triple helices themselves (Mosler et al., 1985). A further
complication may also arise from the fact that the molecules
are not arranged parallel to the fibril direction, but rather
with a tilt of about 5° (Fraser et al., 1983), so that stretching
could also be related to a straightening out of the molecule
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direction. Because such mechanisms must involve large
tensile forces, they are likely to play an important role at
large strains, in the linear regime of the stress-strain curve.
Moreover, none of them gives a satisfactory explanation for
the heel region at intermediate strains.
Even though the axial packing of collagen fibrils is

known to be highly regular (Hodge and Petruska, 1963),
there is a large amount of disorder in the structure, mostly
in the lateral packing of the molecules (Brodsky et al.,
1982). At least for rat tail tendon (RTT), x-ray scattering
reveals crystalline regions in the fibrils (Miller and Wray,
1971; Katz and Li, 1973), but also indicates the existence of
regions with an almost liquid arrangement of the molecules
(Woodhead-Galloway and Young, 1978; Hulmes et al.,
1995). They probably correspond to the gap regions of the
fibrils, where the molecular density is reduced by 20% with
respect to the overlap regions (Fraser et al., 1983). There is
also a considerable flexibility of the molecules in the gap
regions both azimuthally and laterally, as demonstrated by
NMR (Jelinski et al., 1980) as well as x-ray diffraction
(Fraser and Trus, 1986). Consequently, it would be natural
to expect that tensile stress could affect the lateral mobility
of the molecules and, hence, the amount of order in the
liquid-like structure. Conversely, a change in disorder (and,
therefore, entropy) would exert a force contributing to elas-
ticity, a well-known property, e.g., in the case of rubbers
(Ullman, 1993; Flory, 1953). To investigate this possibility,
we have undertaken a synchrotron x-ray scattering study of
the changes in lateral order upon axial stretching of collagen.

MATERIALS AND METHODS

Sample preparation
Fibers (diameter 100-200 ,um) were dissected from 8-week-old rattail
tendons and immediately stored in physiological phosphate-buffered saline
(PBS) solution at 4°C. Some tendons were tested just after dissection,
others after storage in PBS for 2-3 days. No differences in the equatorial
scattering or in the stress/strain data could be observed between samples
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that were examined immediately after dissection and the others, which
were stored in PBS for some days. To investigate collagen fibers under
controlled strain and stress conditions, a special apparatus was built for in
situ synchrotron x-ray scattering experiments. Fig. 1 shows a schematic
diagram of the apparatus. The fibers were clamped vertically between two
grips, which could be moved by a DC micrometer drive. For measuring the
tensile force, a small load cell was directly mounted on one grip, and the
strain was recorded by means of a transducer that was connected to the
grips. Both the signal of the load cell and that of the transducer were
recorded by a computer. The minimum detectable load was about 0.2 g. To
keep the rattail tendon collagen in native condition, the whole stretching
device was enclosed in a container with PBS solution.

X-ray measurements
The x-ray scattering experiments were performed using a beamline of the
EMBL Outstation, Hamburg, at DESY (Deutsches Electron Synchrotron).
In each case, the apparatus was mounted on an optical bench in such a way
that the axial direction of the collagen fibers was perpendicular to the
incoming x-ray beam. The windows for the x-ray beam consisted of 70-,um
Mylar foils. During the x-ray experiments the solution level was lowered
just below the x-ray beam, in such a way that part of the specimen stayed
immersed in the physiological solution. The fibers were stretched to the
point where the first force was detected. The length of the fibers at this
point was assumed to be the initial unstretched length (typically about 12.3
mm). A fast-readout linear position-sensitive detector (Rapp et al., 1995)
positioned at a distance 28 cm from the specimen was used to record the
diffuse equatorial scattering I(s) from s = 0.22 nm- to 1.18 nm -', where
s = 2/A sin 6 (A = 1.5 A), where 20 is the scattering angle. The height of
the entrance window of the detector was 8 mm, making it possible to
integrate over the entire equatorial scattering at the distance of 28 cm. The
strain rate for each experiment was about 0.007%/s. Before the cycles, a 2D
diffraction pattern of the unstretched specimen was collected on an image
plate and analyzed with the in-house software SCACO.

