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he interference fit is a common method for creating mechanical
ssemblies. When manufacturing the individual components to be
ssembled in this method, close dimensional control of the mating
omponents is required in order to ensure that the amount of
nterference is sufficient to create a secure assembly, but not so
reat as to cause excessive stresses or failure of the individual
omponents. In this work, we study interference fit connections in
n assembly of human (cadaveric) cortical and cancellous bone,
.e., an allograft, used in spinal fusion surgeries. A difficulty en-
ountered in this application is that, in addition to the machining
teps, the assembly must go through subsequent sterilization and
yophilization, or freeze drying, processes that may affect the
uality of the interference fit. This report examines the quality of
he allograft interference fits using dimensional measurements of
anufactured components at all stages of the manufacturing pro-

ess, followed by examination for cracking and measurement of
he pull-apart forces for assemblies. The experimental results are
ompared to finite element models of the interference fit and also
o Monte Carlo models of the assembly using a simple thick-wall
ylinder model. Experimental results show that the lyophilization
rocess significantly affects the component dimensions, resulting
n a much greater spread in interference values and likely leading
o cracking and/or loss of interference.
DOI: 10.1115/1.2896103�

Introduction
Assemblies of human �cadaveric� cortical and cancellous bone,

r allografts, are used as implants in cervical spinal fusion surger-
es where two vertebrae are joined in order to replace damaged
issue or otherwise alleviate instability of the spine. Fusion is
ccomplished by inserting a graft, which serves as a medium
hrough which the vertebrae can grow together, between the two
ertebrae �see Fig. 1� �1,2�. In one such commercial allograft, two
ortical bone plates provide structural support while a demineral-
zed cancellous bone block enables rapid growth through the graft.
he cortical plates and cancellous block are held together by two
ortical interference pins, as shown in Fig. 2.

The success of this interference fit depends on the manufactur-
ng tolerances of the components, the quality of the donor bone
sed to produce the graft, and the influence of additional manu-
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facturing processes. Excessive diametric interference or brittle tis-
sue can result in graft fracture. Conversely, insufficient interfer-
ence or tissue stiffness can compromise assembly strength and
result in pull-apart failure during quality assurance testing. Either
scenario results in the part being scrapped at a loss to the
manufacturer.

The goal of this study is to characterize the process variation in
the procedures used to manufacture the allograft in order to better
understand and predict failures in the interference fit connection.
The paper is divided into four sections: dimensional measure-
ments of the interference fit component diameters, mechanical
testing of the interference fit strength, finite element analysis of
the graft, and Monte Carlo simulation based on an analytical in-
terference fit model. In each step, only the cortical bone compo-
nents are considered �the cancellous bone serves as a growth me-
dium and does not provide structural support�.

2 Dimensional Measurements of the Interference Fit
Components

Dimensional measurements of the interference fit components
were performed using a three-axis coordinate measuring machine
�CMM� outfitted with a touch-trigger probe. For each of ten dif-
ferent donors, 12 pins, 12 cortical plates, and six cancellous
blocks were produced by the manufacturer, i.e., components re-
quired to manufacture six grafts. Following machining, the diam-
eter of each pin and plate hole were measured on the CMM. From
the six sets of measured parts from each donor, three were re-
turned to the manufacturer for assembly and eventual use in pull-
apart testing �Sec. 3�. The remaining parts were left unassembled
and were subjected to the same sterilization and preservation pro-
cesses as the assembled grafts. In order to characterize the effects
of each production step on the component dimensions, diametric
measurements of the loose cortical pieces were repeated after
chemical sterilization, lyophilization �freeze drying�, and a 30 s
hydration �this step is typically completed just prior to allograft
insertion by the surgeon�.

Cortical pin diameters were measured in the cortical plate con-
tact regions while clamped in a manual collet holder �Fig. 3�a��.
Following the machining portion of the production cycle, cortical
plate hole diameters were measured at four locations per hole in
the fixture in which they were machined �Fig. 3�b��. Cortical
plates from indexing wheel locations 4–6 �see Fig. 4� were then
removed from the machining fixture and remeasured while
clamped to the CMM table �Fig. 3�c��.

