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1 Introduction 1.2 Structure and Causal Mechanisms. Viscoelasticity in
. . . . L bone arises from a variety of mechanisms. Since bone is a hierar-

1.1 Bone Viscoelastic Properties. Viscoelasticity includes chical composite, which contains structure at multiple length
phenomena such as creep, relaxation, and dynamic response. dfifes, viscoelasticity can arise from multiple processes at the
loss angled is the phase angle between stress and strain durigferent scales. On the molecular scale, collagen as a proteina-
oscillatory (dynamig loading. Dynamic viscoelasticity is referredceous phase can give rise to significant viscoelastid@ly The
to as internal friction, and recoverable viscoelasticity as anelastg‘im”arity of shapeof the relaxation curves for bone and deminer-
ity. Viscoelasticity in bone has been known since Rajibgstud- _ji-a4 hone as obtained by Sasaki et[d] is suggestive of a

ied creep as_well as anisotropy and strer_lgth of bone. ajor role for collagen over the time scale studied. The following
Viscoelastic damping in bone as quantified by the loss tangenl, eat suggests itself. At a grosser scale, there are also many

tand, is intermediate between that of polymers and metals. Po%terfacessuch as the cement lines between oste@visich are
mers exhibit values from 0.1 in the glassy state to 1 or more in tﬂﬂ

. e, 200um-dia, hollow fiber§, and the boundaries between
glass—rubber transition. In structural metals such as steel, br&iﬁﬁ?ellae within osteons, in bone. A thin layer of a protein-

- ) ! RN
and alulmlnum, wscoelastl(iéeffects are usually small&&n10 * o4y saccharide substance occurs at cement line interfaces. Cement
or less; as small as 3610 for some aluminum alloys. Com- |ines are compliaft3]. Viscous-like cement line motion gives rise
pact bone, at physiological frequencies from 0.1 to 10 Hz, exhibif§ 4 portion of the viscoelasticity in bone, particularly at long
tans on the order 0.01 to 0.02, intermediate between values s§gHes[4]. The mineral phase of bone is crystalline hydroxyapatite,
in metals and polymers. In Fig. 1, results in shear obtained yhich is virtually elastic; it provides the stiffness of bone. Ther-
several authors are combined. Observe that the loss tangent8eastic coupling is a causal mechanism in which damping
shear of wet compact bone attains a broathimumover the  ,rises from stress-induced heat flow from the material to its envi-
frequency range associated with most bodily activities. Here, disnment or between different heterogeneities in the material.
ferent kinds of bone are compared since no one experimental M¢germoelastic damping from heat flow between osteons may ac-
dality covered a sufficient portion of the time or frequency scaley nt for some of the damping between 0.01 Hz and 105
Also ds_howg |r|1:F|g_. 1tls afDeby(E peaEEq. (2)) Im tans, correl- Damping from lamellae of an osteon would occur at higher fre-
sponding, by Fourier transformation, to a single exponefal ¢ ency due to their smaller scale. The magnitude of thermoelastic
(1)) in the creep or relaxation behavior, and corresponding to mping depends on the degree of heterogeneity, but that is not
three element _sprlng-dashpot model._Observe that the loss fangel known. Piezoelectric coupling was considered as a damping
of bone occupies a much larger region of the frequency domefWechanism by Lakes and Kaf5,6], but was judged to have a
than a Debye peak. negligible contribution to the damping of bone.
Viscoelasticity can also result from fluid flow in porous media
Contributed by the Bioengineering Division for publication in tt@U&NAL OF [7] includina hard tissue such as bf{lﬁﬂ6] and soft tissue such as
BIOMECHANICAL ENGINEERING. Manuscript received by the Bioengineering Divi- = =’ . 9 . . . .
sion March 9, 1999; revised manuscript received November 30, 1999. Associg@rdiac mUSCI@] and SF_"na| dls.kS. Stregs-lnduced fluid flow can
Technical Editor: T. M. Keaveny. be explored indirectly via the viscoelastic effects that occur as a
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Fig. 1 tan é for human compact bone, adapted from data of
Lakes et al. [29] for wet human tibial bone at 37°C  (calculated
from relaxation, solid squares, W directly measured, A), from Laser Oscill
curve fit of Sasaki et al. [2] to data for wet bovine femoral bone Mirror s

(open squares, ). Also shown are results of Thompson [42]
for whole dog radius at acoustic frequencies (diamond, <), of
wet human femoral bone by Lakes [43] via a piezoelectric ultra-
sonic oscillator (diamonds, ), and of Adler and Cook [44] at
ultrasonic frequency for canine bone at room temperature
(open triangles, A). Damping at low frequency inferred from
long-term creep by Park and Lakes [45], plus +. For compari-
son, a Debye peak is shown (inverted triangles V). the peak can
occur at any frequency, depending on the material.

