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Abstract: The finite elemert method was usel to simulate strain transfer from bone to a
calcium phosphat ceramic (CPC) coated strain gauge The modd was constructed using gross
morphometric and histologicd measuremensg obtained from previous experimentd studies.
Material properties were assignel baseal on experiments and informatio n from the literature.

Boundary conditions simulated experimentd cantilever loading of rat femora. The modd was
validated using analytical solutions based on the theory of elasticity as well as direct compar-
ison to experimentd data obtained in a separak study. The interface between the bone and
strain gauge sensirg surface consistel of layers of polysulfone, polysulfone/CPC and CPC/
bone Paramete studies examinad the effed of interface thickness and modulus, gauge
geometry, partial gauge debonding and waterproofing on the strain transfer from the bone to
the gauge sensirg element Results demonstrated that interface thickness and modulus have a
significant effed on strain transfer. Optimal strain transfer was achievel for an interface
modulus of approximately 2 GPa. Strain transfer decreaseé consistenty with increasing
interface thickness Debonding along the lateral edges of the gauge had littl e effect, while
debonding proximal and distal to the sensirg elemernt decrease strain transfer. A water-
proofing layer decreased strain transfer, and this effed was more pronounced as the modulus
or thickness of the layer increased Basel on these simulations, specific recommendatiors were
made to optimize strain transfer between bone and CPC coated gauges for experimental

studies © 2001 Jom Wiley & Sons Inc. J Biomed Mater Res (Appl Biomate) 58 147-155 2001
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INTRODUCTION

Theremodelirg of borein responsto mechanichstimuli has
been a topic of interes and significane in both bastc and
clinical orthoped¢ researb for over a hundrel years Al-

thoudh the exad mechanim of mechanotransductidoy bone
cells still remairs unknown method for the study of me-
chanicévariablesin vivo are an importart pat of the study of

bore remodelirg and mechanotransductiorThe difficulties
associatd with the in vivo measuremerof mechanichquan-
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strain gauge bone strain measurement finite elemert analysis

tities are quite extensive One of the mog fundamentamea-
suremerd that mud be mack is the change in strain patterns
tha may occu in abore after a specift treatmen or other
stimulus.

The foil stran gaug has becone an importart tod for the
study of in vivo bore strains Lanyan and Smith* documented
the use of in vivo strain gauge bondel to bore with isobutyl
2-cyanoacryla on she@ tibiae to recod strain A similar
procedue was usal by Lanyorf to study stran behavia on
she@ lumba vertebra during gait Thislead to developmen-
tal method for researchig the mechanich environment
presemnon the bore surface Lanym et al 2 studied bore strain
on the proximd femur of she@ after atotd hip replacement.
They studied the bore stran nea the implant, bore resorp-
tion, and implart loosening Although usefu for securing
strain gauge for immediae measuremestin vivo, cyanoac-
rylate begirs to dissohe within afew hours and dissolves to
the point tha stran sensig becoms inaccura¢ within a
coupk of weeks when usel in vivo. Its resorptio is associ-
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ated with the release of potentially harmful degradation prod .

i i ibi Sk 0
ucts. Acrylics, polyurethanes, and epoxy resins also exhibi u1 % Gauge loaded in tension Cerroben "

poor biocompatibility and are difficult to use when bonding to
a smooth bone surfaéeBecause of these difficulties, m
proved methods for bonding of strain gauges to bondrfor
vivo measurements have been sought.

CPCs such as resorbable tricalcium phosphates and bi
active hydroxyapatite ceramics have been used to coat orth
pedic implants to induce bone bondingalcium phosphate b
ceramic (CPC) particles can be used to bond strain gauges
bone. The CPC particles induce bone growth and attachmer

B.

. . . 0.5 kg Sensing Element L
permitting strain transfer from the bone surface to the strair v A Built-in Endu.;
gauge. This technique has been used to bond gauges . Strain Gauge o’
cortical bone in both the ratand dog modelé? and has Proximal 2"""“'
allowed accurate strain measurements for up to 18 weeks | ;

the canine model.

