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Abstract

The geometric and material properties of tendons and ligaments change during growth and development. While some of the
changes occur in the absence of mechanical loading, normal development requires the mechanical stimulus provided by normal
physical activity. We have developed an analytical framework for quantitatively describing changes in uniaxial tendon and ligament
properties throughout ontogeny. In our approach, cross-sectional area, modulus, and strength undergo baseline levels of development
due to inherent time-dependent biological influences. The properties also change in response to mechanobiological influences by
adapting to maintain a constant daily strain stimulus under changing load conditions. We have implemented a computer algorithm
based on these concepts and obtained results consistent with experimental observations of normal tendon and ligament growth and
development reported by other investigators. Additional results suggest that these concepts can also explain tendon and ligament
adaptation to increased or decreased loading experienced during development. Published by Elsevier Science Ltd.

Keywords: Tendon; Ligament; Development; Adaptation

1. Introduction and background

Skeletal connective tissues are load-bearing tissues
that adapt to meet the functional demands placed on
them. Carter (1987) has suggested that the principles
governing bone growth and development also regulate
the functional adaptation of bone. We hypothesize that
a comparable principle may apply to tendons and liga-
ments. To explore this hypothesis, we present a computa-
tional model that describes the growth and development
of tendons and ligaments under both normal and altered
loading conditions.

Several investigators have proposed mathematical
models for soft tissue growth and adaptation (Cowin,
1985, 1996; Olsen et al., 1995; Oster and Murray, 1989;
Rodriguez et al., 1994; Tözeren and Skalak, 1988). To
date, these formulations have been largely theoretical
and typically have not incorporated clinical or experi-
mental data in specific applications. In the present study,
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we introduce an analytical approach for the growth and
adaptation of tendons and ligaments based on experi-
mental findings reported in the literature.

Experimental studies have shown clear changes in ten-
don and ligament properties during development. Cross-
sectional area, modulus, and strength increase rapidly in
early life until relatively stable properties are achieved at
maturity (Haut, 1983; Ingelmark, 1945; Morein et al.,
1978; Nakagawa et al., 1996; Torp et al., 1975). Mechani-
cal loading affects this development. In mature animals,
exercise generally leads to increased cross-sectional area,
modulus, and strength (Ingelmark, 1945, 1948; Tipton
et al., 1986: Woo et al., 1980), while immobilization leads
to reductions in these properties (Amiel et al., 1982; Loitz
et al., 1989; Noyes, 1977; Woo et al., 1987). Similar effects
have been reported for immature animals (Ingelmark,
1945; Walsh et al., 1993). Mechanical stresses may also
influence the structure of ligaments in their insertional
regions (Matyas et al., 1995).

Tendon and ligament failure stresses change during
development and adaptation, but failure strains do not
change (Loitz et al., 1989; Nakagawa et al., 1996;
Noyes, 1977). Failure and physiologic strains also remain



Fig. 1. Flow chart for the algorithm used in the simulations.

constant across species and between different tendons
and ligaments (Beynnon et al., 1992; Butler et al., 1986;
Haut, 1983; Morein et al., 1978; Torp et al., 1975; Woo
et al., 1990, 1992; Yamamoto et al., 1992). Because strains
are conserved with respect to age, species, and anato-
mical location, we will consider mechanical loading in
terms of the strains created during physical activity.

In this paper, we present a theoretical framework for
understanding the growth and development of tendons
and ligaments using principles that can also explain the
functional adaptation of these tissues. We propose rela-
tionships linking changes in tendon and ligament proper-
ties to biological influences and mechanical loading.
We incorporate these relationships in a computer algo-
rithm used to simulate normal growth and development.
We also use the algorithm to predict the effects of
increased and decreased loading on growth and develop-
ment as a preliminary example of tendon and ligament
adaptation.