Fig. 2 Experimental configuration, the instrument uses elec-
tromagnetic force from the Helmholtz coil upon the end magnet
to generate torque, and a measurement of the deflection of a
reflected laser beam to determine end angular displacement.
High frequencies are attainable since the measurement system
contains little inertia.

o ) ) . . Torque (sinusoidal for dynamic studies and step function for
result. An indirect approach is appropriate for bone since it Woulgeep studieswas produced electromagnetically by a Helmholtz
bone. Fluid flow in bone is of particular interest since it is gnhe free end of the cylindrical bone specimen. Angular displace-
hypothetical stimulus for bone remodelifig-12. _ ment of the free end was measured via laser light reflected from a

Itis the purpose of the present study to examine experimentafiall mirror upon the magnet to a split-diode light detector. Tor-
the viscoelasticity of wet and dry cortical bone in the longitudinalion, was achieved by applying current to the vertical coil shown
and transverse directions in both bending and torsion over a Wiﬁi\EFig. 2. Bending moments were applied by applying current to
range of frequency. The aim is to elucidate causal mechanisiife horizontal coil. Bending deformation was detected by insert-
speuflcglly fluid flow. Bending and torsion responses are COffhg a Dove prism into the light beam path to change direction of
pared since the volume change that occurs in bending is expeqigél heam motion from vertical to horizontal. The phase aggle
to give rise to a damping peak due to fluid flow in the Haversiagetween torque and angular displacement was measured using an
systems. Wet and dry are compared since only fully hydrategrgsg digital lock-in amplifier with a claimed phase resolution of
bone can give rise to a damping peak due to fluid flow. Longityy 591 deg corresponding to tar1.75x 10~5. Actual phase reso-
dinal and transverse directions are also explored since the anisgton was limited by noise. Phase resolution was less than the
ropy in bone’s permeability and the orientation of Haversian a@gﬁe of the data points in the graphs, except at the lower frequen-
other canals could give rise to differences in time constants agfls \here noise was problematical; there resolution was about
damping magnitudes associated with fluid flow. 10"3. Data reduction was conducted using the relationship for the

) torsional rigidity of a viscoelastic cylinder with an attached mass
2 Materials and Methods at one end and fixed at the other end.

For the present data of relatively low loss near the first reso-
nance, it was sufficient to treat the bone cylinder and magnet as a

N fhgle-degree-of-freedom oscillator to obtairthe material phase
apparatus developed _by Chen and Lak&8] and refined by gle, frome, the structural phase angle, in the subresonant re-
Brodt et al.[14]. The wide frequency range, up to 11 decades oaf.n . *|—G' V1 tarks
time and frequency, is obtained by eliminating resonanc&" The lumped relations are as foIIov¢_§5 |=G'Vi+tars
from the devices used for loading and for displacement med"d ta_rﬁ=tan¢(l—(u/g0)2). Here,v, is the first natural frequency
surement, by minimizing the inertia attached to the specimefdv is frequencyG’ is the storage shear modul@measure of
and by use of a geometry giving rise to a simple Speciméwness), the rea! part of the complex (_lenamlc_she_ar moqlulus
resonance structure amenable to simple analysis. Higher frequén- Moduli were inferred from the following quasistatic relations
cies (1 kHz to 100 kH2 became accessible following designat low frequency. For torsion, the shear modulus |G*|
modifications permitting study of higher harmonic modas]. =|M*|L/#(0.57r*) and for bending Young's modulus |&*|
The rationale for such a method is that bone and other compositefV*|L/0.257r4¢. |[M*| is the applied moment, is the speci-
do not obey time-temperature superposition. In some polymergen length,r is its radius,¢ is the end angular displacement
that obey superposition, one can infer material properties ovieferred from micrometer calibration of the light detector. At the
a wider range of frequency from test results taken at differemtsonance angular frequencies, in torsion and bending,
temperatures. damping, tars, was calculated from the width of the dynamic

