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Background and Objectives: Few quantitative studies
have investigated the temperature dependent viscoelastic
properties of cartilage tissue. Cartilage softens and can be
reshaped when heated using laser, RF, or contact heating
sources. The objectives of this study were to: (1) measure
temperature dependent flexural storage moduli and mech-
anical relaxation in cartilage, (2) determine the impact of
tissue water content and orientation on these mechanical
properties, and (3) use these measurements to estimate the
activation energy associated with the mechanical relaxa-
tion process.
Study Design/Materials and Methods: Porcine nasal
septal cartilage specimens (30� 10� 2 mm) were deformed
using a single cantilever arrangement in a dynamic
thermomechanical analyzer. Stress relaxation measure-
ments were made at discrete temperatures ranging from
25 to 708C in response to cyclic deformation (within the
linear viscoelastic region). The time and temperature
dependent behavior of cartilage was measured using
frequency multiplexing techniques (10–64 Hz), and these
results were used to estimate the activation energy for the
phase change using the Williams–Landel–Ferry (WLF)
equation and the Arrhenius kinetic equation. In addition,
the effect of tissue orientation was examined with speci-
mens oriented in both transverse and longitudinal direc-
tions at room temperature.
Results:The storage moduli of porcine cartilage decreased
with increasing temperature, and a critical change in
mechanical properties was observed between 58 and 608C
with a reduction in the storage modulus by 85–90%. The
shift of the stress relaxation behavior from viscoelastic solid
to viscoelastic liquid was observed between 50 and 578C and
likely corresponds to the transition temperature region in
which structural changes in the tissue occur. The storage
moduli for transverse and longitudinally oriented speci-
mens were 19–22 and 14–16 MPa, respectively at ambient
temperature. Reducing the water content (<10% mass
loss) by allowing it to dry under ambient conditions resulted

in reduction in the storage modulus by 31–36%. The
activation energy associated with the mechanical relaxa-
tion of cartilage was 147 kJ/mole at 608C. This value was
calculated by measuring stress–strain relationship under
conditions where linear viscoelastic behavior was observed
(0.09–0.15% of strain) within the transition temperature
region (58–608C).
Conclusions: The anisotropic mechanical behavior of
cartilage was quantitatively analyzed in the transversely
and longitudinally oriented specimens. Viscoelastic be-
havior appeared to be strongly dependent on the water
content. Using empirically determined estimates of the
transition zone temperature range accompanying stress
relaxation, the activation energy for stress relaxation was
calculated using time and temperature superposition
theory and WLF equation. Further investigation of the
molecular changes, which occur during laser irradiation,
may assist in understanding the thermal and mechanical
behavior of cartilage and how the reshaping process might
to be optimized. Lasers Surg. Med. 32:271–278, 2003.
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INTRODUCTION

Free autologous cartilage grafts are used extensively in
plastic surgery of the head and neck with donor specimens
harvested from the pinna of the ear, nasal septum, or rib.
In as much as the shape of donor cartilage grafts may not
meet the geometrical demands required at the recipient
site, reshaping of cartilage by carving, suturing, or mor-
selizing is often necessary. Unfortunately, these traditional
techniques can result in damage to the transplanted tissue
and decrease viability. Furthermore, the physical mani-
pulation of the tissue may alter graft resilience and weaken
the tissue.

Laser assisted reshaping of cartilage is a new surgical
procedure designed to allow in-situ treatment of deformi-
ties with less morbidity than traditional procedures [1–13].
During laser irradiation, mechanically deformed cartilage
undergoes a subtle change in material properties that
permits tissue to be reshaped into new stable configura-
tions [5,6,11,12,14–22]. Although the mechanism res-
ponsible for shape change has not been conclusively
established, the process is thought to involve a combination
of collagen denaturation, alteration of weak van der Waals
bonds between proteoglycan molecules, and/or water flux
[9,18].