Strain transfer between the bone and CPC coated stra
gauges is not fully understood. Combined biomechanical an ™ g Seasing
histological studies have illustrated that an accurate strai
reading may be achieved even with partial bonding or irreg:
ular in-growth of bone around the CPC particteS. The
effect of bone growth over the edges of the gauge will alsc
likely affect the measured strain. Factors such as waterproo
ing materials or the thickness of CPC and polysulfone layer:
may be important parameters to consider when designin
gauge attachment protocols for vivo experiments. These
variables are difficult to examine experimentally because o
the small size of sensors and the large number of experimel 2 o
tal parame_terg. _ _ ’ [ — smm }_’|

The objective of this study was to create and validate &
ﬁnite element model Of Strain transfer betWeen COI’tica| bon@igure 1. (A) Experimental configuration for bending tests on rat
and a strain gauge. The finite element model was subséemora. (B) Geometry and boundary conditions used in the finite
quently used to perform parameter studies on the effects cfement studies. (C) Detail of strain gauge and sensing element.
interface modulus, interface thickness, gauge geometry, wa-
terproof coating, and partial gauge debonding. It was hypoth-
esized that a thicker layer between bone and gauge woulthe animal model. The data for the unenhanced group were
reduce strains, as would an interface that was too hard or toased for validation of the finite element models in the present
soft. It was also hypothesized that waterproofing layer thickstudy. Strain gauges (CEA-06-15UW-120, Measurements
ness would affect the effective strain sensed by the straiGroup, Raleigh, NC) were coated with a CPC blend (15 wt%
gauge. CPC 6 and 85 wt% CPC 7, Biointerfaces Inc., San Diego,

CA) to accelerate gauge bonding to rat femora. The sensing

surface of each gauge was coated with a thin layer of medical

MATERIALS AND METHODS grade 15 wt% polysulfone (PS) (Amoco, Huntington Beach,

CA) to attach the CPC particles to the gauge surface. The
gauges were sterilized and then each gauge was placed on the
lateral aspect of a rat’s femur, during aseptic surgery, using
The finite element model was constructed to mimiéravivo  circumferentially placed resorbable sutures to temporarily
experimental system that was used to monitor strains in ratecure the gauges on the cortex. After three weeks, animals
femoral® A brief description of the experimental methodol were sacrificed and the femora were harvested for mechanical
ogy and results is presented here to provide the reader withtasting. An uncoated strain gauge was glued using cyanoac-
framework to better understand the choices for finite elementylate to the contralateral femur in the same location as the
model geometry, material properties, and interpretation of thémplanted gauge. The bones were embedded in a low melting
model validation by comparison to experimental strain datapoint allow and tested in cantilever bending using a published
In this separately published experimental study, a number gfroceduré&[Fig. 1(A)—(B)]. Loading was applied via a servo-
different surface enhancements including T@Bnd Osteo- hydraulic test machine (Materials Testing Systems Corpora-
genic Protein-1 were compared to the unenhanced CPGon, Minneapolis, MN) at a rate of 4.905 N/s to a load of
coated surface using groups of six Sprague—Dawley rats a&905 N (0.5 kg). A percent sensing accuracy for the CPC
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L Bomne in Compression

11 " Bone-CPC Interface

B CPC/Polysulfone

B Polysulfone

¥ Gauge

B Sensing Element lower (NS)

" Sensing Element upper (See 2B)
B Bone in Tension

Figure 2. Finite element mesh used for parameter studies. (A) Axial view, illustrating the discretization
and the layers between the bone and strain gauge. (B) Close-up view of the strain gauge. (C) Close-up
view of element discretization of the gauge sensing region. Nodes used to determine sensing element
average strain are show in red.

coated strain gauge was calculated and used to compare theetric measurements obtained from the experimental study.
mechanical behavior of the CPC coated strain gauges bd&he long axis of the cylinder was aligned with the global
tween the glued controls and different test groups. Using thig-axis, while the tangent of the strain gauge normal vector
methodology, the ability of the CPC coated strain gauges t@vas placed in the-y plane. The thickness of the strain gauge
sense strain could be directly compared to a contralatergh.056 mm) was taken from literature supplied by the man-

bone with the glued gauge. ufacturer [Fig. 1(C)], while the outer dimensions (6.60
o 4.20 mm), sensing element dimensions (®50.35 mm) and
Finite Element Model Geometry position of the sensing element were taken from measure-

