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Abstract: We have previously shown, using Dynamic Me-
chanical Analysis (DMA), that the presence of a defect in
cortical bone tissue affects the apparent viscoelastic proper-
ties of that bone. However, mechanically induced damage is
more complex than a machined defect making it difficult to
predict its effect on bone viscoelasticity. We performed
DMA measurements before and after introduction of yield
damage into cortical bone beams from sheep radii. The
specimens were placed in a DMA machine and baseline
measurements of storage modulus (E1) and loss factor
(tan 8) were performed using a 3-point bending configura-
tion for a frequency range of 1-10 Hz. Measurements were
done in all four bending directions (cranial, caudal, medial,
and lateral) in random order. After subjecting the specimens

to monotonic yield damage in a servohydraulic testing
machine with the load applied to the cranial surface, oscilla-
tory tests were repeated. To supplement results from the
current experiment, additional analyses were performed on
data from experiments where bone was either cut or fatigue-
loaded between viscoelasticity measurements. Introduction
of mechanical damage increased tan 8 and frequency sensi-
tivity of E1, consistent with the assertion that increased
energy dissipation in damaged bone might contribute to its
increased resistance to fatigue and fracture. © 2007 Wiley
Periodicals, Inc. ] Biomed Mater Res 82A: 530-537, 2007
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INTRODUCTION

Naturally occurring flaws in the form of microdam-
age exist in human bone tissue and tend to increase
with aging.'™* Bone microdamage as a result of fati-
guing activities has been implicated in a number of
conditions including loosening of joint prostheses,’
subchondral bone stiffening and osteoarthrosis,®”
stress fractures,® and an increase in bone fragility
and osteoporotic fractures.””'* Despite its potentially
harmful effects on the mechanical integrity of bone
tissue, however, the exact nature of the interaction
between microdamage and mechanical behavior of
bone is not well-understood. It is generally believed
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that, left unrepaired, the presence of these micro-
cracks predisposes the tissue for failure during subse-
quent loading by reducing its ability to withstand
load and resistance to fatigue and fracture."”** On
the other hand, it has also been reported that longer
fatigue life was associated with higher rather than
lower initial crack density when the effect of modulus
variability was controlled.?

We believe that an increase in the ability of bone
tissue to dissipate energy through viscoelastic means
during damage accumulation may enhance its fa-
tigue and fracture resistance since less of the energy
will be available for creation of new crack surfaces.
We have demonstrated in our previous work that
the presence of a flaw in bone tissue can be detected
using frequency analysis of dynamic properties from
nondestructive oscillatory tests.** Although the use
of a machined flaw provided information on the
effect of a large (on the order of 1 mm) and highly
concentrated defect with known geometries on the
viscoelastic behavior of bone, it is not clear whether
this can be extrapolated to mechanically induced
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damage. In this study, we examined the effect of
minimal mechanical damage (created by loading bone
tissue just beyond yield) on the subsequent viscoelastic
behavior of cortical bone tissue.

In order to gain additional insight into the effect of
damage on the damping ability of bone, we revisited
our previous work where damage was introduced by
cutting the bone specimens.”* This allowed us to
recalculate the parameters of that study in a way con-
sistent with the current design and to perform a
more comprehensive statistical analysis. We also re-
visit an experiment where data were available from
bone specimens that were damaged using fatigue
loading and subjected to ultrasound measurements
before and after fatigue damage.'” In that experi-
ment, ultrasound measurements were performed on
a group of specimens with aims not relevant to the
current study. Our overall hypothesis was that dam-
age would affect the viscoelastic properties of cortical
bone consistent with our assertion that damaged
bone is more energy-dissipative. The revisited experi-
ments were expected to provide more insight into
the nature of the interaction between damage and
energy dissipation properties.

METHODS

Left radii from seven sheep were used (eight-year-old
Warhill sheep). A 65 mm bone segment was cut out of
each radius such that 25 mm proximal and 40 mm distal
regions with respect to the center were included. The bone
segment was clamped from the distal end and cortical
bone beams (2 X 2 X 19 mm®) were machined from the
proximal piece using the Exakt cutting system (Exakt
Technologies, Oklahoma City, OK) resulting in middiaphy-
seal specimens with the long axis of the beam being
aligned with the long axis of the bone. One beam per bone
was randomly selected from the cranial cortex of each ra-
dius. The experiment involved dynamic mechanical analy-
sis (DMA) of bone beams before and after the introduction
of yield damage (Fig. 1).