Sobol et al. has suggested an intriguing hypothesis that
the underlying mechanism behind laser reshaping is a
consequence of a phase transformation of bound water to
free water in the cartilage matrix, which takes place at a
temperature of approximately 708C [18]. The alteration in
internal stress during laser irradiation results in accelerat-
ed stress relaxation and represents a fundamental biophy-
sical change that results in cartilage reshaping [18,23,24].
Preliminary studies using diffuse light scattering and
calorimetric measurements have identified changes in
cartilage tissue, thermal and optical properties that are
consistent with this phase transformation hypothesis [11–
13,15,19,20,25–32].

Cartilage is a complex tissue composed of a three-
dimensional collagen fibrillar framework containing a
matrix of proteoglycan molecules that possess negatively
charged ion groups (SO3� and COO� moieties). Cartilage
can be thought of as a charged hydrogel where all of the
free space is filled with water, in either partially bound or
free states. Polarized water molecules bind weakly to the
negatively charged groups attached to both proteoglycan
and collagen molecules. Free water likewise contains dis-
solved mineral substances including positively charged
Naþ and Ca2þ ions, which are attracted to negatively
charged components of proteoglycan molecules; these ions
are thus trapped in the matrix when free water is forced out
of it during deformation or evaporation. The heterogeneous
distribution of negatively charged groups in the polymeric
proteoglycan chains account for the intra-molecular inter-
nal stresses of the tissue. It has been suggested that
the stress relaxation of cartilages is a function of the
average distance of mass transfer of proteoglycan subunits
since the process may involve the successive adsorption and
desorption of water by these structures [9]. Water may play

a significant role in the reshaping process since evaporation
occurs during laser irradiation (with a subsequent increase
in the concentrations of collagen and other proteins within
the matrix). It is well known that the degree of hydration
greatly influences tissue ablation and shrinkage behavior
[18,33,34]. Thus this hypothetical bound to free transition
of water may increase the mobility of constitutive elements
of the matrix, which may lead to stress relaxation.

In situ, the negatively charged proteoglycans are com-
pressed and their expansion is resisted by tensile strength
of the surrounding collagen framework. The multi-
branched chained polymeric molecular structure of cartil-
age results in viscoelasticity, and underscores the impor-
tance of studying the time and temperature dependent
behavior of this material during deformation.

In previous investigations, stress and strain during laser
irradiation were measured in cartilage under tension
[35] and cantilevered deformation [23,36] during Nd:YAG
laser (l¼ 1.32 mm) irradiation, under quasi-static condi-
tions. More precise and detailed measurements of cartilage
viscoelastic behavior are needed to further elucidate the
mechanisms behind reshaping. In the rheological sciences,
dynamic mechanical analysis (DMA) is widely used for
characterizing viscoelastic materials (e.g., storage and loss
modulus, damping properties) in response to sinusoidal
deformations or loads.

Chae et al. [37] have previously determined that the
thermal properties of cartilage change with tissue water
content, and it is likely that the mechanical properties
depend upon the water content of the tissue as well. Hence,
examining the effect of water content on cartilage thermo-
viscoelastic behavior is an important goal of this study.
Characterizing time and temperature dependent changes
in the elastic modulus of cartilage may have value in
optimizing the process of laser reshaping even though
laser heat generation in tissue occurs at a much faster
rate. The objectives of this study are to: (1) measure
temperature dependent flexural storage moduli and mech-
anical relaxation in cartilage and determine whether these
properties depend upon specimen orientation, (2) examine
the impact of tissue water content on these mechanical
properties, and (3) use these measurements to estimate
the activation energy associated with the mechanical
relaxation process.