2.1 Viscoelastic Experiment. Viscoelastic measurements
were performed in torsion at ambient temperature using
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compliance curve using the widthw at half maximum of the 10!
curve of dynamic structural compliané¢M* according to tad [ All dry tests
~(1/y3)(Awl/ wy). Studies were conducted at ambient temper: L
ture, 22°C. Wet specimens were kept wet via a slow drip over .

gauze layer surrounding the specimen. L T]faacnnsc;’i‘;rse
. & o Resonant
2.2 Bone Specimens. The donor for the bone was a Cauca: «» - / Transverse tan §
sian male, six feet tall and 135 pounds, who died at age 75 § Torsion Amar

pneumonia. The bone used was the mid-diaphyseal portion of tl
man’s right tibia. Our decision to test bone specimens taken fro
a tibia was based on the fact that of the long bones in the hum L
body, the three-sided tibia provides the best site from which
usable-sized “transverse” specimen can be taken. The body h

been maintained fresh frozen. Bone sections were frozen in in Longitudinal Longitudinal
vidually sealed plastic bags until they were thawed for machinin® 102 L iiuu T I T R A R
Freezing appears not to affect mechanical properties of bone < 100 102 100 100 10! 102 100 10* 10

nificantly [16—18. One tibia was used in this study sino@}

multiple tests over a wide frequency range were time-consumir

and (i) comparison of torsion, bending, longitudinal, transverse

wet, and dry conditions for the same bone was of interest. Tv 1o

complete series of experiments were conducted for different lo [ All dry tests

gitudinal and transverse specimens from this tibia. It is recogniz

that, given biological variability, a greater number of specimer L

and bones is desirable. However, owing to the time-consumil L

nature of these experiments, such study is reserved for the futL
Specimens were rough cut with a band saw, then turned tce

Frequency (Hz)

Resonant
L tan &

diameter of 3 mm using a small table-top lathe. The transver 8 LA Transverse ,,‘n
specimen was 12 mm long. The longitudinal specimen was _ / Torsion  rvansverse
mm long. One end of each specimen was drilled and tapped Shda
receive a 0-90 screw for attachment to a magnet. After machinir r <, Longitudinal
the specimens were either mounted directly into the apparat Torsion
while moist with Ringer’s solution, or they were frozen while Longitudi

. R . , : . d " ongitudinal
moist with Ringer’s solution. An antibacterial agent, “Complete Bendin

soanod oovemt v oed T sen

Remedy” (Wardley Watercang an aquarium disinfectant contain- 107 > — > 'l E—— - . p - .
ing 3.3 percent sodium chlorite, was incorporated, one drop p 10° 17 1ot 100 1ot 107 100 100 10
two cups of Ringer’s solution, to prevent bone decay. This i_ Frequency (Hz)

greater than the dosage recommended for fish aquariums by a ) ]
factor of about five. The disinfectant is not considered likely t%'g- 3 Comparison of measured tan _ & for dry bone, top, first -
influence bone properties at concentrations comparable to th(ﬁgé‘?'tm(f”’ IbottAomB, S%C.O”,dfpec'me”' T%,S'IO”' ptrag_sv?rse,. =
tolerable by living fish. No evidence of such influence was ey gtudinal, - &. bending: fransverse, -, fongitudinal, - &
dent. After bone specimens had been tested while wet, they were
allowed to air dry in the laboratory’s ambient environment until
their mass ceased changing over tirtiheir moisture content

reached equilibrium They were then tested again in both torsion

and bending. There were eight trials involving wet, dry, torsiorﬁone' Specifically, Reilly and Burstefr19] deduce for compact
bending, longitudinal, and transverse orientation. one a range of Young’s modulus of 6 to 24 GPa, depending on

