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A B S T R A C T

In this study, we developed a micromechanical model for the growth and remodeling of a soft tissue based on the
concurrent action of collagen deposition and degradation. We assumed in the model that collagen degradation
causes a reduction in the fiber radius, while collagen deposition can increase both the radius and length of the
collagen fibers growing under load. The latter arises from the assumption that collagen is deposited in an un-
stressed state, which increases the reference length of a fiber growing under mechanical load. The rate of col-
lagen deposition and degradation can be stimulated and inhibited, respectively, by the fiber axial strain energy
density. From these assumptions, we derived kinetic relationships for the fiber radial and axial growth stretch,
and constitutive relations for the stress response and growth and remodeling of the tissues. We applied the model
to study the growth of collagen fibers under a static and cyclic force. Cyclic force loading can drive the continual
axial growth of collagen fiber, while the axial growth under a constant force eventually halts when an equili-
brium state is reached. We then applied the model to investigate the development of stress and strain home-
ostasis of a spherical collagenous tissue membrane in response to a perturbation in the internal pressure. The
model showed that an increase in the pressure produced growth in the tissue radius and thickness, such that the
stress response was able to recover the equilibrium membrane stress before the pressure perturbation. Tissues
composed of slender, or low-crimp collagen fibers also recovered the equilibrium mechanical stretch level before
the perturbation. These results indicated that concurrent mechanics-stimulated collagen deposition and me-
chanics-inhibited degradation can produce stress homeostasis and for some fiber morphology strain homeostasis
without prescribing a target stress or fiber strain.

1. Introduction

Soft collagenous tissues exhibit a highly organized microstructure of
collagen and elastin fibers arranged in a soft hydrated matrix of cells,
proteoglycans and other non-fiber forming proteins. The collagen fibers
exhibit a crimped (wavy) morphology in an unloaded state. The degree
of fiber alignment and fiber crimp are tailored to the mechanical
function of the tissue. Collagen fibers in tendon have a high degree of
crimp and alignment to enable high deformability at low levels of
strains and high stiffness (low deformability) at high levels of strain to
enable the range of daily motion (Brown, 1972). The collagen structure
of the central cornea and posterior sclera, away from the limbus and
peripapillary regions, feature an isotropic arrangement of stiff fibers
with low crimp, to minimize deformation from daily fluctuations in the
intraocular pressure and maintain a stable shape for light refraction
(Boote et al., 2008; Nguyen and Boyce, 2011; Young, 1985).

The structure of soft tissues are not static but are actively main-
tained and changed by the process of growth and remodeling (Prajapati
et al., 2000). Growth refers to an increase in mass, which can manifest
as an increase in volume or density, while remodeling refers to a change
in material properties caused by changes in the extracellular matrix
microstructure. Growth and remodeling in soft tissues can occur in
response to a prolonged change in mechanical loading. Collagen for-
mation and degradation increase immediately after exercise in human
bodies and a net collagen synthesis is found 36–72 h after exercise
(Magnusson et al., 2010). A chronic increase in the intraocular pressure
in mouse models of glaucoma causes the sclera to expand and thin or
thicken depending on the scleral region (Nguyen et al., 2013), the
collagen fiber arrangement to become more isotropic (Pijanka et al.,
2015), and the stress-strain response to stiffen (Nguyen et al., 2013). In
addition, two-thirds of the astronauts suffer from hyperopia after ex-
tended missions in the International Space Station, because the micro-
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gravity environment leads to an elevated intracranial pressure, which
shortens and flattens the back of the sclera (Alperin and Bagci, 2018).
For many tissues growth and remodeling has the effect of restoring a
preferred tissue stress or strain state, a process referred to as home-
ostasis. The concept of a homeostatic stress state has been applied
successfully to describe growth of arteries in response to changes in the
wall shear and membrane stresses (Cyron and Humphrey, 2014;
Humphrey and Rajagopal, 2002; Taber, 1998; Taber and Humphrey,
2001), hypertrophic growth of the left ventricle caused by pressure
overload (Kerckhoffs, 2012; Rodriguez et al., 1994), growth and re-
modeling of aneurysms (Baek et al., 2006; Cyron et al., 2016;
Humphrey and Holzapfel, 2012), and tendons and ligaments (Cyron
and Humphrey, 2017). However, growth and remodeling can proceed
unstably in many diseases involving fibrosis and tissue degeneration,
such as osteoarthritis.

Growth and remodeling have been treated traditionally in theore-
tical models as distinct phenomena (Menzel and Kuhl, 2012). However,
more recent micromechanical modeling approaches have recognized
that they likely occur together through continuous deposition and de-
gradation of collagen and other tissue components under load. Me-
chanical loading can affect the rate of deposition and degradation
through active cellular mechanisms and passive chemo-mechanical
mechanisms. Mechanical loading can enhance the active contraction of
fibroblasts and stimulate the production of matrix metalloproteinases
(Adhikari et al., 2011), tissue inhibitors of matrix metalloproteinases,
collagen and other extracellular matrix products (Chiquet et al., 2003;
Li et al., 1998). Mechanical stretch can also alter the degradation rate of
collagen and elastin. Numerous studies have shown that mechanical
stretch can decrease the rate of enzymatic degradation of collagen
molecules, collagen fibrils, reconstituted collagen fiber networks and
decellularized collagen constructs in bacterial collagenase (Bhole et al.,
2009; Flynn et al., 2010; Huang and Yannas, 1977; Ruberti and Hallab,
2005; Zareian et al., 2010). Furthermore, enzymatic degradation of
tissue becomes minimum or is halted at the transition stretch marking
the initiation of rapid stiffening in the stress-strain curve of the tissue
(Huang and Yannas, 1977; Zareian et al., 2010).