Cortical-cancellous stack ups in Locations 1–3 of the indexing
wheel were retained for assembly along with six cortical pins �two
pins for each allograft�. The pins were sorted so that the largest
and smallest diameters for the selected donor were included in this
set. The smallest pins were paired with the largest holes �and vice
versa� in an effort to increase the likelihood of interference fit
failures. The assembled allografts then followed the remaining
steps in the production cycle including chemical sterilization and
lyophilization �the 30 s hydration step was also incorporated for
our measurement study�. As noted previously, measurements of
the remaining loose pins and plates were repeated after steriliza-
tion, lyophilization, and hydration.

Following part measurements, the predicted interference value
was calculated as the difference between the average pin and hole
diameters for a given donor. Box plots of the diametric interfer-
ence values for each process step are shown in Fig. 5. During the
manufacturer’s production cycle, loose pins are bin sorted by di-
ameter and paired with hole reamer sizes such that 25–38 �m of
interference will be present; this is identified by the shaded region
in Fig. 5.

The interference data suggest that lyophilization introduces the
largest process variation �i.e., largest data spread� as well as a
significant interference reduction �average 21 �m�. Subsequent
rehydration saw an increase in the mean interference by an aver-

age of 7 �m but did not reduce the spread of data.

APRIL 2008, Vol. 130 / 024501-1
08 by ASME

/2016 Terms of Use: http://www.asme.org/about-asme/terms-of-use



c
i
t
i
t
t

e
w
d
d
a

3

w
m
p
w
t
t
d
s
h
s
t

s
i
g
d
l
d
t

m

F
c

F
a
c

0

Downloaded Fr
Conversely, the least process variation is seen following the
hemical sterilization. It is our assertion that the chemical steril-
zation process removed debris from the machining process from
he holes. This was observed visually in many instances, although
t was not possible to quantify the amount of debris removed. Due
o the smaller influence of debris on hole measurements, the scat-
er of the data was reduced.

It should be noted that following removal from the manufactur-
r’s machining fixture, the mean size of the cortical plate holes
as found to decrease by an average of 6 �m but with a standard
eviation of 7 �m. Additionally, it was noted that the standard
eviations for data within a given donor was not significantly
ffected by the various process steps.

Mechanical Testing
The quality of the interference fit of the assembled allografts

as evaluated by both manual and mechanical means. Prior to any
echanized testing, an attempt was made to separate the lyo-

hilized grafts by hand. To accomplish this, each cortical plate
as held between the thumb and index finger of one hand and

ension was applied by the other hand. This procedure was similar
o that used by the manufacturer during quality control proce-
ures. If any resistance was met, tension was ceased. Grafts that
eparated with no appreciable resistance were reassembled by
and and retested as described in the following paragraphs. It
hould be noted that in the manufacturing environment, any graft
hat is separated by hand is scrapped at a loss to the manufacturer.

Of the 30 assembled grafts considered in this portion of the
tudy, 4 �13%� failed during manual testing and 17 �57%� exhib-
ted visible cracking in one or both cortical plates. None of the
rafts that failed the manual pull-apart test corresponded to the
eliberately mismatched pin/plate combinations �e.g., small pin/
arge plate hole�. All of the cracks were in the longitudinal bone
irection and ran from one or both pins to the edge of the plate or
he second pin �Fig. 6�.

Following manual testing, the grafts were hydrated for 30 s and
echanical pull-apart tests were carried out using an MTS Q-Test

ig. 1 Schematic of a graft inserted between vertebrae in a
ervical spinal fusion surgery

ig. 2 Schematic of the cortical-cancellous bone allograft ex-
mined in this study. The outer cortical bone plates and inner

ancellous block are joined using two cortical bone pins.

24501-2 / Vol. 130, APRIL 2008
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5 load frame with TESTWORKS 4 software. The load frame was
fitted with a 5 kN load cell and mechanical grips, as shown in Fig.
7. The grafts to be tested were fixed with epoxy to grooved alu-
minum blocks, which were clamped in the mechanical grips. This
approach was selected to avoid directly clamping the cortical
plates, which could affect the interference connection. The
3.2 mm wide grooves in the aluminum blocks prevented the pins
from being glued to the aluminum or the cortical plates, which,
again, could influence the connection strength.