2. Methods

Consider an idealized tendon or ligament for which we
track changes in the cross-sectional area, modulus, and
strength over time. For modeling purposes, we decom-
pose the changes in these properties into biological
and mechanobiological components. The biological
component represents a basal level of growth and devel-
opment that depends on age without any influence from

mechanical loading. The mechanobiological component
represents the changes associated with mechanical load-
ing. The biological and mechanobiological contributions
determine the overall changes in cross-sectional area and
modulus. We assume a constant ultimate strain failure
criterion, which makes the changes in strength propor-
tional to the changes in modulus.

We have developed a time-dependent algorithm to
predict and track changes in the tendon and ligament
properties (Fig. 1). We begin by specifying an initial
cross-sectional area A(t

i
) and modulus E (t

i
) at time t"t

i
.

Based on the animal age t, we determine the biological
components of the specific rate of area change (AQ /A)

"*0
(t)

and of the rate of modulus change EQ
"*0

(t) . For a time step
*t, we specify the forces F (t) applied to the tendon or
ligament. These forces are then used in combination with
the area and modulus to determine a daily strain stimu-
lus m. This stimulus determines the mechanobiological
components of the specific rate of area change
(AQ /A)

.%#)
(m) and of the rate of modulus change EQ

.%#)
(m).

The biological and mechanobiological components sum
to give the total specific rate of area change

(AQ /A)"(AQ /A)
"*0

(t)#(AQ /A)
.%#)

(m) (1)

and the total rate of modulus change

EQ "EQ
"*0

(t)#EQ
.%#)

(m). (2)

We use these rates to update the area and modulus,

A
t`*t"A

t
#(AQ

t
/A

t
)A

t
*t (3)
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and

E
t`*t"E

t
#EQ

t
*t, (4)

with the restriction that the new values remain between
specified upper and lower bounds. The upper bounds
denote the maximum attainable cross-sectional area for
a particular tendon or ligament and the maximum attain-
able modulus for the tissue comprising all tendons and
ligaments. The lower bounds represent the growth that
would occur in the complete absence of mechanical load-
ing, that is, the growth contributed by the biological
component alone.

To estimate the strength of the tendon or ligament, we
assume a linear constitutive relationship and a constant
failure strain e6-5 to compute the failure stress

p6-5
t`*t"E

t`*te6-5. (5)

Given the updated properties, we proceed to the next
time step. To complete our description of the algorithm,
we need only characterize the applied loading and deter-
mine the relationships used to define the biological and
mechanobiological contributions.

3. Force input and daily strain stimulus

Tendons and ligaments experience primarily uniaxial
tensile forces (Ault and Hoffman, 1992). For a tendon,
these forces are generated by a muscle. During normal
development, the maximum muscle force F increases
approximately in proportion to body mass (Carrier,
1983). Since ligament loading during development has
not been studied to the same extent as tendon loading, we
assume that ligament loads also increase in proportion to
body mass.

To determine adaptation rates from the applied loads,
we must relate the loads to the daily strain stimulus. For
the applied force F, we use the cross-sectional area A and
modulus E to compute the stress

p"F/A. (6)

As a first approximation, we assume a linear constitutive
relationship to determine the associated strain

e"p/E. (7)

Mikić and Carter (1995) have defined the daily strain
stimulus as

m"C+
$!:

n
i
*eN m

i D
1@m

K
1%3 $!:

, (8)

where n
i
is the number of cycles of load type i, *eN

i
is the

cyclic strain range of the energy equivalent strain for load
type i, and m is an empirical constant. For convenience,
we simplify this expression by assuming that the stimulus
is dominated by the single load case described above. We

also assume that the strain magnitude affects the stimulus
much more than the number of loading cycles, i.e. m is
large. The daily strain stimulus then reduces to

m+*eN D
1%3 $!:

"(e!0)D
1%3 $!:

"eD
1%3 $!:

. (9)

This stimulus determines the mechanobiologic compo-
nents of the area and modulus adaptation.