We previously developed a theoretical micromechanical model of
fibrous collagen tissues to examine the effects of mechanical inhibition
of enzymatic degradation on the remodeling of collagen networks
(Tonge et al., 2015). The model was developed based on the central
hypotheses that enzymatic degradation of collagen fibers is an energy-
activated process and that the activation energy is increased by the
axial strain energy density of the collagen fibers. We assumed that the
collagen fibers are initially crimped and respond to mechanical force by
unbending (straightening) then stretching axially. Furthermore, enzy-
matic degradation acts to decrease the radius of the collagen fibers. The
parameters of the energy-activated degradation law were fit to fibril-
level degradation experiments and the model was applied successfully
to predict the effects of mechanical loading observed in tissue-level
degradation experiments. Specifically, the model predicted that wavy
collagen fibers of a tissue under tension are degraded until they
straighten, such that tissue degradation is halted when the stretch
reached the transition stretch of the tissue stress-strain curve. The
morphology of the collagen fibers influenced the rate of tissue-de-
gradation. Tissues with less crimped and slender fibers, which
straightened at lower strains levels, were more resistant to enzymatic
degradation. Mechanical inhibition of enzymatic degradation caused
the anisotropic fiber arrangement to remodel along the direction of the
maximum principal stress. Furthermore, the degree of anisotropy de-
pends on the state of stress. An initially isotropic collagen network
undergoing enzymatic degradation remodeled towards a highly aligned
anisotropic structure under uniaxial tension but remained an isotropic
network under equibiaxial tension. These findings showed that me-
chanical inhibition of enzymatic degradation may play an important
role in tailoring the collagen crimp morphology and anisotropic struc-
ture to the physiological loading state of the tissue.

The goal of this work was to develop a model for tissue growth and
remodeling by combining the micro-mechanisms of mechanical in-
hibition of collagen degradation and mechanical stimulation of collagen
deposition and investigate their effects on the development of stress
homeostasis. Previous works have incorporated these micro-mechan-
isms to investigate various aspects of the remodeling of collagen net-
works (Demirkoparan et al., 2013; Gyoneva et al., 2016; Hadi et al.,
2012; Topol et al., 2014, 2017). Heck et al. (2015) and Loerakker et al.
(2014) also incorporated the effects of cellular traction tugging on
collagen fibers to describe the remodeling of the transition strain of
stress-strain response caused by the shortening or lengthening of the
embryonic periosteum strips (Foolen et al., 2010) and the reorientation
of collagen fibers in engineered tissue strips under load (Jhun et al.,
2009; Sander et al., 2011). The deposition of collagen in a tissue under
load can alter the natural configuration of the collagen fibers and
produce growth along the fiber plane if the collagen is deposited at
different stress level than the fiber stress. This process is widely re-
presented in micromechanical models by the evolution of the collagen
fiber growth stretch or an analogous quantity to denote the changing
reference length of the fiber. Growth and remodeling attains a material
equilibrium when the rate of degradation equals the rate of deposition.
However, the growth and remodeling equilibrium adapts to the chan-
ging mechanical loading and does not in general recover a homeostatic
target (Gyoneva et al., 2016). To realize homeostasis, various models
have prescribed a target stress (Cyron et al., 2016; Rausch et al., 2011;
Taber and Humphrey, 2001), established for example by contracting
fibroblasts, to drive the evolution of the fiber growth stretch. Another
approach evolves the fiber growth stretch towards a target stretch,
which can represent the stretch at which cells deposit collagen onto
fibrils (Watton et al., 2009) or the fiber stretch corresponding to the
stress exerted by contracting fibroblasts (Loerakker et al., 2014).

In this work, we investigated whether stress or strain homeostasis
can arise in a collagen fiber network from the underlying micro-me-
chanisms of mechanical inhibition of collagen degradation, mechanical
stimulation of deposition, and the evolution of the fiber growth stretch
for a tissue under load without a prescribed homeostatic target.
Collagen degradation is assumed to decrease the fiber radius of crimp
fibers, while deposition increases the fiber radius according to a zeroth
order, energy-activated kinetic relation. Mechanical stimulation of
collagen production is represented in the model by the assumption that
the deposition rate increases with the axial strain energy of the collagen
fiber. We further assumed that collagen is deposited onto the fiber in an
unstressed state and derived an evolution equation for the axial growth
stretch of the fiber by considering the redistribution of the fiber stress
upon unloading. The model was applied to examine the growth of a
crimped collagen fiber subjected to a static and cyclic force and the
growth and remodeling of spherical collagen membrane caused by
perturbations in the internal pressure. The membrane example was
motivated by the experiments of Brown et al. (Brown et al. (1998) and
Ezra et al. (2010), which cultured fibroblasts in a collagen gel strips and
measured the tension generated by cellular contraction of the gel in
response to changes in the applied loading. The experiments showed
that cells responded to perturbations in the applied loading by changing
the matrix stress in the opposite direction of the applied load to restore
the value before the perturbation. The model was able to predict the
development of a homeostatic equibiaxial stress state, in which the
growth and remodeling processes acted in response to a perturbation in
the applied pressure to restore the membrane stress to the value prior to
the perturbation. Furthermore, the homeostatic state depended on the
degradation and deposition parameters and the material properties and
crimp morphology of the collagen fibers. These findings provide new
insights into the underlying mechanisms of mechanical homeostasis
and the effect of fiber morphology and properties on homeostasis.
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2. Micro-mechanical model of collagenous tissues

In this section, we formulate a micro-mechanical model for col-
lagenous tissues subjected to concurrent collagen deposition and de-
gradation under load, by integrating a fiber-level growth law into a
hyperelastic, distributed fiber tissue model.

2.1. Nonlinear mechanical response of collagen fibers

We develop a nonlinear mechanical model of a wavy collagen fiber
on the basis of the elastica model developed by Comninou and Yannas
(1976). As shown in Fig. 1, the wavy fiber is taken to be a planar si-
nusoidal beam with a circular cross section of initial radius R. In the
initial configuration, the shape of the fiber is prescribed by

=X a bXsin( )2 1 , where X1 and X2 are the coordinates along the hor-
izontal and vertical directions in the local coordinate system of the
fiber, a is the crimp amplitude, and b specifies the crimp period, which
is related to the length of the wavy fiber projected onto the horizontal
axis by =L b2 /0 . Assuming that the crimp angle is small, the rotation
angle of the wavy fiber in the undeformed configuration is

= =X ab bX bX( ) cos( ) cos( )dX
dX1 1 0 1

2
1

. The = ab0 denotes the in-
itial crimp angle, defined as the rotation angle at =X 01 .

In the presence of collagen monomers and collagenase, collagen
deposition works in concert with enzymatic degradation to drive the
growth of collagen fibers, leading to alterations in both fiber radius and
length. Motivated by the experimental observations of Foolen et al.
(2010), we assume that the growth process changes the fiber length by
a factor of ¯g , i.e., the axial growth stretch ratio, but does not affect the
fiber crimp angle. This assumption is in line with the experimental
evidence reported by Foolen et al. (2010). Therefore, in the stress-free
growth configuration, a material element located at coordinates X X( , )1 2
in the initial configuration moves to X X( , )g g

1 2 , where =X X¯g
g1 1 and

=X X¯g
g2 2. The wavy fiber shape in the growth configuration is given

by =X a ¯ sing
g

bX
2 ¯

g

g
1 . Thus the projected length and amplitude of the

wavy fiber in the growth configuration are given by the fiber growth
stretch = =L L ¯g b g

2 ¯
0

g and =a a ¯g g. With these assumptions, the ro-

tation angle becomes =X( ) cosg bX
1 0 ¯

g

g
1 , and the crimp angle re-

mains = ab0 . The change in the fiber radius from R to r is represented
by the radial growth ratio =D r R/ that is independent from the fiber
growth stretch ¯g .