MATERIALS AND METHODS

Tissue Preparation

Crania from freshly sacrificed domestic pigs were ob-
tained from a local packing house (Farmers John, Vernon,
CA) and the nasal septal cartilages were harvested as
described previously [38]. Cartilage grafts were cut into
rectangular slabs measuring 30� 10 mm with thickness of
1–2 mm. A commercial rotary food slicer (Model 620, Chef’s
Choice Intl., EdgeCraft Corp., Avondale, PA) was used to
cut specimens to a uniform thickness and remove perichon-
drial tissue [35]. Specimens were oriented either long-
itudinally or transversely with respect to the long-axis of
the septal cartilage (Fig. 1). The specimens were immersed
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in saline solution following harvest and processing. Mass
was determined just before and after each experiment
using a microbalance after excess surface water was
removed by gently blotting with tissue paper.

Dynamic Mechanical Analysis (DMA)

Time dependent tissue mechanical properties were
measured using a dynamic mechanical analyzer (DMA
2980, TA Instrument, Delaware, CA). The DMA relies
upon measuring stress in a material in response to small
oscillatory strains with the specimen secured in a variety of
mechanical configurations. A single cantilever set-up was
used for these studies, and measurements were perform-
ed under isothermal conditions varying from ambient to
808C. DMA oscillation frequencies varied from 1 to 60 Hz.
Deformation of a single beam cantilevered specimen pro-
duces a combination of both flexural and shear forces. In
short thick specimen shear forces are dominant. In
contrast, in long thin specimens, flexural deformation is
the predominant mode, and the one of interest for the
present studies. For instance, for a cartilage specimen with
a length to thickness ratio of 10, shear stress contributes
less than 5% and the deformation mode is virtually pure
flexure. The rectangular cartilage specimens used here for
the DMA experiments had a length to thickness ratio
greater than 10.

The evaporation rate of water from cartilage was
measured by placing specimens in the pan of a micro-
balance and allowing dehydration to occur under ambient
conditions as a function of time. In addition, specimen mass
was recorded before and after each experiment. The range
of linear viscoelastic behavior was determined at ambient
temperatures using a 1 Hz oscillation frequency on the
DMA instrument. Each specimen was rapidly secured to
the DMA head and sealed in the furnace, which was pre-
heated to a user-defined set point temperature. This was
done in order to rapidly establish thermal equilibrium
between the specimen and furnace at the user-defined set
point temperature. Inserting the specimen into the cham-
ber at ambient temperatures and then heating to the set
point would result in significant specimen dehydration and
subject the tissue to a relatively slow ramp-heating curve.
Ideally, the specimen, furnace, and DMA apparatus should
reach set point temperature instantaneously, however,

methods that could accomplish this (high power infrared
laser (IR), IR ovens, and microwave heating) are beyond
the scope of this study.

Estimation of Time-Based Shift Factor
and Activation Energy

The time-based shift factor [39] was measured using
multi frequency sweep analysis (MFSA). In MFSA, a step
and hold temperature profile is applied and a frequency
sweep is made at each isothermal temperature. The degree
of horizontal shifting (i.e., time) required to superimpose a
given set of flexural moduli at one temperature onto a
standard curve established at a set reference temperature
(near the phase transition temperature) has been mathe-
matically described, and the theory is described below.

Theory of Time–Temperature Superposition

In theoretical models of dilute solutions composed of
flexible molecules based on the ‘‘bead-spring model’’ [39],
the contribution of the solute to the storage and relaxa-
tion modulus is proportional to cRT/M, where c is the
concentration and M is the molecular weight of the
solute. Likewise, the relaxation time t is proportional to
h½ �hsM=RT, where h½ � ¼ lim

C!0
h0 � hSð Þ=hSC is the intrinsic

viscosity, hs is a viscosity of solvent, and h0 is a steady
state solution viscosity for the corresponding quantities
extrapolated to infinite dilution. All the relaxation times
formulated in terms of the intrinsic viscosity can be as-
sumed to have the same temperature dependence based on
an extrapolation to infinite dilution to eliminate quantities
not directly measurable. Hence; the time based shift factor
aT (a function of temperature) can be conveniently re-
presented by the ratio of any specific relaxation time tp

at temperature T to its value at an arbitrary reference
temperature T0:

tp

� �
T

tp

� �
T0

¼ aT ¼ h½ �hsð ÞTT0

h½ �hsð ÞT0
T

ð1Þ

The time base shift factor, aT underscores the basic re-
lationship between temperature and viscoelasticity.