The specimens were placed in a dynamic mechanical
analyzer (DMA 7e, PerkinElmer, Norwalk, CT) and base-
line viscoelastic measurements were performed in 0.9% sa-
line solution at 37°C from oscillatory tests using a 3-point
bending configuration (15 mm span length).25 A calcium
buffer in the saline solution, which is recommended for
long-term experimen’cs,26 was not used in this experiment.
However, it is unlikely that the leaching of calcium would
significantly affect the results as the total amount of time
spent for measurements was less than 45 min. We have
also verified in a separate study that there are no signifi-
cant differences in cortical bone tissue properties between
two subsequent measurements in our DMA system.”’
A 550 mN static and 500 mN dynamic load waveform was
used as the oscillatory input (Fig. 1), scanning a frequency
range of 1-10 Hz (in 0.2 Hz increments).**?® Storage mod-
ulus, E1 (for dynamic tests, equivalent to Young’s modulus)

and loss factor, tan & (an indication of the amount of
energy dissipated by viscous mechanisms relative to
energy stored in the elastic component) were measured for
each of the cranio-caudal (cranial bending: load applied to
the cranial surface), caudal-cranial (caudal bending: load
applied to the caudal surface), medio-lateral (medial bend-
ing: load applied to the medial surface) and latero-medial
(lateral bending: load applied to the lateral surface) bend-
ing directions.

Specimens were then subjected to yield damage under
3-point bending using a servohydraulic testing machine
(Instron 8501M, Canton, MA). The damaging load was
applied to the cranial surface of specimens. Displacement
rates corresponding to a strain rate of 0.001 s™' were used.
Beam equations were used for calculations of strain and
strain rate.” Yield damage point was reached by applica-
tion of successive monotonic loading with 5N increments
starting from 25N (unloaded between increments). Loading
was discontinued when the stress-strain curve passed the
point of intersection with the 95% secant modulus line
[Fig. 1(d)]. Specimens were kept wet with 0.9% saline solu-
tion during testing. After the specimens were damaged,
oscillatory tests were repeated in the DMA machine. Speci-
mens and loading directions were tested in a random
order in order to avoid a potential systematic effect caused
by sequential testing of loading directions.

Because storage modulus and tan 8 exhibit a strong
power-law and a linear relationship with frequency (E1 =
Af® and tan 8 = —C f + D; f = frequency), respectively,
the fit parameters A, B, C, and D were examined as the
viscoelastic parameters for each measurements for each
specimen. Two way repeated measures ANOVA was used
with bending direction (cranial, caudal, lateral, medial)
and test (predamage, postdamage) as factors. When signifi-
cance was detected, Fisher’s LSD test was used to isolate
group differences.

The results of a previous experiment®* were reanalyzed
as described above in order to compare with the current
results. In that experiment, all test parameters were the same
as the current, except that the specimens were resubjected to
a DMA test after cutting a defect at the center of beams
instead of introducing damage using mechanical loading.
Specimens in the defect experiment were initially stiffer
(Coefficient A) (p = 0.028) and had lower initial tan 8 (inter-
cept D) (p = 0.026) than those in the yield experiment. After
examination of the effect of bending directions and damage
for each experiment, the comparison of the yield and the
defect experiments were done using a mixed model with the
damage mode (yield vs. cut defect) as a factor, frequency
(1 Hz vs. 10 Hz) as a repeated factor and the percent change
in tan 8 under cranial bending as the outcome variable.

