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Abstract

Collagen is the major structural fiber found in mammalian tissues. It is a pro-
tein in the form of a triple-helix which is found in several subfamilies, the
most abundant of which is the fiber forming group containing Types I, II and
III. Type I collagen is found in tendons, skin, cornea, bone, lung and vessel
walls. This collagen is thought to give rise to the high tensile strengths of col-
lagen fibers in tissues; in addition, it is actively involved in other physiologic
processes such mechanotransduction. However, the non-linear mechanical
behavior and viscoelasticity of collagen fibers make analysis of the mechanical
properties of tissues complicated. Mechanistically, during mechanical loading,
a tensional increase in the D period is observed with increasing strain that is
associated with: 1) molecular elongation at the triple-helical level of structure;
2) increases in the gap distance between the end of one triple-helix and the
start of the next one in the microfibril; and 3) molecular slippage. In this pa-
per, we discuss the relationship between collagen hierarchical structure and its
non-linear mechanical properties. Using vibrational analysis and optical co-
herence tomography, it is hoped that the mechanical properties of collagenous
tissues can be studied in vivo in order to better understand tissue mechanics
and to be better able to offer early diagnosis and differentiation of different
disease states.
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1. Introduction

Collagen fibers form the basic structural components of the extracellular matrix
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(ECM) of vertebrates that serve to: store elastic energy during muscular defor-
mation, transmit stored energy into joint movement, and transfer excess energy
from the joint back to the attached muscles for dissipation [1]-[8]. They also act
as mechanotransducers by transferring stress borne by the musculoskeleton to
the attached cells in order to regulate tissue metabolism, either up- or down, as a
result of changes in mechanical loading [2]. Finally, they prevent premature
mechanical failure of tissues and limit deformation of most ECMs and organs
[2] [3]. Therefore, collagen fiber structure is intimately related to energy storage,
transmission, dissipation, and premature mechanical failure of tissues. However,
analysis of the basic mechanisms behind this behavior is complicated by the vis-
coelasticity of collagenous tissues and the presence of other components besides
collagen. The viscoelasticity of these tissues leads to non-linear behavior; how-

ever, recent studies have identified methods to analyze this behavior [1]-[8].

2. Collagen Molecular Structure

Collagen is a protein in the form of a triple-helix which is found in several sub-
families the most abundant of which is fiber forming group containing Types I,
IT and III. Types I, II, and III form the basic structural units of collagen fibrils
and fibers along with some minor types of collagen including types V, IX and
XII [9]. Type I collagen is found in tendons, skin, cornea, bone, lung and vessel
walls [10]. This collagen is thought to give rise to the high tensile strengths of
collagen fibers in tissues; in addition, it actively is involved in other physiologic
processes such mechanotransduction [2].

Tendons and skin have been studied extensively in vitro and exhibit non-linear
stress-strain behaviors (see Figure 1) [3] [6] [7] [8] [11] [12]. The non-linear be-
havior is derived from the structural hierarchy of these tissues as well as the do-
main structure of the triple helix (see Figure 2 and Figure 3).