A phase transition results from an increase of molecular
mobility with rising temperature. This corresponds to the
‘‘expansion’’ of free volume, which may be present as holes
on the order of molecular (monomeric) dimensions or
smaller voids associated with packing irregularities. Free
volume is defined as smaller voids associated with packing
irregularities. Molecular mobility at any temperature de-
pends primarily on the free volume remaining, so the rates
of both bulk and shear deformations can be advantageously
expressed in terms of free volume (uf) rather than T as the
independent variable.

lnh0 ¼ ln A þ B u� ufð Þ=uf ð2Þ

In Equation 2, A and B are empirically determined
constants [39]. Equation 2 can then be expressed in terms
of the shift factor aT, with the definition f ¼ uf=u and
f ffi f0 þ af T � T0ð Þ, where f0 is the fractional free volume

Fig. 1. Specimen of porcine septal cartilage with geometry and

orientations.
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at an arbitrary reference temperature T0 with f0¼B/
2.303C1 and af¼B/2.303C1C2 [39].

logðaTÞ ¼
B

2:303

1

f
� 1

f0

� �
¼ � B=2:303f0ð Þ T � T0ð Þ

f0=afð Þ þ T � T0ð Þ ð3Þ

The amount of shifting along the horizontal (x) axis in a
typical time–temperature superposition (TTS) is generally
described using both the Williams–Landel–Ferry (WLF)
equation

logðaTÞ ¼
�C1 T � T0ð Þ
C2 þ T � T0ð Þ ð4Þ

and Arrhenius equation:

ln aT ¼ E

R T � T0ð Þ ð5Þ

This TTS plot is required to align the individual experi-
mental data points with points on the master curve
(reference curve). In Equation 4, C1 and C2 are empirically
determined constants (C1¼B/2.303f0, C2¼ f0/af), and T0

is the reference temperature (in K). In Equation 5, E is
the activation energy associated with the relaxation, R is
the gas constant, and T is the measurement temperature
(in K). We used a commercial software package (TTS Rheo
advantage data analysis, TA Inst.) to calculate calibration
constants (C1 and C2) and thus estimate the activation
energy for stress relaxation in cartilage. The estimation of
C1 and C2 depends on the dynamic storage moduli from
each isothermal condition. The measurement of elastic
moduli is dependent on the geometry of the specimen and
the intrinsic limitations of each instrument.

RESULTS

Flexural Stress–Strain

Figure 2 shows representative stress/strain behavior in
three cartilage slabs (1–3 mm thickness) during sinusoidal
displacement (0.4% amplitude strain at 1 Hz) at three
separate isothermal conditions (27, 55, and 658C) in longi-
tudinal orientation. To accurately determine mechanical
properties, deformation must occur using displacement
amplitudes that are within the linear viscoelastic region
(e.g., material response is independent of the magnitude of
the deformation). This linear region was determined using
strain-sweep analysis. The linear viscoelastic behavior was
observed with strains less than 0.145% at 278C, 0.11% at
558C, and 0.100% at 658C. This latter measurement is at a
higher temperature than the transition temperature
(around 608C) previously reported [37,40]. It should be
noted that each curve in Figure 2 represents measurements
obtained using a different specimen for each temperature.
Regression lines (dotted) were calculated using the initial
set of data points to provide an estimate of when stress and
strain deviated from linear behavior. This was used to
provide an estimate of the region of linear behavior.