4. Biological component

During development, the tendon and ligament proper-
ties change in part due to biological influences such as
growth factors (Storm and Kingsley, 1996; Wolfman
et al., 1995) not affected by mechanical loading. These
influences have their strongest effect early in life and
minimal effect once the animal has reached maturity. The
biological components of the specific rate of cross-sec-
tional area change (AQ /A)

"*0
and of the rate of modulus

change EQ
"*0

reflect their dependence on cell density,
which decays exponentially with animal age (Ingelmark,
1945). Mathematically, the biological contributions are
defined as

(AQ /A)
"*0

(t)"(AQ /A).!9
"*0

exp(!t/q) (10)

and

EQ
"*0

(t)"EQ .!9
"*0

exp (!t/q), (11)

where t is the animal age, q is a time constant, and
(AQ /A).!9

"*0
and EQ .!9

"*0
are scaling constants. The exponential

exp(!t/q) decays to a negligible value of 0.005 when
t"5q. We select the time constant q so that the animal
matures at age t"5q.

5. Mechanobiological component

While the development attributed to the biological
component occurs with or without mechanical loading,
additional mechanically stimulated development is re-
quired to attain normal tendon and ligament properties.
We represent this mechanobiological influence using the
curves in Figs. 2a and b. The two curves in Fig. 2 have
the same shape because, for mature animals in which the
biological contributions have become negligible, changes
in loading produce parallel effects in cross-sectional area
and modulus (Woo et al., 1980, 1981, 1987).

The shape of the mechanobiological curves has several
notable features. Strain stimulus values of 1.5 to 3%/day
associated with strains between 1.5 and 3% promote
tissue homeostasis. Physiologic tendon and ligament
strains are in this approximate range (Beynnon et al.,
1992; Woo et al., 1990). Higher values of the strain
stimulus lead to increases in the area and modulus,
and lower stimulus values lead to decreases in these
parameters. The more extreme the strains, the faster the
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Fig. 2. Mechanobiological components of (a) the specific rate of cross-
sectional area change and (b) the rate of modulus change.

properties change up to the maximum rates $(AQ /A).!9
.%#)

and $EQ .!9
.%#)

. Consequently, the tendons and ligaments
always progress towards homeostasis as increases in the
area and modulus reduce excessive strains while de-
creases in the area and modulus elevate excessively low
strains.

6. Parameter values and application

As an example application, we have used our algo-
rithm to simulate the growth and development of a rab-
bit Achilles tendon. Table 1 lists the parameter values
used in the simulations. We selected these values based
on experimental data from the literature. The available
data come from various tendons and ligaments from
several different animals.

For the biological components, we selected a time
constant of q"2 months. This would make the biologi-
cal contribution negligible at 5q"10 months, the approxi-
mate maturation age for rabbits (Gibb and Williams,
1994). We selected scaling constants of (AQ /A).!9

"*0
"

0.03d~1 and EQ .!9
"*0

"1 MPad~1 to produce lower
bounds that reflect the reductions in area and modulus
observed after the immobilization of mature animals
(Woo et al., 1987).

For the mechanobiological components, we first se-
lected the maximum rates of modulus increase and

Table 1
Parameter values used in the simulations

Parameter Value Relevant Specific to
Figure/Equation application?

q 2 months Eqs. (10) and (11) Yes
(AQ /A).!9

"*0
0.03d~1 Eqs. (10) No

EQ .!9
"*0

1 MPad~1 Eqs. (11) No
(AQ /A).!9

.%#)
0.01d~1 Fig. 2a No

EQ .!9
.%#)

5 MPad~1 Fig. 2b No
A.!9 18 mm2 Fig. 3a Yes
E.!9 1500 MPa Fig. 3b No
e6-5 13% Eq. (5) No

decrease. Between the ages of 2 and 3 months, rat
tail tendon increases in modulus at an average of
5.05MPad~1 (Morein et al., 1978). The medial collateral
ligaments of immobilized rabbits decrease in modulus at
a maximum rate of !5.4 MPad~1 (Woo et al., 1987).
We therefore set the maximum rates of modulus increase
and decrease at $EQ .!9

.%#)
"$5 MPad~1. For a typical

tendon or ligament with modulus 500 MPa, these rates
correspond with specific rates of change of
($5MPa d~1)/(500 MPa)"$0.01d~1. As noted
previously, loading changes have similar effects on cross-
sectional area and modulus in adult animals. We there-
fore set the maximum specific rate of cross-sectional area
change at $(AQ /A).!9

.%#)
"$0.01 d~1.