The following assumptions are made to derive an analytical model
for the mechanical response of the wavy fiber to an applied force
(Comninou and Yannas, 1976; Tonge et al., 2015). (1) The collagen
fiber is overall stress-free in an intermediate growth configuration, such
that the growth configuration can be adopted as the reference state to
define strain energy density and calculate fiber force. (2) The collagen
fiber itself is taken to be linearly elastic with Young's modulus E .
Therefore, the nonlinear mechanical response of collagen fibers arises
from the wavy geometry. (3) The axial fiber strain is small, such that
the Poisson's effect of deformation on fiber radius is negligible. Thus, a
change in the radial growth ratio D occurs only from collagen deposi-
tion and degradation. (4) The radius of the wavy fiber is small com-
pared to the fiber length, such that the straightening response can be
described by Euler beam bending theory with negligible shear stresses.
For a wavy collagen fiber simply supported at =X 01 and subjected to a
horizontal tensile force F at =X Lg1 (Fig. 1), the deformed rotation
angle , fiber elastic axial stretch f

e, and the macroscopic fiber stretch
= L L¯ /0 can be solved using the assumptions of Euler bending and

small crimp angle as,

=
+ +

X X( ¯ )
(1 )

( ¯ ),g
1 1 (1)

= +X X( ¯ ) 1 cos( ( ¯ )),f
e

1 1 (2)

= X X
X

dX¯ ¯ ( ¯ ) cos( ( ¯ ))
cos( ( ¯ ))

¯g f
e

g
0

1

1
1

1
1

(3)

where = F EA/ is a normalized fiber force, A = r2 is the fiber area,
and = = =b r b R D D

4 ¯ 4 ¯ 0 ¯g g g

2 2
2

2 2 2
2

2
2 is the fiber slenderness ratio in the de-

formed configuration. The slenderness ratio is a geometric factor that
along with the fiber modulus E determines the bending stiffness of the
fiber. X̄1 is the normalized coordinates defined as X

L

g

g
1 . By prescribing a

macro-stretch ¯, the normalized fiber force can be solved numerically
from Eqs. (1)–(3).

The strain energy density Wf of the deformed collagen fiber can be
defined as the total strain energy divided by the fiber volume in the
growth configuration. The total strain energy consists of two parts: the
bending energy associated with straightening the wavy fiber and the
axial strain energy corresponding to axially stretching the fiber. More
detailed developments can be found in Section A of the Supporting
Information. The strain energy density Wf can be expressed as

Fig. 1. (a) Schematic of collagenous tissues represented as a 3D distribution of wavy fibers. The tissue-level deformation imposes a macroscopic stretch ¯ ( , ) to
each fiber. The wavy fiber morphology in the initial, growth, and current configurations are given in (b), (c), and (d), respectively.
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= +W E X X dX E X dX
2

[ ( ¯ ) ( ¯ )] ¯
2

[ ( ¯ ) 1] ¯ ,f
g

f
e

0

1

1 1
2

1
0

1

1
2

1
(4)

where the first term represents the bending strain energy, Wbending, and
the second term is the axial strain energy density, Waxial. The X( ¯ )1 and

X( ¯ )f
e

1 are affected by the growth of collagen fiber through the fiber
force and the fiber slenderness ratio in Eqs. (1) and (2).

2.2. Growth model of collagen fibers

We assumed that collagen deposition occurs through the process in
which collagen monomers generated by fibroblasts bind to the collagen
fiber surface, thereby increasing the fiber radius; while collagen de-
gradation proceeds by removing collagen at the fiber surface in the
presence of collagenase, which reduces the fiber radius. To describe the
effects of mechanical inhibition of the enzymatic degradation of col-
lagen (Flynn et al., 2010) and mechanical stimulation of cells leading to
collagen production (Gyoneva et al., 2016), we assumed that the axial
strain energy density Waxial acts to decrease the collagen degradation
rate kdeg and increase deposition rate kdep as follows,

= =k t G W
G

k t G W
G

( ) exp , ( ) exp ,deg
axial

dep
axial

1
2

3
4 (5)

where G3 and G1 are the deposition and degradation rate of the un-
loaded fiber, and G4 and G2 are the activation energies for mechanical
enhancement and inhibition relatively. The effects of the bending strain
energy are not included in Eq. (5), because the bending of collagen fiber
gives rise to a strain gradient across the fiber diameter, which would
result in heterogeneous degradation and deposition rates along the
fiber. Assuming that both degradation and deposition are zeroth order
kinetic processes, the radial growth rate can be formulated as the
competition between the deposition and degradation rate,

= =dD t
dt

k t k t G W
G

G W
G

( ) ( ) ( ) exp exp ,dep deg
axial axial

3
4

1
2 (6)

We assumed that collagen is deposited in an unstressed state. Thus,
a collagen deposition onto a stressed fiber alters the reference length of
the fiber, which at time t is denoted by =L t L t( ) ¯ ( )g g0 . To derive an
evolution equation for the growth fiber stretch, we consider the case of
a net deposition, >k t k t( ) ( ) 0dep deg , onto a fiber subjected to a mac-
roscopic t¯ ( ). The deformed length of the fiber along X1 at time t is
given by, =L t L t( ) ¯ ( )0 and the reference length is =L t L t( ) ¯ ( )g g0
(Fig. 2). At time +t dt , a new layer of collagen (highlighted in red in
Fig. 2c) of thickness RdD t( ) binds to the surface of the fiber in an

unstressed state. The reference length of the new stress-free layer equals
the current fiber length +L t dt¯ ( )0 , which is larger than the reference
length of the core of the material L t¯ ( )g0 . Thus, releasing the macro-
stretch +t dt¯ ( ) returns the collagen fiber to a new reference length

+t dt¯ ( )g , instead of t¯ ( )g . With this scenario in mind, a rate law de-
scribing the evolution of axial growth ratio t¯ ( )g when