The finite element mesh was constructed using a commercidtents made with digital calipers. The strain gauge was as-
preprocessing package (TrueGrid, XYZ Scientific, Liver-sumed to lie uniformly on the bone. The strain gauge is
more, CA). The mesh was parameterized to allow changes igonstructed of a top and bottom layer of polyimide, with the
overall geometry without altering mesh topology or elementfoil sensing wire sandwiched between the polyimide layers.
count. The rat femur was represented as a thick-walled cy[The two polyimide layers of the gauge were modeled sepa-
inder with an inner diameter of 2.6 mm, outer diameter of 3.9rately so that strain readings could be obtained at the same
mm, and length of 25.0 mm [Fig. 2(A)—(B)]. These dimen- radial position as the sensing wire. A highly refined mesh was
sions represented average values of gross and histomorphereated to represent the sensing element [Fig. 2(C)], so that
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the strains experienced by the lengths of the compliant foitials was set to 0.3. A parameter study of this material
sensing wire could be integrated to yield an average sensingroperty was conducted during the early phases of the study.
element strain. Detailed transition regions were incorporate®y/ariations of this parameter caused negligible changes in the
into the finite element mesh to integrate this refined portion oiverage axial strain recorded at the sensing element.
the mesh with the rest of the model.

Dimensions and regions of the interface between the bone Boundary Conditions and Solution Method
and strain gauge were chosen to yield a finite element model . i )
geometry that would represent the bone-gauge composife€cause the end of the bone is typically potted in a low-
after bony integration of the strain gauge. Histological ana|_melt|ng aliloy for mechanical testlnglln.bendlng, m§ Qenq
yses of thén vivo model provided the information regarding of the cylinder was mod.eled as built-in by prescribing fixed
the total interface thickness and the constituent layers of thgour)dary condltlpns [Fig. 1(C)]. A load O,f 4.905 N was
interface. Based on histological measurements, the total if2PPlied to the cylinder at the opposite end in the same plane
terface thickness between the bone and the CPC coated str&hfi (e Sensing element, placing the strain gauge in tension.
gauge was approximately 0.3 mirhOn histological sections, Finite element analyses were performed using the three-
three distinct regions were noted between the cortical bonglmen3|01n7al, _ nonlinear, implicit finite element  code
surface and the gauge: a layer composed primarily of cp®NIKE3D. Tnlmear.hexghedral brick eIement; were used t(_)
particles and newly formed bone, a layer of CPC and p0|y_represent all matgrlals in the model. _A 'qua5|—stat|c analysis
sulfone, and a layer of polysulfone. For the finite elementV@S performed, with the load applied in increments. Because

analyses that incorporated all three layers, these layers weff the large deflections and rotations experienced by the
assumed to have equal thickness [Fig. 2(A)]. bone-gauge composite during loading, a nonlinear, incremen-
tal-iterative solution strategy was used with a quasi-Newton

procedure governing the iterative procé¥€onvergence at
each increment in applied load was based on the norm of the

All materials were represented with an isotropic hypoelastichange in incremental nodal displacements.

constitutive model in the finite element code. Hypoelasticity A convergence study was performed to ensure that the
is a generalization of linearized elasticity to large strains andn€sh was sufficiently refined in areas of large stress gradi-
rotations2 Material properties were separately assigned tnts. The final mgsh consisted of a total of7,53$ elements and
each material region indicated in Figure 2(A). The bone wag-0-332 nodes, with 6 elements through the thickness of the
assumed to be isotropic and homogeneous, and the elasfiiérface separating the bone from the strain gauge [Fig.
moduli of the bone were based on experimental studies of")—(B)]. A mesh of 9 elements through the thickness
120-day-old Sprague—Dawley rat femdfaThe bone moduli  Yielded the same average sensing elenzesitain as 6 ele-
were 22.36 and 20.5 GPa for compression and tension, ré0€nts. Mesh geometry was further refined by optimizing
spectively. An elastic modulus of 2.8 GPa was used for th&!€ment aspect ratios and maximizing orthogonality of ele-