For the upper bounds, we selected values of 18 mm2

for the cross-sectional area of rabbit Achilles tendons and
1500 MPa for the modulus of all tendons and ligaments.
Exercise studies have reported cross-sectional area in-
creases of approximately 20% for adult animals (Woo
et al., 1980). The maximum area of 18 mm2 represents
a 20% increase over the normal mature cross-sectional
area of 15 mm2 reported by Nakagawa et al. (1996). For
the modulus of tendons and ligaments, investigators have
reported values as high as 1488 MPa (Derwin et al.,
1994). We set the maximum modulus at 1500 MPa to
accommodate this modulus.

To compute the failure stress, we assigned a failure
strain of e6-5"13%. This value falls in the range of
7—17% reported for most tendons and ligaments (Butler
et al., 1986; Haut, 1983; Morein et al., 1978; Torp et al.,
1975; Woo et al., 1992; Yamamoto et al., 1992).

As input for our simulations, we began with an initial
cross-sectional area of A(t

i
)"2.8 mm2 and an initial

modulus of E (t
i
)"281 MPa for three week old rabbits

(Nakagawa et al., 1996). To determine the force input, we
used the body weight data of Gibb and Williams (1994).
An exponential curve fit to this data gives

M(t)"!2 exp(!t/3.7)#1.83, (12)

where M is the mass of the rabbit in kilograms and t is
the rabbit age in months. We used this mass to estimate
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Fig. 3. Simulation results and experimental data illustrating changes in (a) the cross-sectional area, (b) the modulus, and (c) the strength of growing
rabbit Achilles tendons.

the force applied to the tendon

F(t)"133M( t), (13)

where the force is measured in Newtons and the mass in
kilograms. We selected the coefficient 133 to give a force
of 243 N for a mature rabbit with mass 1.83 kg (Gibb and
Williams, 1994). We computed the force at maturity as
F"AEe"243 N, where the cross-sectional area
A"15.3 mm2 and modulus E"530.5 MPa came from
Nakagawa et al. (1996) and the strain e"0.03 came from
Fig. 2.

In addition to the simulation of normal growth and
development, we performed simulations in which we in-
creased or decreased the loading during development. To
simulate exercise, we increased the applied forces by 30%
starting at 4.5 months of age. To simulate immobilization
and remobilization, we decreased the loading to 10% of
normal between the ages of 3 and 6 months.

7. Results

For normal growth and development, the simulations
predict rapid increases in the cross-sectional area,
modulus, and strength prior to maturity (Fig. 3a—c). The
increases slow as the animal matures, and stable values

are maintained in the adult. These results are consistent
with the rabbit Achilles tendon data of Nakagawa et al.
(1996).

Increased loading produces results consistent with the
findings of Ingelmark (1945). Ingelmark found that
trained mice have larger tendon cross-sectional areas
than untrained mice. Our simulation results exhibit such
an increase in cross-sectional area for tendons subject to
elevated loads (Fig. 3a). Our results also predict corres-
ponding increases in the tendon modulus (Fig. 3b) and
strength (Fig. 3c).

Decreased loading produces results consistent with the
findings of Walsh et al. (1993). Walsh and colleagues
found that immobilization leads to a significant decrease
in the stiffness of immature rabbit medial collateral liga-
ments while the cross-sectional area increases despite
immobilization. Our simulation results capture these dif-
ferences. Because the biological component accounts for
much of the development of cross-sectional area, the area
increases despite immobilization (Fig. 3a). The develop-
ment of modulus requires a larger mechanobiological
contribution, allowing for large losses of modulus (Fig.
3b) and strength (Fig. 3c) during immobilization.