>k t k t( ) ( ) 0dep deg can be derived as follows. Upon unloading, the
collagen fiber is overall stress-free, such that the resultant force on the
fiber cross-section is zero, i.e., core

+ =r t r t R k t k t dt( ) 2 ( ) [ ( ) ( )] 0shell dep deg
2 . Note that in the growth

configuration = +E 1core
t dt

t

¯ ( )
¯ ( )

g
g

and = +
+E 1shell

t dt
t dt

¯ ( )
¯ ( )
g . Then

linearizing the stretches at the current time as
+ = +t dt t t dt¯ ( ) ¯ ( ) ¯ ( )g g g

' and + = +t dt t t dt¯ ( ) ¯ ( ) ¯ ( )' , combining
these relations, and neglecting higher order dt terms give the following
relation for the fiber growth stretch rate,

= >
d t

dt
t
t

t
D t

k t k t k t k t
¯ ( )

2 1
¯ ( )
¯ ( )

¯ ( )
( )

[ ( ) ( )], ( ) ( ) 0,g g g
dep deg dep deg

(7)

The fiber growth stretch rate scales with the net collagen deposition
rate and decreases with increasing fiber radius, denoted by the radial
growth ratio D t( ). A layer of unstressed material has a smaller effect on
redistributing the axial stress inside a thicker fiber. We further assumed
that the axial stress state in the collagen fiber homogenizes quickly after
a layer of collagen is deposited on the fiber surface, such that the fiber
exhibits a uniform reference (unstressed) length +t t¯ ( )g in the cross
section. As a result, subsequent degradation does not affect the fiber
reference length.

In the case with a net degradation, k t k t( ) ( ) 0dep deg , no new
collagen is deposited onto the fiber. Then the reference length

+t dt¯ ( )g remains t¯ ( )g , and the rate of the fiber growth stretch is zero,

= <
d t

dt
k t k t

¯ ( )
0, ( ) ( ) 0,g

dep deg (8)

The degradation process by itself does not affect the collagen fiber
length and thus the fiber grows in length only when the deposition rate
exceeds the degradation rate. Solving Eqs. (6) and (7) together with
initial condition = =t¯ ( 0) 1g give the growth stretch t¯ ( )g and dia-
meter ratio D t( ) of individual collagen fibers. Equations (6)–(8) to-
gether form the fiber growth laws that we applied to develop a growth
and remodeling model for a collagen network. Setting deposition rate
equal to zero will reduce the fiber model, Eqs. (1)–(8), to the model
developed by Tonge et al. for the enzymatic degradation of a collagen

Fig. 2. Schematics of collagen deposition process and its effect on the axial growth ratio (a) The reference state (i.e., the growth state) of the collagen fiber at time t .
(b) The deformed state of the fiber at time t . (c) Deformed state of fiber at time +t dt , with a new layer of collagen deposited on the fiber surface. (d) The new
reference state of the fiber at time +t dt . Note that the crimp angle 0 is assumed to be unaffected by the growth progress.
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fiber (Tonge et al., 2015).

2.3. Growth and remodeling of a collagen fiber network

A distributed fiber modeling approach is applied to describe the
anisotropic hyperelastic behavior of collagenous tissues. The tissue is
conceptualized as a three-dimensional distribution of crimped collagen
fibers embedded in an isotropic matrix composed of proteoglycans,
elastin, and water. Let 0 denotes the initial undeformed configuration
of the collagenous tissue at time t0 (before deposition, degradation, and
deformation). We consider an infinitesimal representative volume ele-
ment dV0, i.e., an RVE, surrounding a material point X 0. The or-
ientation of a collagen fiber in the RVE is described by a unit vector

= + +a e e e( , ) cos cos sin cos sin0 1 2 3, where [0,2 ] re-
presents the circumferential angle and ,2 2 is the meridional
angle, as illustrated in Fig. 1a. To describe the general 3D fiber dis-
tributions in collagenous tissues, we define an initial probability dis-
tribution function of the fiber orientation angles ( , )0 , such that

=d d( , )sin 1
0

2

/2

/2

0 . In the following, the statistical average of

a quantity is denoted as = d d( ) ( , )sin
0

2

/2

/2

0 . The initial

volume of fibers within the RVE can be evaluated as =dV A L dNf f0 0 0 ,
where A ( , )0 is the initial fiber cross-sectional area, L ( , )0 is the
initial fiber contour length, and dNf is the number of fibers in the RVE.
Assuming that all fibers have the same initial cross-section area and
length, the fiber volume can be written as =dV A L dNf f0 0 0 . The RVE
volume dV0 in the initial configuration is the sum of the contribution
from the crimped collagen fibers dVf 0 and the contribution from the
matrix dVm0, namely, = +dV dV dVf m0 0 0. Therefore, we can define the
initial fiber volume fraction as = dV dV/f0 0 0 and the initial matrix
volume fraction as = dV dV1 /m0 0 0.

At time >t t0, the tissue under applied loading is subjected to elastic
deformation, as well as growth induced by deposition and degradation.
To describe the growth kinematics, an intermediate stress-free growth
configuration g can be introduced. From 0 to g, collagen fibers
grow through the process of deposition and degradation that changes
both the fiber radius and length. In the growth configuration g, the
fiber volume in the RVE can be evaluated as

= =dV A L dN A L dN D ( , ) ¯ ( , )fg g g f f g0 0
2 . By assuming for sim-

plicity that the matrix does not grow, i.e., =dV dVmg m0, we can evaluate
the volume of collagenous tissue in the growth configuration as

= + = +dV dV dV dV dV D ( , ) ¯ ( , )g mg fg m f g0 0
2 . The volumetric

deformation of the tissue can thus be obtained as,

= = +J
dV
dV

D(1 ) ( , ) ¯ ( , ) ,g g
g

0
0 0

2
(9)

The tissue-level deformation is characterized by the macroscopic
deformation gradient tensor F which can be multiplicatively decom-
posed into a growth term and an elastic term, i.e., =F F Fe g. F g de-
scribes the tissue-level volume change due to fiber-level growth in-
duced by deposition and degradation, and it is evident that J g given in
Eq. (9) equals Fdet( )g . F e describes the elastic deformation of the tissue
occurring from externally applied loads. To study the fiber-level de-
formation, the collagen fibers are assumed to deform affinely with the
macroscopic deformation gradient F . Thus, the macroscopic stretch of a
collagen fiber with orientation and can be calculated as