Collagen, when stained with heavy metals, in tissues is recognized by trans-
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Figure 1. Typical stress-strain curve for decellularized human dermis tested in uniaxial
tension. The dermis is loaded in tension in strain increments and the force at each strain
is recorded before another strain increment is added. The loading curve is above the un-
loading curve and the sample returns to zero stress and zero strain after a recovery period
of about 30 minutes. Non-linearity is a result of several factors including fiber orienta-
tion, loading of other components at low strains (elastic fibers) and viscoelasticity.
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Figure 2. The top portion of this figure illustrates the structure of a five membered mi-
crofibrillar unit that is believed to be the repeat unit found in collagen fibrils and fibers
that appear as a quasi-hexagonal unit by x-ray diffraction of tendon. In this packing pat-
tern five collagen molecules are staggered by about 22% of the molecular length of 300
nm with respect to their nearest neighbors. A space or hole 0.6 D in length (D is about
64-67 nm) is left between neighboring molecules. The collagen molecule is 4.4 D long
where D is the stagger between neighboring collagen molecules. The distance D consists
of a overlap zone of 0.4 D and a hole region of 0.6 D as is shown by the vertical dotted
lines that are superimposed on the microfibril in the diagram. The overlap and hole re-
gions that make up the D repeat consist of 13 rigid and 12 flexible domains in the ex-
panded view and are depicted by the rectangles and springs shown, respectively. The 12
flexible regions are identical to the 12 bands denoted ¢2 through c3 (see Figure 3(d) and
Figure 3(e)) that are seen as dark vertical lines across the collagen fibril when collagen is
stained with heavy metals and viewed in the electron microscope. The twelve flexible re-
gions are believed to be stretched when collagen fibrils are initially mechanically de-
formed reflecting experimental increases in the h spacing that are observed by x-ray dif-
fraction. Further loading causes increases in the D period and molecular and fibrillar
slippage. Collagen molecules in tendon are held together in the microfibril with crosslinks
that occur at the tail of one molecule (see circle) to the head of a lateral neighboring mo-
lecule (see arrowhead). These crosslinks are staggered by a distance of 4 D. This Figure
was adapted from Silver ef al, 2003 [5].

mission microscopy by its regular repeat of the charged amino acid residues. In
the quarter-staggered packing pattern, the amino acid sequence of five molecules
in cross-section is repeated about every 64 nm, a distance termed the D period
(Figure 2 and Figure 3). The D period varies from about 64 to 67 nm depending
on the tissue of origin. In tendon, the D period is about 64 nm and in skin, it is
about 67 nm. At the light microscopic level, collagen fibers in tendon are distin-
guished from other tissue proteins by the cross striated pattern derived from the
crimp (see Figure 3(k)) when viewed under polarized light; however, the fibers
in skin, bone and cornea are not crimped but are birefringent (see Figure 3(i),
Figure 3(j)).

For instance in tendon, collagen fibril diameters are between 20 and 280 nm
and collagen fibers are between 1 and 300 pm wide [4]. Groups of fibril bundles
form fascicles that in turn make up the cross-section of a tendon bundle (Figure

4). These structural elements acting in concert giving rise to the mechanical
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Figure 3. Structural hierarchy of collagen in ECMs. Collagen molecules are semi-flexible
rods (bends in (a) (b), that form cross-striated fibrils in tissues with repeat periods be-
tween 64 and 67 nm (c)-(e) or filamentous structures (f). Collagen fibrils are formed in
deep recesses of the cell membrane (g) (h) and under polarized light appear as planar bi-
axial structures in dermis) (i), orthogonal structures in bone (see arrows for collagen mo-
lecular directions) in (j) and crimped planar waveforms in tendon (k). This figure was
modified from Birk et al, 1991 [20]. The non-linear viscoelastic behavior of collagen fi-
bers is due to geometrical orientation of the collagen fibers and the presence of other
components.

properties of tendon. Collagen microfibrils appear to be held together by an in-
terfibrillar matrix containing proteoglycans [13]. Upon deformation and remov-

al of the crimp, the stress-strain curve of tendon slopes upward [14].

3. Collagen Crosslinking

In fibril forming collagens, the ability to store, transmit and dissipate energy re-

quires crosslink formation between molecules within a microfibril and between
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Figure 4. Structural hierarchy in rat tail tendon. (a) This diagram illustrates the relation-
ship between collagen molecules, fibrils, fibers, fascicles, and tendon units. Although the
diagram does not show fibril subunits, collagen fibrils appear to be self-assembled from
intermediates integrated within the fibril termed microfibrils; (b) Scanning electron mi-
crograph of a rat-tail tendon fiber showing the fascicles (see asterisks) that make up the
tendon unit. In human tendons there are many collagen fascicles that make up a tendon
bundle. Figure adapted from Silver et al, 2003 [5].

microfibrils and other structural units. These crosslinks include lysine and hy-
droxylysine derivatives and other amino acid residues including histidine that
are at the ends of the molecules (see Figure 2) [4]. Additional crosslinking also
occurs during aging and involves glucose molecules [9]. The stiffening and poor
energy dissipation of collagen fibers associated with aging of the skin involves
collagen fiber fragmentation by exposure to UV light and glucose derived cros-
slinking. This leads to loss of the ability of ECMs to transmit and dissipate ener-
gy and is associated with loss of auxiliary pumping efficiency of the elastic arte-

ries during pulsatile blood flow in the cardiovascular system [15].