In order to investigate whether mechanical damage
causes changes in tan & at high frequencies, we revisited a
previously conducted experiment where the effect of fa-
tigue damage on fracture toughness was investigated."
A subset of the specimens in that experiment was sub-
jected to ultrasound tests before and after fatigue loading
but those data were not analyzed in the manner reported
here. A complete set of data was available from seven
specimens of a previous study. Rectangular beam speci-
mens (4 X 4 X 48 mm®) were machined from bovine tibiae
using a low-speed diamond saw (Model 660, South Bay
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Figure 1. (a) Flow of specimen preparation from sheep radii. (b) Specimen flow during the experiment. Cortical bone
g p prep p P & p

beams were subjected to three-point bending DMA analysis in four orientations. The black point marks the proximal end
and the lateral cortex of the bone beams and can be used as a reference for bending directions. The beams were vibrated
once in the craniocaudal (load applied to the cranial surface), once in the caudocranial (load applied to the caudal surface),
once in the lateromedial (load applied to the lateral surface), and once in the mediolateral (load applied to the medial
surface) direction. The specimens then were subjected to yield-damage in three-point craniocaudal bending. DMA mea-
surements were repeated in all four bending directions. (c) The configuration of the revisited experiments to illustrate the dif-
ferences from the current experiment. A defect was introduced by cutting a notch between DMA measurements (top) or the
specimen was subjected to 4-point bending fatigue damage between transmitted ultrasound measurements (bottom). (d) The
details of the DMA waveform (top) and determination of yield point (bottom).

Technology, Temple City, CA). The long axes of the beams
were aligned with the long axis of bone. Using a four
point bending fatigue setup, the specimens were fatigue
damaged to different levels of stiffness loss at 2 Hz under
load control corresponding to an initial strain of 5000 pe.*
The specimens were subjected to ultrasonic tests before
and after fatigue loading. Ultrasonic velocity and ampli-
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tude measurements were performed using 1 MHz contact
type pressure-wave transducers (V103-RB, Panametrics,
MA), a pulse generator/receiver, and an oscilloscope in
through-transmission mode. Water was used as the cou-
pling medium between the bone and the pressure-wave
transducer. Ultrasound measurements were made in the
long direction of beam. Time-to-travel and amplitude
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information were recorded from the oscilloscope reading
along with a reference signal from the pulse generator.
These measurements allow for calculation of tan & using
the relationships®: a = (w/c) tan (5/2) and a = In (A;/
Az)/(L1—-Ly) where « is attenuation, A; and A, are magni-
tudes of the wave transmitted through materials of length
L; and L, but of identical construct, ® is the angular fre-
quency and c is the speed of the transmitted wave. The
input signal (for L; = 0) from the pulse generator was
used as a reference eliminating potential errors from the
variability of construct between two specimens that need
to be identical in construct. With L, L,, and ® known, A4,
A,, and ¢ were measured. From these tan & were calcu-
lated. The formula that relates attenuation to tan 8 should
be considered approximate (and used on a comparative
basis) as it does not have explicit terms that represent
microstructure such as pores. A paired t-test was used to
compare prefatigue and postfatigue tan & measurements.
Regression analysis was used to examine the relationship
between changes in tan 8 and stiffness due to fatigue dam-
age.

RESULTS

For the beams loaded to yield in the current study,
the frequency-dependence of tan & (C; absolute value
of the slope of the tan &-frequency regression for
each measurement) significantly decreased after
yield-load (p < 0.006) (Table I). The effect of bending
mode on C or the interaction between bending mode
and pre/postyield measurements were not signifi-
cant (p = 0.159 and p = 0.718, respectively) (Fig. 2).

The effect of bending mode or pre- versus post-
yield measurements on the intercept D of tan 8-fre-
quency regressions were not significant (p = 0.771
and p = 0.919, respectively) (Table I). The interaction
between bending mode and pre/postyield measure-
ments was not significant, either (p = 0.150).

The effect of bending mode or pre- versus post-
yield measurements on the coefficient A of storage
modulus-frequency regressions were not significant
(p = 0.550 and p = 0.161, respectively) (Table I). The
interaction between bending mode and pre/post-
yield measurements was not significant, either (p =
0.104).

The exponent B of the storage modulus-frequency
relationship significantly increased after yield-load
(p = 0.038) (Table I). The effect of bending mode on
B or the interaction between bending mode and pre/
post-yield measurements were not significant (p =
0.980 and p = 0.443, respectively).