strain gauge material (type 6/6 polyamid&). ment edges.
The material properties of the interface matrix were un- ] )
known. The modulus for pure hydroxyapatite is between 41.5 Data Reduction and Analysis

and 180';:’ GP&? while the modulus of pure polysulfone IS gqr each finite element analysis, the average axial strain value
2.5 Gpal However, the composite modulus depends on they; ihe sensing element was found by averaging the nodal axial
distribution and relative volume fraction of the CPC particlesg; ains within the center of the sensing element [Fig. 2(C)].
in the polysulfone, bonding between the two materials, therpg nodal locations were evenly spaced along the approxi-
in-growth of new bone around the CPC particles near the,aie |ocations of the sensing element wires. Because the
cortical shell. The CPC/polysulfone composite cannot bgsne and gauge underwent large deflections and rotations
easily subjected to material testing, because it is both brlttl%but small strains) during loading, the Green—Lagrange strain
and thin. Thus, the moduli of the interface layers were intro-cOmponents were used for strain comparisons. The Green—
_duced as parameters in the finite element studies, as deta"iggrange strain components are equivalent to those of the
in the sections below. _infinitesimal strain tensor when the strains are small enough
The elastic modulus of the polysulfone was determinedy, jy,stify application of the linearized theory of elasticity and
from a tensile test performed in this study. A thin sheet of, e ynaffected by rigid body rotations, unlike the infinitesimal
polysulfone was created using a standard protocol for gaugg»in tensor component?.
preparation® A dumbbell-shaped sample was punched from
the polysulfone sheet. The sample was gripped using custom
clamps and loaded in tension at 0.25 mm/s until failure
occurred. From measurements of stress and strain, the elastfalidation of initial finite element model was achieved in
modulus was determined to be 1.89 GPa, which was slightlgeveral steps. First, the strains predicted by the bone model
lower than a reference value of 2.5 GPalhe value deter  without any gauge or interface material were compared to the
mined from this experiment was used for polysulfone in allanalytical solution of a built-in cantilevered beam with tip
finite element studies. Poisson’s ratio for all interface mateloading based on the theory of elasticity. Second, strains

Material Properties

Model Validation
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predicted for a perfectly bonded strain gauge were compareelastic beam theory [Fig. 3(A)]. The lower section of the bone
to those of the model without a gauge. Finally, the straingvas in compression while the top was in tension.

obtained for the bones tested in cantilever bending with strain
gauges glued to the surface of the bone in the experiments of
Cordaro et al* were compared to the results of finite element
simulations of a gauge bonded directly to the bone. ToWithout a gauge present, predicted tip deflection from the
determine the optimal experimental configuration needed tdinite element model at the point of applied load and axial
maximize strain transfer from the bone surface to the straistrain at the center of the sensing element were 0.14 mm and
gauge sensing element and assess the variability that wouBlL2 e, respectively. Simple beam theory predicted values of
be induced by a number of experimental factors, a series d.13 mm and 514ke, indicating excellent agreement between
parameter studies were carried out as detailed in the par#he finite element analysis and the predictions based on elas-

Model Validation

graphs that follow. ticity theory. Strain transfer from the bone to the glued gauge
was nearly complete [Fig. 3(A)—(B)]. However, there was a
Effect of Interface Properties and Thickness subtle difference in the strain contours even for this case. The

average axial strain at the location of the sensing element was

To_ examine thg model_ sen5|t_|V|ty to overall_ mterfac_e prop-539M€ for the glued gauge, compared to 5d2for the bone
erties, the predicted axial strain was determined for mterfacen the same location. The higher strain with the perfectl
elastic moduli of 0.15, 1.0, 1.5, 1.89, 2.0, 10, 15, 20, and 5 : g P y