RESULTS

In a series of experiments the strain of unstretched collagen
fibers was first raised to a given value (typically 5%) and
then lowered again. A second cycle then did not start at
strain = 0, but at the point where further extension of
collagen led to a measurable stress. In this way, the succes-
sion of several such cycles led to a typical total strain of
8-10%. From this point on, the stress-strain relation had

only a very small hysteresis, and the collagen behaved
elastically, with a stress-strain curve still bent upward. Fur-
ther cycles were performed in this stage within the heel
region of the stress-strain curve. Fig. 2 shows the corre-
sponding variation of the equatorial diffuse x-ray scattering
intensity I(s) as a function of time, together with the vari-
ation of the strain. The duration of one cycle was typically
16 min, during which 20 x-ray patterns were taken. Fig. 2
shows seven cycles, and a reversible intensity increase with
increasing strain is clearly observable. The maximum of the
diffuse peak was observed at s = 0.72 nm-1, which corre-
sponds to a typical distance of the collagen molecules of
about 1.38 nm. No shift in the peak maximum of the
equatorial scattering was observed, which would be ex-
pected if testing would induce dehydration of the specimen
(Fratzl et al., 1993). This means that the molecular order
increased under tension, but that the average molecular
spacing remained unchanged.

Three quantities were determined during the experiment
and are shown as a function of time on the left of Fig. 3. Fig.
3 A gives the strain, Fig. 3 B the tension, and Fig. 3 D the
maximum equatorial scattering intensity. As visible in Fig.
3 A, the strain was increased and decreased linearly in time
(with a strain rate of 7 X 10-5 s-1) in several cycles. The
first data point of each cycle corresponds to the moment at
which the first measurable stress occurred in the specimen
when the tendon was stretched. The cycles can also be seen
in Fig. 3 B, where the tension is plotted. The tension also
increased and decreased in each cycle, however, in a fashion
totally different from the strain. First, there was no system-
atic (irreversible) increase from cycle to cycle as in Fig. 3 A,
and then the tension "pulses" were much shorter than the
strain "pulses." It is also worth noting that starting from
cycle 4, both stress and strain data were reversible (there
was no more systematic increase of the strain from one
cycle to the next). Moreover, the maximum stress was about
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FIGURE 1 Schematic diagram of the experimental apparatus for the
x-ray measurements.

FIGURE 2 Variation of the equatorial diffuse x-ray scattering intensity
I(s) as a function of time, together with the variation of strain e. The
duration of one cycle was 16 min. Seven strain cycles with the same sample
are plotted between 10% and 13%. At the same time the equatorial
scattering was detected and is also shown on this diagram between s = 0.22
nm- I and 1.18 nm- 1, where s = 2/A sin 0, (A = 1.5 A). The exposed time
for one spectrum was 50 s.

Misof 1 377



Volume 72 March 1997

- 10

Cf 5

n

0

0.6

z- 0.4
c
0
) 0.2c

U)
4-0

0.0

cn 0.3

-

.-
0.2

CD
a)
C1-

0 2 4
time (103 s)

6 0 5 10
strain (%)