Values for shear and Young's moduli of elasticity as well ag}ineralization, porosity, and method; they measured 17 GPa and

the resultant maximum strains due to torsion and bending wetélensity of 1.8 g/ci As for shear modulus, Reilly and Burstein
calculated for the specimen in its wet condition at a d?ivin%g] deduceG=3.1 and 5.4 GPa by other authors; they measured
frequency of 10 Hz. Maximum surface strain was calculated fro :3_.3GPa. Th? wet denS|_ty of specimen L8 was 1.90 §/cm
the observed end angular displacement in torsion and bendifigd its dry densitywith relative humidity 55 percentvas 1.81
Since applied torque was so small, maximum strain was much | 5”?' Wet denS|_ty may be converted to water content via the
than failure strain. Density was calculated as mass divided B)ethod of Sasaki and Eny@0].

specimen volume as calculated from dimensions. This is referred O (ransverse specimen TAL when wet, the shear modailus
P s 2.7 GPa, Young’'s moduliswas 9.3 GPa, and the maximum

t t d ity; it t idered in t
Czlgjsiat?gr?aren ensity, porosity was not considered in Pé\ﬁaear and bending straing,and ¢, were 2.19 and 0.5mstrain.
' Wet apparent density was 2.14 gfnand dry apparent density
(with relative humidity of 76 percehtvas 2.01 g/crm

3 Results
3.2 Loss Tangent. Results for tard versus frequency for

3.1 Modulus and Density. Values for shear and Young’s the various conditions are shown in Figs. 3—6. For each figure,
moduli of elasticity as well as the resultant maximum strains duwo sets of plots are given, corresponding to the two sets of speci-
to torsion and bending were calculated for the specimen in its weens. All the plots have in common a relative minimum in dan
condition at a driving frequency of 10 Hz. These calculationsver a frequency range predominantly contained in normal activi-
were done based on the analytical solution for bending and torsites. A similar minimum is evident in the results in Fig. 1, derived
of a circular cylinder. For the first wet longitudinal specimen, théfom various authors and bone from different anatomic sites.
shear moduluss was 3.42 GPa, Young's modulus was 12.8 The four curves for dry bon@=ig. 3) show similar behavior for
GPa, and the maximum shear and bending strairende, were the longitudinal bending and torsion results. Transverse bending
1.9 and 0.48ustrain. These strains are well within the ranges faand torsion results were similar and exhibited higher&dhan
both linear viscoelasticity and physiological loading. Moreovetpngitudinal below 10 Hz. These results are similar for frequen-
the moduli and densities are within the accepted normal range foes greater than 10 Hz. Since there is not fluid flow in a dry
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) ) ) Fig. 5 Comparison of measured tan & for transverse cut bone,
Fig. 4 Comparison of measured tan & for wet bone, top, first top, first specimen; bottom, second specimen. Torsion: dry, A,
specimen; bottom, second specimen. Torsion: transverse, A wet, A. Bending: dry, [ wet, W.

longitudinal, A. Bending: transverse, [J; longitudinal, .

) ) ) ) tent with an optimal shock-absorbing role for bdi24| based on
specimen, differences in damping must come from other causgs.yiscoelastic response, though shock absorption by bone may

The most likely cause is molecular mobility in collagen or in otheg|ay some role. As for axial deformation such as occurs in bend-
biopolymers. ] L . ing, results obtained by various authg22—27, were converted
The four curves for wet bon€Fig. 4 show similar behavior 15°3 common representation and compared by Lakes and Katz
for all cases except transverse torsion, which exhibited loWeSg] Their analysis of the axial relaxation results of Lugassy and
damping than the others at the lower frequencies. The d'ffq’('orostoff[24] implies tand~0.015 at 0.0016 Hz and ta#=0.045
ence is substantially greater than the phase resolution of %0 016 Hz. This is a reasonable agreement with the current re-
Instrumentation. _ o sults for bending. By contrast, the axial constant strain rate results
The four curves for transverse boffig. 5 show similar be- ¢ McElhaney[25] imply tan5~0.15 at 1.6 Hz, an order of mag-
havior a_bove 100 Hz. Below 100 Hz_, the results from_ th_e wet a_’?ﬁtude too high. Such stress-strain curves are graphically appeal-
dry torsion tests and the dry bending test all are similar, whilgg- nevertheless, they are inconsistent with the present results as
tané for the wet bending test was substantially higher than for tRga|| as with other literature. The discrepancy may result from
others. o ) o nonlinear viscoelastic behavior not accounted for in the transfor-
The four curves for longitudinal bon€Fig. €) show similar mation process, from differences in the bone, or from experimen-

behavior in torsion and bending for wet bone and for dry bongs| ariifacts. Sasaki et g2] studied relaxation in bovine femoral
tané for wet bone substantially exceeds @&for dry bone, par- pone for times from 10 s to G (about one day The shortest
ticularly below 100 Hz. This trend is different from that observed .o siudied in these tests corresponds to about 0.016 Hz in the
in Fig. 5 for transverse bone in which only wet bending differe '