= a Ca¯ ( , ) ( , ) ( , ) ,0 0 (10)

where =C F FT is the right Cauchy-Green deformation tensor. We
further assume that the fiber orientation vectors in the intermediate
configuration g can be determined from an affine mapping by the
growth deformation tensor F g, =ag

F a
F a

g
g

0
0

, such that the macroscopic
fiber growth ratio is given by =F a a C ag g

0 0 0 (Nguyen et al., 2007),
where =C F F( )g g gT is the growth deformation tensor. By taking into

account that the macroscopic growth stretch F ag
0 can be equated to

the growth stretch ratio t¯ ( )g of a fiber defined in Eqs. (7) and (8), the
corresponding macroscopic elastic stretch of the fiber is thus given by

= = =a C a
a Ca
a C a

¯ ( , )
¯ ( , )
¯ ( , )

,g
e

g ge
g

0 0

0 0 (11)

It is important to choose the correct normalization volume for the
strain energy density of tissues with changing volume and mass
(Lubarda and Hoger, 2002). We define the strain energy density of the
collagenous tissue on the intermediate growth configuration g, since
the strain energy density of the growth configuration represents the
intrinsic material properties of the tissue. The strain energy density of
the collagenous tissue consists of the contribution from the isotropic
matrix and the contribution from the collagen fibers undergoing col-
lagen deposition and enzymatic degradation. The isotropic and in-
compressible behavior of the matrix can be described by a Neo-Hoo-
kean hyperelastic potential =W I( 3)m

µ
2 1 , where µ is the matrix shear

modulus and I1 is the first invariant of C . The strain energy density of
collagen fibers can be determined by integrating the strain energy
density of all fibers over all orientations weighted by the probability
density distribution ( , ). Then, the strain energy density of the
collagenous tissue per unit unstressed volume in the growth config-
uration g can be expressed as,

= +W
J

W
J

W D

p J

(1 ) ( , , ) ( ¯ ( , )) ( , ) ¯ ( , )

( 1),

g m
e e e

g f e g

e

0
1 2 3

0 2

(12)

where Wm is the strain energy density of the isotropic matrix, Wf is the
strain energy density of the fibers defined by Eq. (4), p is the Lagrange
multiplier enforcing the elastic incompressibility condition,

= =Je J
J

e e e
1 2 3g is the elastic volumetric deformation, = FJ det( ) is

the total volumetric deformation. After defining the strain energy
density W , the Cauchy stress can be derived as = F F( ) ,e W

C
e T

e

= +b F a F a I
J

µ
J

W
D p(1 ) 1

¯
( ¯ )
¯

¯ ,e
g

e
gg

e
g

e

f e

e
g

0 0 2
(13)

where =b F F( )e e e T is the left Cauchy-Green deformation tensor and I
is the identity tensor.

3. Results

3.1. Growth of collagen fibril under a constant applied force

We investigated the deformation and growth of a single collagen
fiber subjected a constant applied force by solving Eqs. (1)–(3) for the
fiber macroscopic stretch, diameter growth ratio and fiber growth
stretch. Motivated by the experiments conducted by Flynn et al. (2010),
the initial fiber diameter R were set to 275 nm and the constant force F
was set to 46 nN. Material parameters such as Young's Modulus =E 50
MPa, initial slenderness ratio = ×4 100

3, and initial crimp angle
= °290 were determined previously by Tonge et al. (2015) for the

equilibrium uniaxial tension response of bovine cornea strips (Zareian
et al., 2010). We applied the intrinsic degradation rate

= ×G 6.8 10 s1
4 1 and the characteristic activation energy

=G 700 J/m2
3 determined by Tonge et al. (2015) from enzymatic de-

gradation experiments of collagen fibrils (Flynn et al., 2010). We fur-
ther assumed =G 1000 J/m4

3 and = ×G 3 10 s3
4 1 for the intrinsic ac-

tivation energy and intrinsic rate of collagen deposition. These
parameters are listed in Table 1 and were applied in all subsequent
numerical examples unless stated otherwise.

To investigate how the interplay between deposition and degrada-
tion dictates the growth of a single crimped collagen fiber under a
constant force, we simulated three cases with different intrinsic de-
position rate of G3: ×1 10 s4 1 for slow deposition (Fig. 3), ×3 10 s4 1

for the baseline case (Fig. 4), and ×8 10 s4 1 for fast deposition
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(Fig. 5). Fig. 3a shows the evolution of deposition (red dashed line) and
degradation (blue solid line) rates over time for the case

= ×G 1 10 s3
4 1. As indicated by Eq. (5), both deposition and de-

gradation rates are enhanced and reduced respectively by the axial
strain energy density Waxial of the collagen fiber. At time =t 0, the
stretch induced by the applied force led to an initial degradation rate of

= ×(0) 4.05 10 4 and a lower initial deposition rate of
= ×(0) 1.44 10 4 (Fig. 3a). The resulting net degradation of the fiber

radius (Fig. 3b) induced a reduction in the slenderness ratio and
caused the fiber to gradually straighten and creep under the constant
force, giving rise to further reduction and enhancement of the de-
gradation and deposition rates. Equilibrium was attained when the
increasing deposition rate reached the decreasing degradation rate.
Moreover, axial growth was inhibited, i.e., =t¯ ( ) 1g , because collagen
degradation dominated deposition (Fig. 3c). Thus, the elastic stretch

t¯ ( )e = t¯ ( ) for all time (Fig. 3d). At =t 0, the ¯ (0)e and ¯ (0) represent
the instantaneous elastic stretch and instant total stretch in response to
the application of the force F .

For the baseline case with larger intrinsic deposition rate

= ×G 3 10 s3
4 1, the initial deposition rate after the application of F

were = ×(0) 4.31 10 4. The initial degradation rate = ×(0) 4.05 10 4

was smaller, which yielded a net deposition (Fig. 4a). The net deposi-
tion increased the fiber radius (Fig. 4b), which reduced the strain en-
ergy density Waxial. Material equilibrium was reached when the de-
position rate equaled the degradation rate, as shown in Fig. 4a. Growth
increased the fiber radius by 1.8% (Fig. 4b) and the fiber length by
0.18% (Fig. 4c). In contrast to the first case, the elastic fiber stretch

t¯ ( )e decreased while the total stretch =t t t¯ ( ) ¯ ( ) ¯ ( )e g increased with
time before reaching equilibrium.