Specimen Orientation and Effect of Water Content

The flexural storage moduli were measured within the
linear elastic region (0.1% of strain) in both longitudinally

and transversely oriented specimens at a constant tem-
perature of 258C at 1 Hz (Fig. 3). Since evaporation occurs
during these experiments, specimen mass was recorded at
selected time intervals during the experiments to gauge
the impact of water loss. In Figure 3, curve (1) represents
percent reduction in specimen mass (due to evaporation)
as a function of time while curves (2) and (3) correspond
to the storage modulus of transversely and longitudi-
nally oriented specimens, respectively. Initial storage
modulus of the transversely oriented cartilage specimen
was 12.5–14.0 MPa and the longitudinal specimen was
18.0–19.5 MPa. The storage modulus was higher in

Fig. 2. Stress strain curve of porcine septal cartilage for linear

viscoelastic behavior at isothermal temperature (27, 55, and

658C).

Fig. 3. Flexural storage modulus of porcine nasal septal

cartilage; (a) transversal, (b) longitudinal, (c) orientation with

mass loss.
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transversely oriented specimens than in longitudinally
oriented ones, and in both cases the modulus decreased
with time as dehydration occurred. The difference in stor-
age modulus between the two orientations was 30–38%.
Similar reductions in elastic modulus in both transverse
and longitudinal orientations at ambient temperature
were observed. The constant of proportionality between
storage moduli of longitudinal and transversely oriented
specimens was estimated to be approximately 0.65–0.7.
Mechanical anisotropy in cartilage can be characterized
knowing these differences. Hence, measurements of mate-
rial behavior in the transverse direction can be used to
estimate material behavior in the longitudinal direction,
and vice versa.

While these experiments are performed immediately
after the specimen is removed from immersion in saline,
water loss due to dehydration was a concern, which pro-
vided the motivation of measuring the impact of water
content on tissue properties. After 5 minutes, the specimen
mass was reduced only by about 1%, while the storage
moduli decreased by 12 and 19% for transverse and longi-
tudinally orientated specimens, respectively. Similarly,
after 20 minutes, when mass loss reached 3%, the storage
moduli decreased by 31 and 36% for transversely and
longitudinally orientated specimens, respectively. These
observations underscore the impact of even small reduc-
tions in water content on tissue mechanical properties.

Stress Relaxation of Porcine Nasal Cartilage

In Figure 4, multi frequency sweep analyses were used to
obtain the flexural storage moduli at various frequencies
(14, 23, 37, and 61 Hz) at different temperatures. The
transition as evidenced by a reduction in instantaneous
storage modulus of cartilage as temperature increased, and
was more pronounced as temperature approached 608C.

Figure 5 shows that the instantaneous storage modulus
changes at approximately 558C at 14 Hz. This relaxation
event in cartilage started at about 508C with the storage
modulus gradually falling until a value of 2–3 MPa is
reached at 658C. These results are consistent with those
illustrated in Figure 4.

The error bars in Figure 4 represent the standard error
derived from a limited number of samples, 3 or 4. This
suggests that the temperature transition region associated
with the relaxation of cartilage is between 50 and 658C,
which is similar to the temperature range where changes in
heat capacity of cartilage were identified using differential
scanning calorimetry [40]. In the transition temperature
region, the instantaneous storage modulus rapidly dropped
by 80–85%. Above 708C, the magnitude of the change in
the storage modulus was observed to be within the instru-
ment error range (0.3–0.5 MPa), which is largely due to
specimen clamp related effects. Reproducible and accurate
measurements above 708C were not obtained because the
evaporation rate increased rapidly.

Figure 6 shows normalized relaxation storage moduli
versus time for specific temperatures. Above 508C, the
relaxation modulus decreases rapidly within 1 minute and
then slowly approached an equilibrium value. At tempera-
tures below 508C, elastic energy is still stored in the tissue
matrix, which is under constant flexural strain. This
energy very slowly dissipates, and asymptotically appro-
aches a final non-zero value. In contrast, at 578C and
above, the dissipation of stored elastic energy is rapid and
complete mechanical relaxation of the tissue is observed
(e.g., the normalized relaxation modulus reaches zero).
These results demonstrate that cartilage can continue to
store elastic energy below 508C, but above this temperature
threshold, complete mechanical relaxation occurs over a
much shorter time interval with dissipation of any stored

Fig. 4. Storage modulus of porcine septal cartilage versus

temperature at various frequencies.