4. Viscoelastic Behavior of Collagen Fibers

Collagen fibers are viscoelastic and exhibit non-linear mechanical behavior in

tissues such as human dermis (see Figure 1). Since the stress-strain curve is non-
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linear, the modulus is traditionally calculated from the tangent to the stress-
strain curve at a particular strain. Since stress-strain curves for tissues typically
curve upward, ie., strain harden, this makes analysis of the modulus, strain and
strain-rate dependent. Viscoelasticity may be important in resisting impact loads
especially in the musculoskeleton; however, it complicates the understanding of
ECM behavior since most real-time measurements made on these tissues con-
tain both elastic and viscous contributions [3]. The elastic behavior varies from
as high as about 75% of the total stress for tendon to as low as about 50% for
skin depending on the collagen fiber orientation, rate of loading and the quantity
of other tissue constituents [3].

A number of excellent studies have been published that have helped in the in-
terpretation of the stress-strain behavior of tendon at the molecular and fibrillar
levels. Much of our current understanding of the relationship between hierar-
chical structure and viscoelastic behavior of ECMs is based on studies of the
mechanical properties of developing and mature tendons [16] [17] [18] [19].
The properties of developing tendon rapidly change just prior to the onset of
locomotion. The maximum total stress that can be borne by a 14 day old em-
bryonic chick leg extensor tendon is about 2 MPa and increases to 60 MPa two
days after birth [18] [19]. This rapid increase in tensile stress by tendon occurs
without large changes in its hierarchical structure [18] [19]. In this case, the col-
lagen fibril length appears to be more important for energy storage and for in-
creased ultimate tensile strength than fibril diameter; but the two parameters are
linked together since fibrils have been shown to grow in length by lateral fusion
of fibril bundles [5] [16] [19] [20] (see Figure 3(h)).

Mechanistically, during mechanical loading, a tensional increase in the D pe-
riod is observed with increasing strain that is associated with: 1) molecular
elongation at the triple-helical level of structure in the flexible spring-like re-
gions (see Figure 2); 2) increases in the gap distance between the end of one
triple-helix and the start of the next one in the microfibril; and 3) molecular
slippage [21]. Molecular stretching occurs at lower stresses followed by increases
in the gap spacing and molecular sliding that occur at higher stresses [22]. It is
believed that molecular stretching occurs first in the regions devoid of proline
and hydroxyproline as diagrammatically represented by the springs in Figure 2.
These springs represent the charged regions of the sub-bands in the D period
that are shown in transmission electron micrographs of collagen fibrils in tissues
(compare Figure 2, Figure 3(d), Figure 3(e) and Figure 3(g)).

The time-dependent behavior of tendon makes it difficult to interpret stress-
strain relationships for these tissues. However using incremental stress-strain
curves, the elastic and viscous behaviors can be separated and analyzed in terms
of tissue structure [3]. The viscoelastic properties of ECMs have been obtained
by constructing incremental stress-strain curves for a variety of tissues including
tendon [2] [3] (see Figure 5). Such incremental stress-strain curves are derived
for tendon and other ECMs by stretching the tissue in a series of strain incre-

ments and then allowing the stress to relax to an equilibrium value at each strain
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Figure 5. Incremental stress-strain curves for ECMs tested in tension. (a) A strain incre-
ment is applied to the ECM and the initial stress is measured. The strain increment varies
from about 2% for tendon to about 10% for skin. The stress is allowed to relax at room
temperature until an equilibrium value is reached. The process is repeated until the sam-
ple fails; (b) Plots of all the initial (total) and equilibrium stresses are made versus strain
as well as plot of the total stress minus the equilibrium stress versus strain. The equili-
brium stress versus strain curve is equivalent to the elastic stress-strain curve while the
difference between the total and equilibrium stress is the viscous stress. This figure was
adapted from Silver, 2006 [2].