Finally, we simulated the growth of a fiber with a high intrinsic
deposition rate = ×G 8 10 s3

4 1. The growth of the fiber did not attain
a material equilibrium (Fig. 5b-c) because the deposition rate was so
large that it could not be balanced by the degradation rate (Fig. 5a). The
elastic fiber stretch t¯ ( )e continued to decrease towards =¯ 1e and the
total fiber stretch t¯ ( ) also showed a drastic drop after an initial in-
crease (Fig. 5d), which were both attributed to the continuous thick-
ening of collagen fiber. The unbounded growth in the fiber radius
shown in Fig. 5b is likely not physical. The assumption that a constant
collagen deposition rate leading to a constant rate of growth of the fiber
radius would break down for large fibers. The fiber growth rate also
could be inhibited by the surface energy of the fiber, which would in-
crease with increasing surface area. Investigating the influence of sur-
face energy on the growth of collagen fibers is beyond the scope of this
paper and requires future exploration.

3.2. Growth of collagen fiber under cyclic loading

We next investigated the growth of a collagen fiber subjected to
cyclic loading, which is the physiological loading conditions of most
tissues. Experiments have shown that cyclic loading can play an

Table 1
Material parameters for collagen fibers and tissues.

Elastica Parameters E Fiber Young's Modulus 50 MPa

0 Fiber slenderness ratio ×4 10 3

0 Initial fiber crimp angle °29
Degradation and Deposition

Parameters
G1 Intrinsic degradation rate ×6.8 10 s4 1

G2 Characteristic degradation
energy

700 J/m2

G3 Intrinsic deposition rate ×3 10 s4 1

G4 Characteristic deposition
energy

1000 J/m2

Fig. 3. The effect of collagen deposition on the growth of a single collagen fiber under a constant force loading. The intrinsic deposition rate (deposition rate with
zero stress) = ×G 1 10 s3

4 1 to denote a relatively slow deposition. (a) Once the force =F 46 nN is applied, the fiber deforms and the initial deposition is slower than
the degradation. The applied force gradually reduces the degradation rate while increases the deposition rate. The equilibrium state of growth is reached when the
degradation rate is reduced to the level of the deposition rate. (b) The fiber radius keeps decreasing over time before attaining equilibrium. (c) The axial growth ratio

t¯ ( )g remains to be 1 since the prevailing degradation inhibits the axial growth. (d) The fiber creeps under the constant force, with the total and elastic stretch ratios
both increasing until equilibrium is reached.
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Fig. 4. The effect of collagen deposition rate on the growth of single collagen fiber. The intrinsic deposition rate G3 is taken to be ×3 10 s4 1. (a) The deposition
prevails over the degradation, resulting in a net deposition before the equilibrium state is attained. As a result, (b) the fiber radius increases over time, and (c) the
fiber length grows axially. (d) The elastic fiber stretch decreases with time under a constant force because fiber radius increases.

Fig. 5. Growth of a single collagen fiber subjected to fast deposition with intrinsic deposition rate of = ×G 8 10 s3
4 1. (a) The deposition dominates over the

degradation and the growth did not attain material equilibrium, since the intrinsic deposition rate G3 is higher than the intrinsic degradation rate G1. (b) The fiber
radius increases over time. The slope of the curve decreases gradually and eventually reduces to G G3 1. (c) The fiber also grows unboundedly in the axial direction.
(d) Because of the increasing cross-section area, the elastic stretch ratio decreases and the total stretch ratio also decreases after an initial increase.
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important role in tissue development, growth and remodeling and
maintenance (Mubyana and Corr, 2018; Susilo et al., 2016; Wong et al.,
2003). Smooth-muscle cells are observed to exhibit an increase in
production of type-I and type-II collagen molecules when subjected to
cyclic stretching (Miller et al., 2005). In this section, we investigated
the growth of a collagen fiber, with initial radius =R 275 nm, subjected
to a cyclic force, = ( )F F t1 cos T0

2 , where =T 3000 s denotes the
period and =F 230 nN is the mean amplitude of the force.

The cyclic loading caused the mechanics-inhibited degradation and
mechanics-stimulated deposition rates to cycle out of phase with each
other by 180° (Fig. 6a). The alternating net deposition and net de-
gradation conditions led to the cyclic variation of fiber radius ratio that
reached steady-stated after the second cycle (Fig. 6b). In contrast, the
axial growth stretch increased with each cycle because the growth law
is biased to allow axial growth only when the deposition rate is greater
than the degradation rate (Fig. 6c). The elastic fiber stretch ¯e varied
with the applied cyclic force, which caused the total fiber stretch ¯ to
increase with each cycle (Fig. 6d). At the beginning of the cycle, the
total stretch increased because of elastic loading until the deposition
rate exceeded the degradation rate. Then, the increase in the fiber
stretch was caused mainly by axial growth. The fiber stretch decreased
at the end of the loading cycle because of elastic unloading. The results
suggest that cyclic loading is essential for enabling the continual axial
growth of the collagen fiber, while a growth under a static load force
results in the development of a material equilibrium. While we used a
low frequency corresponding to a time period of 3000s, continuous
fiber growth would be observed at any loading frequency.

3.3. Effect of collagen deposition and degradation on the tissue homeostasis

In this section, we investigated the growth and homeostasis of an
thin spherical collagenous membrane subjected to a time-dependent
inner pressure P t( ), under concurrent collagen deposition and de-
gradation (Fig. 6a). To approximate the dimensions of the human sclera

and the intraocular pressure, the initial radius and wall thickness of the
membrane are taken to be =R 12.5m mm and =H 1m mm, respectively.
We assumed that all the collagen fibers are arranged isotropically in the
plane of tissue (i.e., = 0 in Fig. 1a).

The stress response for the tissue given in Eq. (13) is composed of an
isotropic part attributed to the compliant matrix of water, cells pro-
teoglycans and other non-fibril forming proteins and an anisotropic part
attributed to the fibers. The parameters in Table 1 were used to describe
the material properties and degradation/deposition kinetics of the
collagen fibers. We assumed that the matrix was very compliant com-
pared to the fiber phase, such that µ E(1 )0 0 . Then neglecting
the matrix response and setting = 10 for simplicity gives the following
for the tissue stress response,

= F a F a I
J

W
D p1 1

¯
( ¯ )
¯

¯e
g

e
gg

e

f e

e
g

2
(14)

When subjected to an inner pressure, the thin spherical tissue is
under equibiaxial tension, with the following deformation gradient,

= + +F e e e e e e11 1 1 22 2 2 33 3 3 (15)

= + +F e e e e e ee g e g e g
11 11 1 1 22 22 2 2 33 33 3 3 (16)

Note that e1 and e2 are located in the tissue plane and = =11 22
denotes the total hoop stretch of the thin spherical tissue with an iso-
tropic in-plane fiber distribution. The tissue-level volumetric ratio

= =J g g g g
11 22 33 11 22 33 is connected to the fiber-level growth by Eq.