GPa. This was conducted to develop an understanding of theonded _stram gauge is to be expe_cted, because the gauge
: i L ! surface is farther from the neutral axis of the system than the
general behavior of the model with variations in the bone—

gauge interface. To simulate the effect of partial to ful €8s without the gauge. The finite element prediction for the

bone/CPC attachment, a parameter study of the bone to cp/erage sensing element stra_m for the glued gauge K9 .
were lower than those obtained from the experiments in

interface was conducted using the same moduli. To study th 1 N i .

effects of bone to CPC attachment and associated CPC/ rdaro et ai_L. .(612 * 101 pe), but were within a single
. . : standard deviation of the mean.

ratio, parameter studies of these interface layers were con-

ducted as well. For the latter three parameter studies, the rest

of the interface was left at 1.89 GPa (modulus of polysul- Effect of Interface Properties and Thickness

fone). Finally, the total interf thickn was varied from . . . .
one) ally, the total interface thickness was varied fro The parameter studies of the interface elastic moduli for

0.15-0.45 mm withE = 1.89 GPa) to study differences in . . . .
. . L . simulation of a CPC coated strain gauge showed that maxi-
CPC coating thickness variations observed during the exper- :
imental study. mum stra_m transfer occurs _between the bone and gauge for
the situation when the elastic modulus of the entire interface
was approximately 2 GPa (Fig. 4). The sensing element axial
strain rapidly declined when modulus dropped below 1 GPa,
and gradually declined for values above 2 GPa. This effect
Histological sections of the gauge-bone complex sometimegas more pronounced with the variations of the CPC—bone
show regions of nonbonding between the gauge and bonénterface than with the CPC—PS interface. As the total inter-
These regions are typically along the sides or at the ends dgéce thickness was varied, a thickness of greater than 0.15
the gauge. The effect of gauge debonding was assessed mlm began to reduce the sensing element axial strains [Fig.
removing the CPC-bone interface on the lateral sides ang(A)].
posterior and anterior sides of the strain gauge independently.
The effect of a waterproof coating was studied by adding a
0.3 mm thick layer over the top of the gauge and varying its
elastic modulus between 1, 2, 4, and 10 GPa. In some of our
experimental studies, the gauges were trimmed to provide Reduction of the elastic modulus of the lateral sides of the
better fit onto the bone. To understand the potential effects ad€PC—bone interface induced negligible changes in the aver-
this modification, approximately 1 mm was removed fromage axial strain on the sensing element (504 vs. p€p
each side and then the strain gauge was trimmed to a lengiWhen the interface along the sides was removed entirely, the
of 5.3 mm. sensing strain increased to 51& (Fig. 6). However, by
softening and then removing the proximal and distal ends of
the interface, the strain reduced to 487 and g&0respec-
RESULTS tively. These results highlight the importance of adequate
axial bonding in comparison to bonding of the lateral sides.
Finite element solutions were obtained without difficulty A waterproofing layer with a modulus of 1 GPa reduced
using four increments in applied bending load. Axial strainsthe sensing element recorded axial strain to 444a 12%
along the tensile surface of the bone varied linearly along theeduction [Fig. 5(B)]. When the modulus was increased to 2
length, with zero axial strain at the built-in end and maximumGPa, the strain was further reduced to 402 or a 21%
axial strain at the loaded end, as expected based on lineegduction. A waterproof coating with an elastic modulus of 4

Effect of Gauge Debonding, Waterproofing,
and Trimming

Effect of Gauge Debonding, Waterproofing,
and Trimming
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Figure 3. Contour/fringe plots of axial strain. (A) Bone without a strain gauge. (B) Glued (perfectly
bonded) strain gauge. (C) Untrimmed gauge geometry. (D) Trimmed gauge geometry used in the
experimental model. The modulus of the entire interface was 1.89 GPa for the latter two analyses.

and 10 GPa further reduced the sensing elemestitain by  3(C)—(D) also show the large axial gradients in strain across

32% and 49%, respectively. the strain gauge and sensing element, highlighting the impor-
The effective strain transfer from the bone to the un-tance of consistent placement of the gauges along the long

trimmed strain gauge versus the trimmed gauge was 13%xis of the bone for experimental studies utilizing a cantilever

different [Fig. 3(C)—(D)]. An area of high axial strain was beam test configuration.