FIGURE 3 On the left side strain, stress and intensity I(s) at s = 0.72
nm- ' are plotted versus time in A, B, and D, respectively, and on the right
side versus strain in C and E, obtained from seven successive stress-strain
cycles up to E = 13%. Data points obtained with increasing strain are
shown by open symbols, with decreasing strain by closed symbols. (A) The
strain was increased and decreased linearly in time in each cycle. The first
data point of each cycle corresponds to the moment where the first
measurable stress occurred in the specimen when the fiber was stretched.
(B) It is evident that the tension falls to zero much faster than the strain in
the second half of each cycle. (C) It is visible that the data points from
cycles 4 to 7 superimpose on that graph. The data points obtained with
decreasing strain (e) are always on the lower curve, showing that the stress

relaxes much faster than the strain when tension on the fiber is released.
(D) The maximum x-ray scattering intensity shows a general behavior that
closely resembles that of the strain. (E) All data points lie on one contin-
uous curve. The dotted lines mark the region over which the relation
between strain and x-ray intensity is linear.

the same for cycles 4, 6, and 7, in which the maximum strain
was the same. A lower maximum strain (as in cycle 5) led
to a smaller maximum stress.
To get a better visualization of the relation between these

two quantities, we have plotted tension versus strain in Fig.
3 C. It is apparent that the data from cycles 4 to 7 super-
impose on that graph, showing the reversibility of the stress-
strain curve under these conditions. Moreover, all data
points obtained with increasing strain (open symbols) form
a continuous curve, even though they were obtained in
successive cycles, e.g., the first cycle up to a strain of 5%,
the second between 5% and 7.5%, etc. (Fig. 3 A). However,

the data points obtained with decreasing strain (closed sym-
bols) are always on the lower curve, showing that the stress
relaxed much faster than the strain when the tension on the
specimen was released.
A third quantity, the maximum x-ray scattering intensity,

is shown in Fig. 3 D as a function of time. Again, the seven
cycles are clearly visible. However, in contrast to the stress
(Fig. 3 B), the intensity (Fig. 3 D) showed an irreversible
increase between the cycles and a general behavior that
closely resembles that of the strain. To highlight this point,
we have finally plotted the intensity versus strain in Fig. 3
E. The most surprising result is that all of the different strain
cycles lie on the same curve, which is linear in the region of
4-12% strain. There are no differences even between data
points obtained with increasing (open symbols) or decreas-
ing (closed symbols) strain.
To get an idea of the nature of the molecular ordering

corresponding to the increase in total x-ray scattering inten-
sity (Fig. 3 D), we have also analyzed the change in the
shape of the diffuse scattering maximum. An example of
this is shown in Fig. 4 for two very different strain values.
First, there is no visible shift of the diffuse maximum. This
shows that the average position of the molecules in the
lateral packing of the fibrils stayed roughly the same. Hence
the disorder must correspond to a random deviation of the
molecules from their average positions. If the increase in
order was due to a closer packing of the molecules, there
would be a shift of the maximum, as would occur, e.g., upon
drying (Fratzl et al., 1993). A ratio of the intensities in Fig.
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FIGURE 4 The equatorial scattering I(s) plotted on a logarithmic scale
for two typical strains, 8% and 13%, versus S2. In the lower part of the
diagram, the difference between the two curves (corresponding to the
logarithm of the ratio Q of the intensity at 8% and 13%) is plotted versus

52. The straight line corresponds to a fit of the ratio Q with exp( - S2).
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4 shows further that the intensity change can be fully
accounted for by a Debye-Waller factor (Azairoff, 1968):

I(s) = IO(s) exp(- As2), (1)

where A is the only parameter that varies in a given strain
cycling experiment.

DISCUSSION

Three observations clearly emerged from the experiment:
1. When tension is released, the stress disappears imme-

diately, but the strain takes a much longer time to relax
(hysteresis in Fig. 3 C). This indicates that a very slow (and,
therefore, probably thermally activated) process contributes
to the shortening of the tendon.

2. The equatorial x-ray scattering intensity, which is a
measure of the lateral ordering of the molecules in the
collagen fibrils, is a direct function of the tensile strain on
the tendon (Fig. 3 D). The actual state of stress has no
influence on the lateral order, as long as the strain is the
same. Hence there must be a direct connection between the
length of the tendon and the lateral order of the molecules.
It is therefore very likely that the process mentioned in 1 is
related to lateral ordering of the molecules.