When we restore normal loading, the area, modulus,
and strength increase rapidly to stable values (Fig. 3a—c).
These values differ from those attained during normal
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development. Because the area reaches its minimum
before the modulus, remobilization begins with a larger
area relative to the modulus than seen during normal
development. The area and modulus increase at the
same rates as during normal development, resulting
in a higher final area and lower modulus following
remobilization.

Fig. 4 compares the simulation results for normal
growth and development with additional data from the
literature. We normalized the results to allow com-
parison between different tendons and ligaments from
different animals. We normalized animal age by an appro-
ximate maturation age for each animal, using 3 months

Fig. 4. Normalized simulation results and experimental data illustra-
ting changes in (a) the cross-sectional area, (b) the modulus, and (c) the
strength of tendons undergoing normal growth and development. Hori-
zontal axis indicates multiples of maturation age.

for rats (Morein et al., 1978), 9 months for rabbits
(Nakagawa et al., 1996), and 18 yr for humans (Sinclair,
1985). We normalized the simulation results using the
final values predicted for the cross-sectional area,
modulus, and strength. We normalized the experimental
data using a ‘mature value’ for each data set determined
by averaging all data points at or beyond the maturation
age. The normalized simulation results are consistent
with data for various rabbit, rat, and human tendons
(Ingelmark, 1945; Morein et al., 1978; Torp et al.,
1975).

8. Discussion

We have presented an analytical approach for study-
ing the growth, development, and adaptation of tendons
and ligaments. Our approach captures the general trends
observed in experimental studies. To our knowledge, this
is the first attempt at applying analytical methods to
study tendon and ligament growth, development, and
adaptation in the context of experimental findings.

As the first model of its type, this model is admittedly
very basic. It assumes linear elastic constitutive behavior
and does not account for viscoelastic effects. It is also
a phenomelogical model. Microstructural parameters
such as fiber volume fraction, fiber alignment, fiber dia-
meter, and cross-link density determine the modulus and
strength of tendons and ligaments (Parry et al., 1978;
Viidik, 1990; Woo et al., 1992; Wren and Carter, in press).
Future models may explore this microstructural basis for
loading-induced material properties changes.

The current model provides insight into tendon and
ligament adaptation beyond that provided by experi-
mental studies. Ingelmark (1945) showed that training
increases the cross-sectional area of mouse Achilles ten-
dons. Our simulations predict not only this increase, but
also increases in the modulus and strength. In addition to
reproducing the differences observed by Walsh et al.
(1993) in how immobilization affects ligament cross-sec-
tional area and modulus, our approach suggests a pos-
sible explanation for these differences. Our results also
illustrate how tendons and ligaments can achieve a de-
sired stiffness by adjusting both their size and their ma-
terial properties.

The lower bounds contribute to the behaviors ob-
served by Walsh et al. (1993). The upper bounds provide
a possible explanation for the apparent lack of adapta-
tion of certain tendons. Ker et al. (1988) have reported
that while most tendons experience physiologic stresses
below 50 MPa, certain tendons experience significantly
higher stresses without corresponding increases in their
material properties. According to our theory, a tendon or
ligament loses its ability to adapt to increased loads when
its cross-sectional area and modulus both reach their
maximums. A tendon or ligament in this state would fail
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to respond to increased loads and become ‘ill-adapted’
and more susceptible to injury. Changes in tissue pheno-
type such as calcification might also occur (Rooney,
1994).

We have proposed basic principles that help to explain
the growth and development of tendons and ligaments.
These principles appear to apply not only to normal
growth and development, but also to growth and develop-
ment under conditions of increased or decreased load-
ing. This preliminary model demonstrates the utility of
analytical approaches in contributing to our understand-
ing of soft tissue growth, development, and adaptation
and may serve as a starting point for future investiga-
tions.
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