present in the central regions of both gauges and the proximal

side of the gauge (closest to the sensing element) was at a DISCUSSION

zero strain. By trimming the strain gauge, the sensing element

was moved into this region of lower strain, reducing theThis study analyzed strain transfer between cortical bone and

average sensing elememstrain from 583 to 51Que. Figures  an attached strain gauge. The geometry and material proper-
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Figure 4. Parameter study of the interface between the gauge and
bone. Unless specified, modulus for other interface layers is E = 1.89
GPa. Results for interface values between 1-2 GPa were closest to
the glued gauge axial strain values. Changes in the total interface
modulus had the largest effect on the measured strain, followed by
changes in the CPC-PS interface, and finally the CPC-bone interface.
As interface modulus was decreased, sensing strain dropped off
rapidly.

ties used in the model represented both published and expe
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115 = 70 wm. These were blended with smaller particles,
which were 9=7 um by 6 £ 5 um. With the large particles
oriented with their long axis parallel to the gauge surface and
with a typical 0.1 mm thickness of polysulfone, the interface
thickness is approximately 0.22 mm. Histology showed the
large particles oriented with their long axis in a variety of
directions, and they were often 2 or 3 CPC particle layers
thick. Analytically, a 0.45 mm interface thickness reduces the
sensing element axial strain by as much as 17% in compar-
ison to the case of a glued gauge. It is possible that this effect
offsets the effect of bone growth along the proximal edge of
the strain gauge in the experimental model.

Immediately after gauge implantation, there is no bonding
between the bone and CPC particles. Fibroblasts, macro-
phages, and giant cells cover the area between the gauge and
the bone. Eventually, osteoblasts lay down a collagen matrix,
attaching the bone to the CPC particles. This layer has a low
effective elastic modulus. This layer begins to calcify into
areas of woven bone infiltrated with cells such as other

__ 575
=1
-
[~

r S

imentally determined values. The finite element model was &

525 1 .

validated by a series of convergence studies, model refine
ments, and comparison to both theoretical predictions an 5 ’
experimental measurements. Excellent agreement was o
tained between the finite element predictions and the elasti(z
ity solution for strain on the surface of the bone without a &g
gauge present. Finite element strain predictions for the cas-E

of a glued gauge were in reasonable agreement with strai §

erm

475 1

values recorded experimentally for the case of a gauge glue%* 425
directly to the bone. Differences between the finite elemen A
predictions and the experimental strain values were within ’
single standard deviation of the experimental data, and ca

0 0.1

0.2

0.3 0.4 0.5

Total Interface Thickness (mm)

likely be attributed to inhomogeneities in material properties
and geometry that were not included in the finite elemen
model definition. Specifically, the finite element model as-
sumes perfectly cylindrical bone geometry and uniform mod-
ulus and Poisson’s ratio. The differences do not affect the
validity of the conclusions obtained from the parameter stud
ies of sensitivity of the strain field to changes in interface
elastic modulus, gauge and interface dimensions, debondin
and the waterproof coating. All these parameters had larg
effects on the strain transfer from the bone surface to thi
gauge sensing element.

350 4

300 4

0.3 mm Thisk

Interface a1 __,1"?_',

E = |.59 GPa il

250

The parameter studies of the bone—gauge interface elasi

moduli demonstrated the effect of alterations of the interface B 0 2
Modulus of Waterproofing (GPa)

modulus. Both the PS layer and the CPC/PS layer can b
controlled experimentally. However, as the bone grows into

4

6 8 10

the CPC coated strain gauges, the effective elastic modullggure 5. (A) Effect of interface thickness on sensing element strain.
changes When the total interface thickness was increasgaere was a moderate decrease in sensing element strain with in-

above 0.15 mm, the computed sensing element axial stra

creasing interface thickness. (B) Effect of waterproof coating modulus
%}1 sensing element strain. The coating thickness was held constant at

was decreased. The large CPC particles used in the eXpeg3 mm. Even with a modulus of 1 GPa, the measured strain was only

mental studies of Cordaro et Hl.were 561+ 112 um by

444 e, still 50 we below the best results illustrated in Figure 5.
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Figure 6. Effect of softening and debonding the CPC-bone interface on the lateral edges and the
proximal and distal ends.