3. All changes in the x-ray scattering curves can be
accounted for by changes in the Debye-Waller factor, which
measures the amount of random deviations of the molecules
from their fixed average positions.

These three facts clearly point to a mechanism for colla-
gen elasticity in which random deviations of the molecules
from their average positions lead to a shortening of the
fibrils. When tension is applied to the tendon, a part of the
elongation should then be due to the removal of this disor-
der, which implies an entropic origin for the elastic forces.
In the following, we propose a very simple model that is
able to account for all of our observations.

A new molecular model

£12

£-#(1-6)

£12

u2= (£212) 6

FIGURE 5 Schematic model for a microkink of length ( in the collagen
molecule. u is the lateral excursion of the molecule within the equatorial
plane, and se is the corresponding reduction in length of the molecule.

and, hence, the entropy of the fibril. Therefore, assuming
that, for a given type of kink, f is fixed but u is random (u
being a planar vector), the energy E (proportional to u2) has
the same form as a harmonic oscillator with two degrees of
freedom. Therefore, the average energy (E) at the temper-
ature T will be (E) = kT (where k is the Boltzmann con-
stant). Consequently,

(E) = kT = ff(8) = (2f/£)(u2). (2)
These very simple equations may now be used to derive a
stress-strain relationship for the collagen fibril. Assuming
that with no external stress the average value (8) is equal to
50, a strain E would correspond to

e = vC/D (8o- (8)),
A simple assumption leading to a random deviation of the
molecules from their average position would be the exis-
tence of microkinks in the molecules, which have already
been proposed to explain the absence of certain reflections
in the diffraction pattern from collagen (Fraser et al., 1987).
Indeed, if there is no external stress on the molecules,
certain molecular segments of length t (probably located in
the hole zone) with a particular sequence of amino acids
(Fraser and Trus, 1986) may be sufficiently mobile to form
microkinks, as shown schematically in Fig. 5. This would
lead to a reduction &f in the length of the molecule, where
6 is related to the lateral excursion u within the equatorial
plane by the formula given in Fig. 5. When a tensile force
f acts on the molecule (see Fig. 5), the work required to
remove the kink is E = J2if = 2fU2/f. The formation of
kinks with the vector u pointing into a random direction
within the equatorial plane will increase the lateral disorder

(3)

where we have called D the length of the axial collagen
period after removal of all kinks and v the total number of
kinks of a molecule per D-period. With the tensile force
being given by Eq. 2, it follows for the external stress a- that
must be applied to achieve a strain E that

af = p (kT/C(S)-kT/(0o) (4)

where p is the number of molecules per unit surface in the
equatorial plane. Finally, inserting Eq. 3 into Eq. 4, one gets

a= K(1 -EEo), (5)
with

and

K = pkTv/(eoD).

Misof 1 379

Eo= VE501D



Volume 72 March 1997

Hence when E is small compared to c0, the prediction is a
linear elastic behavior with the elastic modulus K. When E
approaches E0 (that is, when almost all of the kinks are
removed), the tension o- required to get a further extension
by removal of the remaining kinks diverges, which means
that other mechanisms must become dominant for the elas-
tic behavior. The stress-strain curve corresponding to Eq. 5
is bent upward and is, in fact, an excellent description of the
one for collagen in the heel region (between the two dotted
vertical lines in Fig. 3 C). When oa predicted by Eq. 5
becomes too large, it is very likely that other mechanisms of
collagen elasticity, like a direct stretching or a side-by-side
gliding (Mosler et al., 1985; Folkhard et al., 1986) of the
molecules, come into play and lead to a linear stress-strain
relation instead of the divergence predicted by Eq. 5.