Fig. 5. Storage modulus of porcine nasal septal cartilage at

various temperatures in longitudinal orientation.
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energy. It can be inferred that some subtle structural
change in cartilage occurs above 508C and below 578C,
and this is consistent with storage modulus measurements
(Fig. 5).

Shift Factor and Activation Energy for Relaxation
on Porcine Septal Cartilage

Figure 7 is a plot of the shift factors (at) determined at
various temperatures. The time based shift factor plot was
curvilinear, consistent with the behavior predicted by the
WLF equations [39]. Commercial software was used to
determine calibration constants C1 and C2. The shift factor

was calculated based on a reference temperature, 60.18C,
that was estimated in previous differential scanning calori-
metry studies [40] and this value is consistent with current
stress relaxation measurement (Fig. 6). These calibration
constants, (C1¼ 1.025� 107 and C2¼ 1.484� 108) were
used to estimate the activation energy associated with
the relaxation of porcine cartilage corresponding to the
phase transition. The activation energy was calculated
using an Arrhenius relation (Eq. 6) and the value obtained
was estimated to be 148.7 kJ/mole.

DISCUSSION

While laser cartilage reshaping is performed using
heating rates that are orders of magnitude faster than
those used in this study, the characterization of cartilage
thermoviscoelastic behavior at slow heating rates is still
of direct relevance to studying shape change and phase
behavior in this tissue. Optimization of the reshaping
process requires an understanding of how stress and
strain change in response to temperature, and differential
scanning calorimetry and dynamic mechanical analysis
are cornerstone techniques used in rheological science to
study thermoviscoelasticity. This is the first study to syste-
matically use DMTA and TTS to study stress relaxation
in cartilage.

Multifrequency measurements of porcine nasal septal
cartilage were obtained using a dynamic mechanical
analyzer at several temperatures. Characteristic changes
in mechanical properties suggestive of a phase transforma-
tion were identified between 50 and 678C and these
observations are consistent with previous studies, which
used calorimetry to estimate the phase transition tempera-
ture range [40]. Anisotropic mechanical behavior of septal
cartilage was observed, which is likely due to the in-
homogeneous collagen fiber distribution and proteoglycan
density. This degree of anisotropy was quantified by
comparing the ratio of the storage moduli in transversely
oriented specimen to longitudinally oriented one. This
ratio allows us to estimate the viscoelastic behavior of
cartilage in two directions based upon measurements in
only one direction.

The mechanical changes observed using dynamic mech-
anical analysis were the result of a combination of effects
that includes both water loss and changes in the intrinsic
molecular structure of the material with heating. Identify-
ing the relative contribution of each of these effects is
challenging, particularly when the changes in material
behavior are quite subtle. With increasing water loss,
the storage moduli gradually decreased 12–17% after
5 minutes and 20–30% (after 10 minutes of evaporation
at ambient conditions). In order to reduce the effect of
water loss due to dehydration these measurements were
recorded from each specimen within the first 5 minutes
after it was placed in the furnace of the DMA (maintained at
a constant user defined temperature). With this method, a
significant change in the storage moduli was observed
when specimens were evaluated at temperatures between
55 and 658C. Accordingly, this transition temperature
range was selected for use in TTS studies (and estimation of

Fig. 6. Stress relaxation behavior of porcine nasal septal

cartilage at various isothermal temperatures.

Fig. 7. Shift factor as a function of temperature relative to

reference temperature 60.18C.
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activation energy), which are generally performed at
temperatures near the phase transition.