L2 X equency domain. Relaxation was similar in torsion and bending,
significantly from the others. All wet tafiresults are higher than j, qualitative agreement with the present results
the corresponding dry tafiresults. '

Curve fitting of viscoelastic data may employ a single exponen-

. . tial in relaxationE(t) in the time domain,
4 Discussion

4.1 Phenomena and Comparisons. Al the plots have in E(t)=E,+Ee 7, 1)
common a relative minimum in takhover a frequency range pre-
dominantly contained in normal activities. These results supparith 7, as a relaxation time.
the evidence for such a minimu¢m Fig. 1), derived from results  The frequency domain response is related to the time domain
in shear for bone from various anatomic sites by different authorgsponse by Fourier transformation. The corresponding Debye
This minimum in damping at physiologic frequencies is inconsigeak in tary in the frequency domain is
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0.1 All longitadinal with decreasing frequency. By numerically transforming the
- ongitudinal tests Sasaki results for torsion, we obtain %#0.0078 at 102 Hz,
r Bending - tan5~0.021 at 10° Hz, and 0.039 at 10* Hz. The bovine bone
r u used by Sasaki et d12] generally has moderately lower damping
r Resonant than human bone; however, the computed value at 0.01 Hz is
L Tg’r';ei:m tan significantly lower than values reported here and elsewhere. Since
© AQA the shortest time in the Sasaki data, 10 s, corresponds to 0.016 Hz,
g the model cannot be expected to apply at shorter times or lower
frequencies than those present in the experimental data. The time
constant in the Debye model used by Sasaki €f2dlin all cases
exceeds 19s, the longest time examined. Therefore their curve fit
does not provide evidence for existence of a Debye peak. As for
Be‘ggn ng’on hydration, Sasaki and Enyf@0] studied bone viscoelasticity as a
0.01 Lo L il vl 1 vvid vl el e function of water content. They found that the slower modes of
0% 102 100 10° 100 10 10° 10t 105 relaxation became more important as water content increased.
Frequency (Hz) The present result§ show an increasingdat high f_requency.
This region of behavior has not been explored previously by oth-
10! ers, and is not treated by models such as those of Sasaki[2t,al.
i All longitudinal tests which treat long-time, low-frequency behavior.
- 4.2 Mechanisms. Several causal mechanisms give rise to a
W A single exponential in relaxation or creep, consequently a Debye
i Bendeitng R:sonam peak in tans. For example, the classical Bipf] theory predicts
s Wet an & that fluid flow in communicating porosity of a single size scale
< / Torsion gives rise to such a peak. The magnitude of the expected peak can
= i ) be evaluated by calculating the relaxation strendtiiEqg. (3))
) associated with the fluid flow process. The width of a Debye peak
L \Dry on a logarithmic frequency scale is shown for comparison with
Torsion experimental results in Fig. 1.
{ Tissues actually contain structure, including porosity, with a
e Be%gng hierarchical distribution of length scal¢8,30], which can give
o2l vl B A EETTY ETIN R rise to a distribution of relaxation times, most easily surveyed if

0% 107 10! 100 10! 10? 10° 10* 10°
Frequency (Hz)

Fig. 6 Comparison of measured tan & for longitudinal cut
bone, top, first specimen; bottom, second specimen. Torsion:
dry, A; wet, A. Bending: dry, O; wet, .

ans A 0Ty
ande)= =y 1?2

with 7,=7,I+A as a time constanip=2mv as angular fre-
qguency, antv as frequency. A sample Debye peak is shown i

T 27 @)

data over many decades of time or frequency are presented on a
logarithmic scale. Haversian canals have diameters of order 70
pm. They comprise the coarse vascular porosity and tend to orient
primarily with the longitudinal axes of long bones. The lacunae
are roughly ellipsoidal and have dimensions of abou 18
X 25um[31,32, and have a volume fraction of approximately 5
percent in cortical bone. Canaliculi, having a gross volume frac-
tion of approximately 5 percent, are minute channels having di-
ameters of order 0.3Bm. They connect lacunae to each other and
ultimately to the vascular porosiy83—35. The varying length
scales and orientations of these porosities can result in anisotropic
stiffnesses and fluid conductivities in cortical bone.