increment before another strain increment is added (Figure 5(a)) [3]. By sub-
tracting the elastic stress (equilibrium stress value) from the initial or total stress
value, the viscous stress is obtained. By plotting the equilibrium stress versus
strain and the total stress minus the equilibrium stress versus strain (Figure
5(b)) we get elastic and viscous stress-strain curves for tendon [2] (Figure 6).
From these curves and the literature, important information can be obtained
concerning the mechanism of stretching and sliding of the collagen molecules
and fibrils that make up the structure of tendon fibers [2]. Note in the absence of
the crimp the relationship between elastic stress and strain is approximately li-
near (see Figure 6). It turns out that the slope of the elastic stress-strain curve is
proportional to the elastic modulus of the collagen molecule [2] [5], while the
viscous stress at a particular strain is a measure of the fibril length [2] [5]. An es-
timate of the elastic modulus of the collagen molecule is obtained by dividing the
slope of the elastic stress-strain curve by the collagen content and by the ratio of

the molecular strain (change in h spacing-axial rise per amino acid residue along
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Figure 6. Total, elastic and viscous stress-strain curves for rat-tail tendon fibers obtained
from incremental stress-strain testing in uniaxial tension. This figure shows that the elas-
tic stress-strain curve (squares) is approximately linear with strain and is above the visc-
ous curve (triangles). This diagram illustrates that more energy is stored during tensile
deformation of tendon than is dissipated during stretching. Prior to crosslinking the
viscous stress-strain curve is above the elastic curve indicating that energy storage in col-
lagenous tissues requires adequate crosslinking between the collagen molecules in the
quarter staggered packing pattern shown in Figure 2. This Figure was adapted from Silver
etal, 2003 [5].

the molecule backbone) divided by the macroscopic strain (0.1 for tendon) [2].
Using this approach a value of between 7 and 8 GPa for the elastic modulus of
the collagen molecule is found for rat tail tendon collagen fibers [2]. Elastic
moduli (Table 1) for tendon, skin and cartilage have been shown to be strain
rate independent in tension [2]. Collagen fibril lengths calculated from the visc-
ous stress and hydrodynamic theory [2] range from about 20 um for developing

tendon to in excess of 1 mm for adult tendons (see Table 1) [2].

5. Non-Destructive Methods for Studying Mechanical
Behavior of Collagen Fibers and Tissues

The ability to monitor the mechanical properties of collagen fibers and ECMs in
vivo is an important measurement needed for early diagnosis of disease and the
ability to follow disease progression. Physicians daily “palpate” changes in the
properties of tissues associated with tumors and calcification suggesting that
there are major changes in the structure and properties of collagen and ECMs
during disease processes. It is essential that clinicians be able to assess the
changes at the collagen fibril and fiber levels of structure to accurately diagnose
and treat diseases such as cancer. Several new mechanical methods have been
developed to try to discern these changes early in the disease process. It is essen-
tial that these methods be validated so that the properties measured have some
meaning.

There are several new methods that have been evaluated in the literature to
study the mechanical properties of tissues in vivo such as magnetic resonance
elastography (MRE), ultrasound elastography (UE), optical coherence tomogra-
phy (OCT), ocular response analysis (ORA), optical coherence elastography
(OCE), and OCT with vibrational analysis [23]. Classical methods such as con-
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Table 1. Estimated elastic moduli for collagen based on elastic stress measurements for
various ECMs [2].