It is important to note that the linear relation between the
strain of the collagen fiber and the amount of lateral mo-
lecular disorder, as measured by the diffuse x-ray scattering
intensity (Fig. 2 E), also follows directly from Eq. 2. De-
scribing the effect of lateral disorder on the x-ray scattering
intensity I(s) by a Debye-Waller factor (Azaroff, 1968), as
motivated by Fig. 4 and Eq. 1, one gets

I(s) = IO(s) exp(-41 n9s2(Y2)) A - B(U2) = A' + BE,
(6)

where the constants are A = IO(s), B = 4A ,?s2, B' =

B(DI(2v), and A' = A - B'Eo. In agreement with the
experimental observation, a linear relation is predicted by
Eq. 6 between the intensity at a given s and the measured
strain E. This corresponds to the portion of Fig. 3 E between
the two dotted vertical lines.

Quantitative comparison to the experiment

Although there is an excellent qualitative agreement be-
tween model and experiment, a quantitative comparison is
difficult because the model is probably oversimplified and
because not all parameters are known with the required
accuracy. To estimate at least the orders of magnitude, we
have converted the tension-strain diagram for a typical fibril
by taking a circular cross section of 200 ,um (Fig. 6). This
value was determined by measurements made with a light
microscope at various positions along the fibril and is af-
fected by rather large errors. Consequently, the absolute
scale on the ordinate in Fig. 6 can only be regarded as an
order of magnitude.
A further difficulty for a quantitative comparison lies in

the fact that a macroscopic crimp (Fig. 1) is removed before
the mechanism described in this paper becomes operational.
To account for this fact, we have fitted the stress-strain
curve in the heel region (full symbols in Fig. 6) by using Eq.
5, where the strain E was replaced by E -EM, where EM iS
the strain due to removal of the macroscopic crimp. The
result of the fit was

EM2%, Eoll% and K'=19MPa.
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FIGURE 6 The stress is plotted versus strain for a typical rattail tendon
of diameter -200 ,um. The stress is calculated assuming a circular cross
section of the fibers with a 0.2-mm diameter. The solid line is a fit with Eq.
5 through the closed symbols. The dashed line at low strain marks the
region where the macroscopic crimp is removed. At strain over about E0,
Eq. 5 diverges and other mechanisms for collagen elasticity become
dominant.

Hence the elastic modulus K is considerably larger than
values for natural rubber, which are on the order of 1 MPa
(Ullman, 1993; Flory, 1953). To get an estimate for K from
our model, one can use the fact that Ke. = pkTv/D from Eq.
5. Using T = 27°C, p = 4.89 X 10i7 m-2 (Hulmes et al.,
1995), and D 68 nm, one obtains pkT/D 3 X 104 Pa.
Because from the experiment K-20 2 X 105 Pa, there
would be quantitative agreement if v 7, which means that
there should be about seven kinks per D-period for each
molecule in the fibril. Even though this value should not be
taken too seriously because of the large uncertainties in all
of the estimates, the order of magnitude is quite reasonable.

CONCLUSION

The equatorial x-ray scattering from rattail tendon collagen
has been analyzed as a function of strain and stress. The
experiments reveal a linear relation between the strain and
the integral intensity of the equatorial scattering, which can
be explained by a lateral ordering process in the fibrils. The
experimental results led to the development of a new mo-
lecular model based on the existence of thermally activated
kinks in the collagen molecules, which are stretched out
when tension is applied to the tendon collagen. Conse-
quently, the existence of thermally activated kinks in the
collagen molecules can explain not only the strict linearity
between the strain and the diffuse equatorial intensity (Fig.
3 E), but also the shape of the stress-strain curve in the heel
region (Fig. 3 C) found in the present experiment. Hence we
are confident that microkinks are, indeed, the origin of the
entropic elasticity of collagen fibers. Finally, it may be
noted that the theoretical stress-strain relation (Eq. 5) also
predicts a clear temperature dependence of the elasticity
(via the constant K), which may be exploited in future
experiments.
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