For the beams with a machined defect (reanalysis
of data from Yeni et al.**), the effect of bending
mode or pre- versus postdefect measurements on the
slope C of tan d-frequency regressions were not signifi-
cant (p = 0.949 and p = 0.231, respectively) (Table I).
The interaction between bending mode and pre/

postyield measurements was not significant, either (p
= 0.756).

The intercept D of tan 8-frequency regressions was
significantly greater for cranial bending than for
medial bending (p = 0.020) and increased after machin-
ing the defect (p = 0.004) (Table I). The interaction
between bending mode and pre/postdefect measure-
ments was marginally significant (p = 0.074) suggest-
ing that the effect of machined defect depends on the
bending direction as well.

Coefficient A of storage modulus-frequency re-
gressions was larger in medial bending than cranial
bending (p = 0.018) and decreased after machining
the defect (p = 0.013) (Table I). The interaction
between bending mode and pre/postdefect measure-
ments was also significant (p = 0.047). Post-hoc anal-
ysis indicated that the greater reduction was for cra-
nial bending and that the difference in medial and
cranial bending was due to the defect (p = 0.002).

The exponent B of the storage modulus-frequency
relationship significantly decreased after machining
a defect (p = 0.036) (Table I). The effect of bending
mode on B or the interaction between bending mode
and pre/postyield measurements were not signifi-
cant (p = 0.153 and p = 0.199, respectively).

The increase in tan 8 due to a machined defect
was greater than that due to loading to yield (p =
0.016) and was also greater for 10 Hz than for 1 Hz
(p = 0.005; RMANOVA). The dependence of increase
in tan 8 with frequency was not affected by the type
of damage (yield-load vs. machined-defect) (Fig. 3).

For the beams fatigue tested and measured using
ultrasound, postfatigue increase in tan & correlated
with the increase in stiffness loss indicating that
viscoelastic dissipation increases as mechanical dam-
age increases under bending-fatigue (Fig. 4). On the
average, postfatigue tan 8 (0.0579 = 0.0122) was
greater than prefatigue tan 8 (0.0570 = 0.0142), how-
ever, this was not significant (p = 0.483; paired t-
test) owing to one specimen with decreased tan & af-
ter fatigue (p = 0.056 if it is excluded).

DISCUSSION

Viscoelastic properties of cortical bone tissue were
examined before and after loading to yield. New data
and data from previous experiments were analyzed
together to gain additional insight into the role of me-
chanical damage on viscoelastic property changes in
bone tissue. We observed that mechanical damage
causes significant changes in the viscoelastic proper-
ties of cortical tissue.

The morphology of the damage was not examined
in the current experiments. Mechanical property
degradation is the direct manifestation of damage,

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a
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TABLE 1
Coefficients C, D, A, and B of Fits “tand = —Cf + D” and “E1 (GPa) = Af®”
Preyield Postyield Predefect Postdefect
Slope C*
Caudal 0.00379 = 0.00090 0.00289 = 0.00089
Cranial 0.00356 = 0.00106 0.00284 = 0.00090 0.00380 = 0.00066 0.00403 = 0.00053
Lateral 0.00386 = 0.00096 0.00335 = 0.00037
Medial 0.00385 = 0.00087 0.00337 = 0.00099 0.00372 = 0.00076 0.00415 = 0.00064
Intercept D°
Caudal 0.0843 *+ 0.0188 0.0773 = 0.0092
Cranial® 0.0786 = 0.0084 0.0822 = 0.0059 0.0707 = 0.0033 0.1108 = 0.0256
Lateral 0.0845 = 0.0130 0.0826 = 0.0103
Medial 0.0793 = 0.0154 0.0835 = 0.0133 0.0634 = 0.0081 0.0751 = 0.0067
Coefficient AP
Caudal 12.0 £ 2.1 119 £ 2.2
Cranial® 11.8 = 3.1 119 £ 2.8 149 £ 28 95 + 28
Lateral 112 =12 11.0 = 1.1
Medial 119 £ 13 11.0 £ 1.1 152 £ 26 13.0 £ 2.1
Exponent B*
Caudal 0.0387 = 0.0114 0.0395 + 0.0095
Cranial 0.0366 * 0.0102 0.0405 = 0.0089 0.0367 = 0.0035 0.0262 + 0.0106
Lateral 0.0378 = 0.0076 0.0412 = 0.0070
Medial 0.0385 = 0.0101 0.0407 = 0.0057 0.0284 + 0.0034 0.0259 #+ 0.0059