Molecule Tissue Elastic Modulus (GPa)
Self-assembled 6.51
Rat tail tendon 7.69
Typel

4.2 (no mineral)

Turkey tendon
7.22 (mineral 0.245)

Types I and III Skin 4.4

7 (surface parallel)
2.21 (surface perpendicular)
Articular cartilage
Type II 4.91 (whole parallel)
1.52 (whole perpendicular)
Osteoarthritic cartilage 0.092 (whole perpendicular)
Skin 0.04

Elastic Fibers
Vessel wall 0.01

stant rate-of-strain deformation as well as incremental stress-strain analysis are
useful but prove to be too destructive to tissue and therefore have limited value
for measuring tissue properties in vivo. Vibrational analysis in combination with
optical coherence tomography has been used to measure the mechanical proper-
ties of collagenous tissues. Results compare favorably with the results of incre-

mental stress-strain curves measured in tension in the classical manner [6] [7].

6. Vibrational Analysis and Ocular Coherence Tomography
(0CT)

We have used vibrational analysis in combination with optical coherence tomo-
graphy to study the mechanical properties of decellularized human dermis and
Silicone rubber models [6] [7] (see Figure 7). Using this technique the vibra-
tional modulus of a material and the tensile modulus can be measured at the
same time. In the experiment, an acoustic vibration is applied to the sample un-
der tension and the resonant frequency is obtained by measuring the displace-
ment as a function of frequency. The resonant frequency is found by determin-
ing the frequency at which the maximum displacement occurs. The resonant
frequency squared is related to the modulus as described previously [6] [7]. This
method has been shown to give moduli values that correlate with tensile moduli
as shown in Figure 8 [7]. Vibrational analysis of tissues is particularly useful
since the modulus can be calculated at a single strain as opposed to being deter-
mined from the tangent to the stress-strain curve, which requires measurements

at several points.

7. Conclusions

Collagen fibers are the structural elements found in vertebrate tissues that
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Figure 7. Vibrational analysis of decellularized dermis. Determination of the resonant
frequency from measurement of the maximum displacement of a sample vibrated be-
tween 0 and 700 Hz. Note the maximum displacement is measured and converted into a
vibrational modulus using the calibration curve shown in Figure 8. The modulus calcu-
lated from vibrational studies was calculated from the resonant frequency as described by
Shah et al,, 2016 and 2017 [7] [8].
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Figure 8. Calibration curve of the modulus determined from vibrational studies (ob-
tained from measuring the frequency at which the maximum displacement occurs) versus
the tensile modulus determined from force versus extension curves for decellularized
dermis and silicone rubber. The tensile modulus was measured from the slope of incre-
mental stress-strain curves and the modulus from vibrational studies was obtained from
the resonant frequency as described by Shah et al, 2016 and 2017 [7] [8].

transmit forces, store and dissipate energy. Collagen fibers limit the deformation
of tendon and other load bearing tissues and have a hierarchical structure that
includes collagen molecules, microfibrils, fibrils, fibers and fascicles. Collagen
molecules are packed into a quarter-stagger packing pattern with neighboring
molecules staggered by multiples of D, which is about 22% of the molecular
length. During mechanical deformation collagen molecules are stretched as well
as the gap region of the D period. The elastic modulus of collagen molecules can
be calculated from the slope of the tensile stress-strain curve after correction for
the collagen content and change in axial rise per amino acid residue that occurs
during tensile deformation. In tissues such as tendon, the low modulus region
occurs due to unfolding of the crimped collagen fibers. The elastic modulus val-

ues calculated from measurements made on several ECMs range from about 2 to
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8 GPa. The differences in the values measured reflect differences in collagen
concentration, orientation and the presence of other materials. The low modulus
region involves geometric alignment of collagen fibers with the tensile axis as
well as stretching of other components in series with the collagen fibers. At larg-
er strains, molecules and fibrils slide by each other which lead to energy losses
and viscous effects.

Using vibrational analysis in concert with OCT the modulus of ECMs con-
taining collagen fibers can be measured by determination of the resonant fre-
quency. Measured resonant frequencies for decellularized dermis and Silicone
rubber when converted into moduli correlate well with the tensile moduli meas-
ured for the same samples. Ultimately, it is hoped to measure the vibrational
moduli of tissues and implants 7in vivo to better understand collagen fiber beha-

vior in health and disease.
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