To explore the effect of the fluid phase numerically, bone ma-
{ix and the roughly cylindrical porosities of Haversian canals

Fig. 1. Therelaxation strengthA is defined as the change inWere idealized on the microscale as periodic fluid—solid compos-
stiffness during relaxation divided by the stiffness at long time, t€S and subject finite element unit cell modelifg]. Figure 7

_E(0)-E(=)
E(=)

Here E(«) is the relaxation modulus at infinite time a&q0) is

the relaxation modulus at zero time. For small damping the pe
height is tarv~A/2. The observed loss tangent of bone occupies
much larger region of the frequency domain than a Debye pea

shows the Haversian bone model. The solid phase was assumed to
be linear, isotropic elastiE=20.0 GPa,G=7.14 GPa The fluid

Sasaki et al[2] fitted their results with a superposition of a
stretched exponential or KWWafter Kohlrausch, Williams,
Wattg form and a Debye mod€Eg. (2)). The KWW form is:

E(t)=(E(0)—E(»))e~ U +E(0), 4)

with 0<B8=<1, E(0) andE(«) as constantd,is time, andr, is a
characteristic relaxation time.

The dynamic behavior corresponding to the KWW relaxation i
tan s in the form of a broad peak with takv~# for frequencies
v well above the peak. The general increase infaiith decreas-
ing frequency below 1 Hz is characteristic of the present results,
the results of Lakes et gl29] and the model of Sasaki et 42]. Fig. 7 (a) Periodic arrangement of cylindrical canals, repre-
Moreover, a triangle-shaped relaxation spectrum for the long-tineenting either Haversian porosity, or canalicular porosity; and
region used by Lakes and Kdjt&] also gives an increase in tan (b) unit cell of canal and bone matrix
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Table 1 Results of unit cell computations on saturated cortical bone model

Longitudinal Loading Shear Transverse Loading
Haversian undrained drained undrained drained
porosity EI(GPa EI(GPa G,(GPa G,5(GPa Etr(GPa Etr(GPa
0.00 20.00 20.00 7.142 7.142 20.0 20.0
0.05 18.70 18.69 5.924 6.240 17.15 16.86
0.10 17.60 17.59 5.004 5.584 15.28 14.86
0.15 16.55 16.54 4114 5.029 13.93 13.42
0.20 15.41 15.39 3.313 4.444 12.43 11.81