(9). The term p in Eq. (14) can be determined by considering the plane
stress condition, i.e., = 033 . Taking these into account, the in-plane
stresses of the thin spherical collagenous tissue are given by,

= =
J

W
D

J
W
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1 ¯ ( ¯ )
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2
2
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4 2
2

(17)

Fig. 6. Growth of a collagen fibril subjected to cyclic force that with mean 23 nN and amplitude 46 nN. (a) The deposition and degradation rates and (b) the radial
growth achieved dynamic equilibrium, where D oscillates about a mean. (c) The axial growth stretch and total stretch accumulated with each cycle, exhibiting a
ratcheting behavior, and did not achieve equilibrium.
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Detailed derivations of Eq. (17) are provided in Section B of the
supporting information.

The tissue hoop stresses in a thin spherical membrane subjected to
an inner pressure P t( ) is given by = = =Pr

h
PR

H J11 22 2 2
m
m

m
m g

3
, where rm and

hm are the spherical tissue radius and wall thickness of the membrane
tissue in the current configuration. The stretch = =11 22 can be
determined by solving the nonlinear relation,

=PR
H J J

W
D

J
W

D

2
1 ¯ ( ¯ )

¯
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¯
¯
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e
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2
2

2
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(18)

where the elastic fiber stretch was defined as, =¯ ¯/ ¯e g. The fiber
stretch ¯ can be computed from the total stretch using Eq. (10). The
fiber growth stretch ¯g equals to =g g

11 22 for equibiaxial loading.
Solving the above relation requires solving for the internal variables for
the normalized fiber force using Eqs. (1)–(3), the fiber radius growth
ratio D using Eq. (6) and the fiber growth stretch ¯g using Eqs. (7) and
(8). More numerical details about solving tissue stretches can be found
in Section C and D of the supporting information.

To investigate the development of homeostatic stress state, the
spherical membrane was subjected to a constant pressure P t( ) = 2 kPa
for 5000s to allow the deposition and degradation process to develop an
equilibrium state. After 5000 s, a step increase in the pressure of

=P 0.25 kPa was applied to raise the pressure to 2.25 kPa. After 10000
s, the pressure was reduced to 1.9 kPa by a step decrease of =P 0.35
kPa. The deposition/degradation kinetics and the tissue stresses and
strains for the loading history are plotted in Figs. 7–8. For <t 5000 s,
the degradation rate of collagen fibers in the tissue plane was higher

than the deposition rate. The net degradation reduced the fiber cross-
section area, which decreased the fiber volume fraction and stiffness.
This caused the tissue stretch and stress to increase until they attained
equilibrium where the mechanically inhibited degradation rate ba-
lanced the mechanically stimulated deposition rate. The sudden in-
crease in pressure at =t 5000 s, produced a jump in the deposition rate
and a drop in the degradation rate, resulting in a net deposition. The
resulting thickening of the tissue caused the hoop stress and elastic
strain to decrease back to an equilibrium state (Fig. 7c–d). The hoop
stress recovered the initial equilibrium response (see the inset of
Fig. 7c), while the equilibrium value for the hoop strain was smaller
than before the pressure perturbation (inset of Fig. 7d). The step pres-
sure decrease to =P 1.9 kPa at =t 10000 s, caused an instantaneous
drop in the hoop stretch and stress. It also caused collagen degradation
to occur initially faster than deposition, which caused the hoop stress
and strain to gradually increase towards equilibrium. As highlighted in
the inset of Fig. 7c, the equilibrium hoop stress was restored to the
initial equilibrium value. In contrast, the equilibrium elastic stretch at

=P 1.9 kPa was larger than the value at =P 2 kPa and =P 2.25 kPa.
Thus, the model was able to produce the development of stress home-
ostasis, where the stress recovered the initial equilibrium value, after an
increase and decrease in pressure without prescribing a target stress or
target fiber stretch as a model parameter. The stress recovered the
homeostatic value in about 25 min, which was similar to the stress re-
covery time observed by Ezra et al. (2010) but significantly faster than
measured by Brown et al. (Brown et al. (1998). Cyron et al. (2016) fit a
homogenized constrained mixture for the exponential stress recovery to
a target stress and obtained a characteristic recovery time of 1 h for the
fibroblast seeded gel experiment of Ezra et al. (2010) and 11 h for
Brown et al. (Brown et al. (1998). The difference in the characteristic

Fig. 7. Effect of pressure perturbation on the mechanical response of the tissue. (a) Schematics of a thin spherical collagenous tissue which is an approximation of the
human sclera. The inner pressure P is held at 2 kPa for 5000 s, then raised to 2.25 kPa at =t 5000 s, followed by a reduction to 1.9 kPa at =t 10000 s. (b) Under the
pressure perturbation, degradation and deposition dominate alternatingly. Equilibrium states are reached when collagenous deposition balances the enzymatic
degradation. (c) Stress homeostasis is attained (see the inset, the red dashed line is for eye guidance). (d) Strain homeostasis is not reached as evident by the inset.
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recovery time was hypothesized to be caused by the difference in the
cell density in the collagen gels. The recovery time in the model are
affected by the parameters for the intrinsic degradation and deposition
rates and the activation energies for mechanical inhibition of enzymatic
degradation and mechanical stimulation of deposition. For instance, the
recovery time is about 7 min for degradation inhibition energy

=G 70 J/m2
3, 25 min for =G 700 J/m2

3, and 58mins for
=G 70000 J/m2

3, indicating that larger G2 leads to a longer recovery
time. The recovery time can be increased also by decreasing the de-
position stimulation energy G4. The effects of cell density in the ten-
sional homeostasis experiments can be incorporated through the para-
meters for the intrinsic degradation rate and activation energy for
mechanical stimulation.