“Significant difference between pre- and postyield measurement.
PSignificant difference between pre- and postdefect measurement.
“Significant difference between cranial and medial bending in the machined-defect experiment.

however, a full explanation of the degradation is not
possible using only morphological measures of dam-
age.'”?%?% In previous work by Jepsen and co-work-
ers, the increase in damage (quantified as the density
of histologically observable microcracks) did not
explain changes in bone viscoelasticity. They con-
cluded that measures of damage other than crack
density are necessary to explain tissue level visco-
elastic property changes.>* We used modulus change
criteria as a direct indication of damage in our speci-
mens. Stiffness loss and damage accumulation due
to fatigue loading in cortical bone is well-docu-
mented.®2%2032 Therefore, stiffness loss was used as an
indication of fatigue damage in the fatigue experiment.
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The use of change in secant modulus to describe
damage or initiation of failure is a standard applica-
tion.>>>” In the current study, we used 5% change in
secant stiffness to define the yield point which was
considered as the minimum described damage in
our bending experiment.

Damaged cortical bone is more viscoelastic as
shown by increases in dissipation (tan & parameters).
Viscoelasticity observed at the macro-scale is due to
an unknown number of molecular level energy dissi-
pation mechanisms and is affected by damage at the
molecular level. The energy dissipation mechanism
may include: the opening and closing of crack faces,
sliding at damaged interfaces, shifting of defects in
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Figure 2. The similarity of the intercepts and the significant decrease in the (absolute) slopes of tan 3-frequency regres-
sions after yield indicates an increase in post-yield tan 8 for higher frequencies tested. For illustration purposes, regression
lines are fitted to the data averaged over seven specimens for each bending direction.
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Figure 3. The increase in tan 8 with type of damage and
frequency. Error bars indicate standard deviation. See text
for statistical comparison.

the mineral phase, rupturing of molecules in the or-
ganic phase (breaking cross-links or collagen unwind-
ing), change in the amount of fluid flow and strain
rate amplification at the crack tip. Viscoelastic fre-
quency scanning is a common approach for getting
insight into the active energy dissipation mechanisms
in composites. The power of the method results from
the fact that each energy dissipation-mechanism acti-
vates in a predictable range of frequencies®® and is
detectable in the data even if the exact nature of the
mechanism is not known. Our DMA results (within
1-10 Hz) and results of creep/relaxation tests from
others indicate that mechanical damage affects the
low-frequency mechanisms. The observed correspon-
dence between an increase in tan 8 as measured from
a high-frequency method and an increase in stiffness
loss during fatigue suggests that mechanical damage
also affects activation of high-frequency energy dissi-
pation mechanisms in bone tissue. The introduction
of damage through 3-point bending in low-frequency
experiments and through 4-point bending in high-
frequency experiments makes it difficult to sort out
the role of shear damage vs tensile or compressive
damage, however, this does not detract from the gen-
erality of the results.

In the notch-cutting experiment, a large structural
defect with a known size and geometry was intro-
duced without causing true material changes at the
microscale. In this case, the reduction in the power-
exponent of modulus-frequency relationship can be
explained by strain rate amplification at the notch tip.
Because the effective loading rate is larger than the
rate in an undamaged bone at the same loading, the
storage modulus increased due to the strain rate effect
and was evaluated within a range in which it is less
frequency-sensitive. In the yield-load experiment, the
power-exponent increased together with increasing

tan & consistent with a change in the tissue that was
not caused by a change in beam geometry.