Classic dynamic thermomechanical analysis (DMTA)
measures stress and strain on a deformed specimen while
the temperature increases as a function of time. Because of
this relatively slow temperature ramp, biologic materials
cannot be accurately studied because significant water
evaporation occurs, which alone leads to profound changes
in tissue properties independent of the effects of heat. To
minimize the impact of dehydration on our measurements,
instantaneous storage modulus was recorded at discrete
temperatures over a very short time. This allowed estima-
tion of transition temperatures accompanying even subtle
changes in stress relaxation rate.

Basic mechanical properties also demonstrated freq-
uency dependence in this transition temperature range;
the transition temperature range increased slightly with
higher oscillation frequencies. This is consistent with the
earlier finding obtained from the study of relaxation
behavior of cartilage [12,19,35]. At higher frequencies, the
storage modulus decreases rapidly within a relatively
narrow temperature range. Since this is the first study to
the best of our knowledge that has examined frequency
dependence of thermoviscoelasticity in cartilage, a broad
range of oscillation frequencies were used. In general, there
is a ‘‘roll-off’’ phenomenon for storage modulus with higher
temperatures. This ‘‘roll-off‘‘ effect is steeper at higher
frequencies and thus the transition temperature is more
distinctly observed. Hence, performing these studies at
higher frequencies allows more accurate determination of
transition temperature. Overall, measurements of carti-
lage viscoelastic behavior provide fundamental data that
can be incorporated into the WLF equation (in the
frequency domain) and in turn allow the generation of
master curves, which can be used to estimate the storage
modulus at other frequencies.

Based on measurements of instantaneous storage moduli
at series of discrete temperatures, the activation energy
for stress relaxation was estimated using pure flexural
deformations in specimens maintained in cantilever geo-
metry. Assuming the validity of TTS, the WLF equation and
Arrhenius relation can be used to estimate the activation
energy (approximately 148 kJ/mole) associated with the
mechanical relaxation of cartilage. Constants C1 and C2 for
the WLF equation were estimated along with the empirical
time base shift factor aT. This estimated activation energy
for stress relaxation is higher than the energy required for
the evaporation of free water (41–44 kJ/mole) and the
activation energy of water diffusion (30.6 kJ/mole) [14,18].
The value obtained in this study does support the hypoth-
esis that stress relaxation in cartilage is a consequence of
water diffusion as well as the adsorption and de-sorption of
water by proteoglycans in cartilage matrix.

The activation energy for shape change/relaxation
(phase transformation energy) was greater than that re-
quired to either evaporate water or adsorb/desorb water
from PTGs [14,18]. In Sobol’s studies [18], the activation
energies of water diffusion and water evaporation were
similar to one another: 27–41.4 kJ/g. The activation energy

for stress relaxation determined using DMTA is based upon
measurements of macroscopic tissue properties that are
influenced by experimental conditions such as thermal
diffusion, water vaporization, and specimen geometry. The
larger activation energy for stress relaxation relative to
the evaporation energy can be interpreted in the context
of tissue water content. For a low concentration of water,
a large amount of energy is needed to facilitate water
movement through the dense ECM and likewise liberate
bound water from PTGs.

The mechanical properties of cartilage vary with time
and temperature, and this behavior has been modeled
using the empirically derived WLF equation. The storage
modulus of cartilage decreased with decreasing the water
content, and the elastic modulus is significantly reduced
with dehydration. The mechanism of the cartilage reshap-
ing is still uncertain and water whether bound to cartilage,
free, or bound to minerals, plays an important role in
thermally accelerated stress relaxation.

CONCLUSION

In this study, we determined the linear region of
viscoelastic behavior of porcine cartilage and empirically
analyzed the effect of temperature, water content, and
orientation on mechanical behavior of cartilage. Using the
WLF equation, the activation energy of this process was
estimated based on the measure of the transition tempera-
ture region associated with relaxation. This value for the
activation energy can be used to model viscoelastic behavior
in cartilage and modified for different transition tempera-
ture regions (reference temperature). Further investiga-
tion of molecular mechanisms, which occur during laser
irradiation, may provide insight into understanding how
the reshaping process might be optimized.
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