The numerical example did not achieve strain homeostasis. A dif-
ferent equilibrium elastic strain was obtained after each pressure per-
turbation (Fig. 7d), while a homeostatic stress was recovered (Fig. 7c).
A possible explanation for the phenomenon is that the stress and strain
response of the tissue depend on the fiber radius growth ratio D and
axial growth stretch ¯g through the bending strain energy, Wbending. Both
D and ¯g changed over time such that the strain could not recover its
initial equilibrium value when the stress attained homeostasis. How-
ever, if we considered a more slender fiber with an order of magnitude
smaller slenderness ratio of = ×4 100

4, the influence of D and ¯g
through the bending energy term Wbending became negligible. Therefore,
strain and stress homeostasis could be attained simultaneously, as
evident in Fig. 8a and b. Likewise, a fiber with a much smaller crimp
angle of = °20 can also attain both stress and strain homeostasis in
response to the same pressure perturbation (Fig. 8c and d).

For the thin spherical shell examined here with an isotropic, pre-
dominantly planar distribution of collagen fibers, the tissue growth
stretch was the same as the growth stretch of the fibers (Fig. 9). The
current tissue radius and thickness of the spherical tissue membrane can
be given by =r Rm m

g
11 (Fig. 9a) and = =h H Hm m

g
m

J
33

g

11
2 (Fig. 9b). The

change in the thickness depends on both the fiber axial growth stretch

and the fiber radius growth ratio D. The tissue radius grew by 0.9% in
response to an increase in pressure, but did not shrink after the decrease
in pressure because of the bias in the growth law for collagen fibers. In
contrast, the thickness increased after the pressure increase and de-
creased after the pressure decrease because fiber radius growth ratio D
can increase and decrease under net deposition and net degradation
conditions.

4. Conclusion

We developed a micromechanical model to investigate the growth
and remodeling of collagenous tissues under concurrent collagen de-
position and degradation. The collagen tissue is considered as a 3D
distribution of crimped cylindrical collagen fibers. We hypothesize that
the radius of the collagen fibers can shrink when there is a net de-
gradation rate and that the radius and length of the collagen fiber can
grow when there is a net deposition rate. We further assumed that
collagen degradation is inhibited by the axial strain energy of the col-
lagen fibers, and used the parameters determined by Tonge et al. (2015)
from the experiments of Flynn et al. (2010) for the force inhibition of
the degradation of collagen fibrils and Zareian et al. (2010) for a cornea
strip. We first applied the fiber-level growth model to study the evo-
lution of radius and length of a crimped collagen fiber subjected to
either a constant force or a cyclic force, under simultaneous collagen
deposition and degradation. The fiber-level model was incorporated
into a tissue-level micro-mechanical model to study the development of
stress and strain homeostasis of thin spherical collagenous tissue in
response to an increase and decrease in pressure. The major findings of
the present study are summarized below.

• The axial growth of collagen fiber depends on the competition be-
tween deposition and degradation. A collagen fiber subjected to a
static force reaches an equilibrium state, when the deposition bal-
ances the degradation. In the equilibrium state, the fiber radius and

Fig. 8. Effect of slenderness ratio and crimp angle on the stress and strain homeostasis. Stress and strain homeostasis can be attained simultaneously for a fiber with a
smaller slenderness ratio of = ×4 100

4 (a, b) or a smaller crimp angle = °20 (c, d).
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length both attain a steady-state value.
• The length of collagen fibers subjected to cyclic force loading grows

with each load cycle, which indicates that a cyclic force can effec-
tively drive continual axial growth of fibers.

• It is predicted by our model that the deposition and degradation
may work synergistically to maintain the tissue homeostasis. The
idealized thin spherical tissue studied in this work can attain an
equilibrium of stress and strain level after perturbations in pressure.
However, only the stress recovers the initial equilibrium value be-
fore perturbation. This indicated the model can produce stress
homeostasis without prescribing a homeostatic target as a para-
meter. Strain homeostasis was achieved when the slenderness ratio
or the crimp angle was decreased significantly, which shows a
possible effect of fiber morphology on the development of home-
ostasis

The present model can capture many important phenomena of
growth and remodeling observed in soft collagenous tissues using only
2 mechanisms, the mechanical inhibition of enzymatic degradation of
collagen and mechanical stimulation of collagen deposition. The latter
describes an important mechanosensitive function of fibroblasts.
However, the model does not currently include the effect of cellular
traction of the extracellular matrix, which may be important in mod-
eling matrix contraction and the reorientation of fibers. The char-
acteristic time for the growth and remodeling behavior to reach equi-
librium is determined directly by the rates of degradation and
deposition and indirectly by the fiber crimp morphology and mechan-
ical properties through the effect of mechanical inhibition of degrada-
tion and mechanical stimulation of deposition. Growth and remodeling
may involve additional processes with different characteristic times,
such that characteristic time of stress recovery may be different from
the kinetics of degradation and deposition. The model includes as-
sumptions of molecular deposition that currently lack experimental
validation. For example, we assumed that collagen molecules are de-
posited onto the surface of a collagen fiber in an unstressed state. A
nonzero deposition stretch would not qualitatively change the model
findings as long as it is below the fiber stretch. Another important as-
sumption of the model is that collagen fibers can grow in length under a
net deposition rate, but cannot shrink in length under a net degradation
rate. This allowed for continued axial growth of the fiber under cyclic
loading but prevents the fiber from shrinking axially under load. In the
membrane simulation, the assumption allowed the radius of the sphe-
rical tissue membrane in the numerical example to grow in respond to
an increase in pressure, but it cannot shrink in response to a decrease in
pressure. The model predicted that the thickness of the membrane
would increase under an increase in pressure. However, we measured
that the sclera of mouse eyes subjected to long-term IOP elevation can
increase or decrease depending on the mouse type and region of the
sclera (Nguyen et al., 2013). The collagen network model also exhibits a

number of limitations. The collagen fibers are assumed to deform affi-
nely with the macroscopic deformation of collagenous tissue and the
mechanical interactions between fibers are not taken into account.
Chang and Buehler (2014) showed that a collagen molecule behaves
like a worm-like chain, with little load bearing capacity in compression.
However, we assumed for simplicity a linear elastic axial stress-stretch
response for the collagen monomer and fiber. Damage arising from
mechanical loadings (e.g., Chen et al., 2018) is not considered either.
Moreover, all collagen fibers are assumed to have the same crimp angle
as well as the same initial length and radius, rather than a distribution
of crimp angles, lengths and radii. Some of these limitations can be
addressed by incorporating the evolution equations for the radius
growth ratio and axial growth stretch of the fiber into a discrete net-
work model. Despite these limitations, this relatively simple micro-
mechanical growth and remodeling model shows how concurrent col-
lagen degradation and deposition can produce stress homeostasis
without a prescribed target stress and how the mechanical properties of
the collagen fiber can affect the development of the homeostatic state.
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