It has been shown that mechanical damage re-
duces crack initiation fracture toughness in bone (in-
dicative of a reduction in the threshold energy for
initiation of a crack).”® On the other hand, the
increased tan 8 in damaged bone indicates that it
would be more difficult to propagate a crack as
more of the energy in a loading cycle can be dissi-
pated by means other than crack growth in the dam-
aged bone. This is consistent with observations that
bone exhibits a rising R-curve behavior.””*' We
hypothesize that increased viscoelasticity by mechan-
ical damage may serve as a toughening mechanism
in bone. A number of concurrent mechanisms such
as microcracking and bridging*'** may be involved
in the rising R-curve behavior of bone. The toughen-
ing by increased viscoelastic energy dissipation with
damage is distinct in that it can explain the increase
of bone toughness with increasing strain-rate despite
occurrence of fewer microcracks.

The changes in tan 8 and power exponent observed
in the yield-experiment were without notable changes
in the magnitude of storage modulus for the yield-
load experiment. This could mean that viscoelastic
properties are more sensitive to incipient damage than
elastic properties in bone tissue. Changes in storage
modulus, being analogous to Young’s modulus for
monotonic loading, would be indicative of changes in
strength due to the strong correlation between modu-
lus and strength of cortical bone tissue with or without
damage.'>*3** The earlier change in tan 8 and rate-de-
pendence of the tissue with damage suggests that
there are changes in the postyield properties of bone
due to small amounts of mechanical overload before
loss of stiffness and strength is observed.
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Figure 4. Increase in tan & (from ultrasound measure-

ments) with increase in stiffness loss post-fatigue indicat-
ing that viscoelastic dissipation increases as mechanical
damage increases under bending-fatigue.
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Energy dissipation mechanisms activated by higher
frequencies as in this study are usually associated
with size-scales corresponding to ultra- to molecular
structures rather than microstructure. Analyses of
fracture surfaces show that the failure of mineralized
fibrils is a common element in the fracture of different
bone tissue types.*”* Delamination of the fibrillar
structure through the failure of interfibrillar noncol-
lagenous proteins is the likely failure mechanism for
mineralized fibrils. Breaking and reforming of bonds
within or between interfibrillar noncollagenous pro-
teins, or between noncollagenous proteins and the
mineral surface has been suggested as a toughening
mechanism at this scale.** >’ Although mechanical
damage may ultimately influence the effectiveness of
these “sacrificial” bonds, the direct effect must be of
more permanent nature as it could be observed at a
much longer time scale than that is relevant to break-
ing and reforming the sacrificial bonds. We believe
that incipient mechanical damage involves permanent
breakage of some of these interfibrillar bridges. It is
not clear which noncollagenous proteins provide the
interfibrillar bridges in bone, however, it is thought
that Ca**-binding species are involved****”! Based
on the current observations, identification of damage
mechanisms at the collagen/mineral level that affect
energy dissipation should provide further insight into
fracture processes in bone tissue.

DMA has been utilized in characterization of corti-
cal®*®® and cancellous bone®* (viscoelastic) mechani-
cal properties and can detect changes in the mecha-
nisms causing viscoelastic properties.***”?*°>°° The
frequency-scan methods as used in this study for
measuring dynamic properties of bone might be par-
ticularly useful in the development of noninvasive
tools for detecting the effect of damage in the tissue.
Resonant frequency methods have been used for
predicting mechanical properties of whole bones
from various species.”®® Vibrational measurements
have also been performed on humans in vivo.””*°
A review of the application of vibrational methods
in orthopaedics covers most of the work until 1999.'
Although skepticism on the success of these methods
in a clinical environment has been raised, primarily
due to difficulties in dealing with soft tissues, en-
couraging results have also been reported. For in-
stance, it has been demonstrated, using monkeys,
that whole bone strength is predictable from in vivo
vibrational analysis.®®> Furthermore, there is evolving
technology that is promising for application of vibra-
tion-based methods to bone in vivo.”> While it is not
the purpose of this paper to outline these methodol-
ogies for in vivo use, the presence of such effort indi-
cates that the basic science developed in this area
will find clinical application in future.

In conclusion, loading cortical bone past the yield
stress changes its viscoelastic properties. The change
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depends on the nature of the damage. Both low- and
high-frequency energy dissipation mechanisms are
changed. The increase in viscoelastic energy dissipa-
tion after mechanical damage for both low and high
frequencies is proposed as a potential toughening
mechanism for bone. Future experiments should be
designed to specifically address this possibility.
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