phase, having the bulk modulus of wat@.1 GPa, occupied a molecular motions, as a plasticizer facilitates molecular motions
cylindrical channel within the bone matrix. The unit cell modein synthetic polymers. Collagen is highly constrained by cross-
for varying levels of porosity was subjected to longitudinal antinks and close apposition with mineral crystallites. A broad dis-
transverse numerical compression tests under both undrained aimition of tand is expected from such a molecular mobility
drained conditions using methods presented in S\8ah mechanism. By contrast, a fluid flow related damping process
Some results are shown in Table 1. When bone is stresseduld give rise to a Debye peak, about one dec@léactor of
longitudinally in an undrained manner, the peak calculated flutdn) wide in the frequency domain. That is provided there is only
pressure in the Haversian canals are consistently in the range @ length scale associated with the fluid filled chanriets,
percent of the applied uniaxial stress. When the bone is stres$taliersian canals or canaliculi, but not bpthhe role of the fluid
uniaxially in an undrained manner in directions transverse to thédthin the matrix itself is currently unknown. Even so, since ex-
long axis, calculated peak fluid pressures in the Haversian canpésted behavior from macroscopic fluid flow differs so much from
are about 16 percent of the applied stress. To achieve such flmdlecular mechanisms, it is of interest to use air-dried bone as a
stresses, it should be re-emphasized that the bone must be stressattol.
quickly enough so as to respond in an undrained fashion, i.e.No obvious Debye peaks are evident in the present results.
so rapidly there is no time for the fluid to flow. Since the HaverAmong the transverse results in Fig. 5, &is highest for the wet
sian porosities treated in these unit cell models are alignedndition in bending. Such behavior is qualitatively consistent
either in the transverse or longitudinal directions, the analysigith the results of the finite element predictions, but the elevation
indicates no fluid pressure buildup when bone is subjected itotané is considerably broader than a Debye peak, which covers
states of pure shear stress in the principal material coordinatesly about one decade. The expected peak may have been broad-
However, for obliqgue channelsuch as Volksman canals and/orened(and thus decreased in heigtte to the variety of pore sizes
canalicul) pure shear would indeed lead to buildup of fluidoresent in bone. It is also possible that due to the small specimen
pressures and thus fluid flow. The expected difference in shosize and relatively high permeability, the peak in &amight be at
term undrained Young’'s moduli and long-term fully drained high frequency, 1 to 10 MHZ6] above those accessible in this
Young’s moduli of cortical bone when loaded in the longitudinastudy. If the peak occurs at such high frequencies, then fluid flows
direction is very modest, even for 20 percent Haversian porositiyeely in response to physiological mechanical stresses, and no
E indrained Edrained™ 1.0013. For transverse loading, Haversian pgressure buildup occurs in the Haversian systems.
rosities on the order of 20 percent result Bngrained Edrained While viscoelasticity at the lowest frequencies was attributed to
~1.05. Since the unit cell models utilized here do not prediciiscous-like motion at the cement lines by Lakes and $4hdhe
coupling between the fluid and solid phases under pure shear loagduse of the increase of viscoelasticity at the highest frequencies
ing, they result iNGngrained Gdrainee= 1- This unit cell analysis has not been identified. Lakes et @1] considered fluid flow in
therefore suggests a peak #@af bone in longitudinal bending of connection with ultrasonic effects in bone; however, in this study
approximately 0.0006 and a peak @ander transverse loading of we observed increasing damping with frequency in both wet and
approximately 0.025. The latter peak is large enough to be eadilsy bone. The damping cannot, therefore, be primarily due to fluid
observable above the background damping from other sourceslow. A molecular mechanism of the organic portion of the bone is
As for the frequency and time scale of apparent viscoelasticisyiggested. The rise in damping at high frequency is characteristic
in cortical bone due to fluid flow, there appears to be consideraldéa rubbery material. It is possible that molecules or molecular
uncertainty. Salzstein and Pollaf&8] found pore pressure relax- groups have the degree of mobility found in rubbery polymers.
ation times to be on the ordef & s by measuring the electrome- The ground substance at the cement line boundaries may be con-
chanical potentials associated with applied loads in cortical borgdered as a candidate region these molecules might occupy.
More recently, Zhang et al39] used analytical models to predict
that fluid pressures in Haversian porosity relax on time scales @f Conclusions

microseconds while fluid pressures in canaliculi relax on time yuman cortical bone exhibits a greater gwhen wet than
scales of milliseconds, assuming bone fluid viscosity is that gfhen dry. All the results have in common a relative minimum in
saline water. Stewarﬁ36] gsed porous medium flﬂ_lte e|ememtan50verafrequency range, 1 to 100 Hz, which is predominantly
analysis, with moduli estimated from the preceding unit Cefbyng in normal activities. The observed minimum in damping is
analysis results, and porosities in agreement with those measutgdnsistent with a shock-absorbing role for b¢2#] based on its

by Rouhana et a[40], to determine that a cortical bone specimegiscoelastic response. Over the frequency range studied, there is
3 mm in diameter and 17 mm in length should exhibit a peaktanq gefinitive evidence of a damping peak that could be attributed
in bending near 10 MHz if transversely cut, and near 1 MHz i, fiyid flow. If, as suggested by finite element analysis, the peak
longitudinally cut. Such frequencies are well beyond those usedifjjeed occurs above 100 kHz, then fluid flows freely in response

the present study. , to physiological mechanical stresses, and no pressure buildup oc-
All tan & values for all the wet tests were higher than all &n ¢ in the Haversian systems.

values for the corresponding dry tests. In addition to the absence
of fluid flow in dry bone, drying also can alter the mobility of
groups in the collagen macromolecules in bone. Collagen isAé:knowledgments

natural fibrous polymer. As with other polymers, viscoelasticity The authors are grateful for a grant from the Whitaker Founda-
arises due to molecular motions. Wetting of bone may facilitateon.
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