fibroblasts, osteoblasts, and endothelial cells forming capilthese materials have a much lower modulus than epoxy.
laries. Woven bone, bonding the CPC particles to the preex-urther, we removed the materials before the experimental
isting cortical bone, was noted to produce a more accuratbeam bending analysis. An epoxy coating is attractive as a
measured strain compared to a glued gauge. potential waterproofing layer. Based on the results of this
Comparisons of the untrimmed and trimmed gauges demstudy, an epoxy layer should be as thin as possible, or a softer
onstrated the importance of a constant gauge geometry besaterial should be sought for the purpose of waterproofing.
tween animals for accurate experiment comparisons. The The predicted strain gauge responses used in this finite
large strain gradients along the length of the strain gaugelement analysis are valid only for the specific material and
highlight the importance of proper gauge orientation andgeometric assumptions incorporated into the model. Homo-
gauge placement to accurately meaduargivo bone surface geneous material properties were assumed for all material
strain. regions indicated in Figure 2(A). This assumption is likely
In the in vivo experiments, bone growth on the proximal appropriate for the bone and strain gauge materials. However,
and distal ends of the gauge was often noted. By improvinghe local distribution of new bone, CPC particles, and poly-
the bonding between these ends of the gauge and the borsyjlfone in the interface layers are probably inhomogeneous.
strain transfer is enhanced (Fig. 3). A 0.3 mm wide section ofThe effects of this type of distribution can be incorporated in
bone extending just to the bottom surface of the strain gaugghe finite element analysis by using micromechanical model-
increased the sensing element axial strain by 21%. Thisg techniques or homogenization theory. This was beyond
surpassed the value measured from the glued gauge. the scope of this study. In addition, it is likely that such model
Debonding or softening of the lateral edges of the gaugeefinements would not be warranted in terms of the change in
had little effect on the predicted axial strain, while debondingthe results. A more realistic geometry could readily be incor-
or softening the front and back edges of the strain gaugeorated into the model by using micro-CT or histological
reduced the axial strain in the sensing element. This demorsections to yield accurate representations for the bone internal
strates that CPC bonding in-line with the sensing element iand external surfaces. Again, these changes would provide
more important for measuring axial strain. It also suggestsnore accurate strain predictions, but would not alter the
that there must be sufficient bonding both in front of andgeneral trends demonstrated by the parameter studies.
behind the gauge sensing element to ensure proper strain Based on the results of this work, a number of recommen-
transfer. To achieve bondirig vivo, the CPC coated strain dations can be made for the use of CPC coated strain gauges
gauge must be held securely against the bone surface while experimental studies. The thickness of the interface layer
bone attachment occurs. In our experiments, resorbable sshould be minimized, particularly when these gauges are used
tures tied around the femur were used to achieve this. If thén an animal model with a small bone section. This can be
lateral edges of the strain gauge do not require bone to CP&chieved by altering the size of the CPC particles and the
bonding for long termn vivo strain measurements, it may be thickness of the polysulfone layer used to bind the particles to
possible to glue the lateral edges of the strain gauge with athe gauge. Adequate gauge material should be present both
adhesive to affix the strain gauge to the bone long enough fqeroximal and distal to the sensing element. For long-axis
the bone attachment to the CPC particles to occur. A gel fornbending studies, the sides of the gauge can be trimmed with
of cyanoacrylate would be needed to keep the glue froniittle effect on the measured axial strain. Due to the variations
being wicked into the porous CPC surface. in axial strain along the long axis of the bone during the
A stiff waterproofing layer was shown to be a potential cantilever bending experiments, an alternative test configu-
source of strain sensing error. In darvivo studies, a nitrile  ration such as four-point bending may provide a system that
rubber, acrylic, and polyurethane coating has been used, anslless sensitive to gauge placement along the bone long axis.
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