When the allograft-aluminum assembly was fixed in the grips,
the tensile load was increased at a nominal rate of 20 N /s until the
crosshead had moved by 3.5 mm, indicating that the graft had
separated or broken free from either of the aluminum blocks. Dur-
ing the tests, load, crosshead position, and time were recorded by
the MTS software. The peak force in the load cycle was taken to

a)

�)

��)

Fig. 3 Part measurements on the CMM: „a… cortical pins, „b…
cortical plates held in the manufacturer’s machining fixture,
and „c… loose cortical plates
be the pull-apart force.
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Of the 30 assembled allografts, 20 were pulled apart during
echanical testing. For the remaining ten grafts, the epoxy hold-

ng the graft to the aluminum blocks failed prior to the interfer-
nce fit. The average pull-apart force for the 20 successful tests
as 83.4 N with a standard deviation of 25.9 N. Of the 20 sepa-

ated grafts, only 7 exhibited no signs of cracking. The average

ig. 4 Depiction of part sorting for one donor. The cortical
late hole diameters for the cortical plate-cancellous block
tack ups were measured in the fixture at all locations „1–6….
he stack ups in locations 1–3 were left in the fixture and later
ssembled. For locations 4–6, the plates and blocks were re-
oved and the loose plates remeasured at each subsequent

tep in the manufacturing process.

ig. 5 Box plots of average diametric interference data for
ach of ten donors as a function of production process
Fig. 6 Illustration of cortical plate cracks

ournal of Manufacturing Science and Engineering
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pull-apart force of the grafts with no cracks was 100.6 N with a
standard deviation of 28.5 N. The average pull-apart force of the
grafts that exhibited cracks was 74.1 N with a standard deviation
of 19.8 N. It should be noted that grafts exhibiting visible cracks
are often scrapped by the manufacturer at a loss.

In Fig. 8, the pull-apart force for each graft is compared to the
predicted diametral interference determined from the CMM mea-

aluminum block

channels

(a)

(b)

Fig. 7 Pull-apart test setup: „a… load frame grips, aluminum
holding blocks, and allograft; „b… schematic of aluminum
blocks epoxied to allograft
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Fig. 8 Pull-apart force versus predicted interference for „a… all

assembled grafts and „b… grafts without cracks
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urements. Unexpectedly, little or no correlation between the pre-
icted diametric interference and the pull-apart force is observed.
his could indicate that, for the small sample size �i.e., the seven
rafts that were pulled apart and did not exhibit cracking�, varia-
ions in material properties obfuscate the effects of dimensional
nterference. It is also possible that the poor correlation between
redicted interference and pull-apart force reflects a difference in
he effects of lyophilization and/or hydration on the assembled
raft as compared to the measured loose parts.

Finite Element Analysis
A finite element model of the interference fit was created to

oth predict allograft failures and validate/improve the isotropic
odel to be applied in the Monte Carlo simulation �Sec. 5�.
ANSYS 10 �ANSYS Inc, Canonsburg, PA� finite element software

as used to create the solid model and mesh as well as to com-
lete the analysis. The diameter of the pin in this model was set
qual to the average of all pin diameters from the dimensional
tudy. The diameter of the holes was set equal to the pin diameter
inus the average predicted interference value from the dimen-

ional study. Twenty-node brick elements were used to describe
he bulk material of the pin and the plate. To simulate the inter-
erence fit, contact and target elements were created at the pin-
late interfaces. Although cortical bone is actually orthotropic in
ature, it has been shown that little error is introduced by approxi-
ating material properties as transversely isotropic �3�. Addition-

lly, while bone material can have behave differently in tension
han in compression �4,5�, no distinction was made in this study.

A two-step load scenario was applied to evaluate the interfer-
nce fit. First, the static interference condition was used to deter-
ine the stresses in the assembled allograft. Von Mises equivalent

tress values and contact pressures were obtained from this load
tep. The next “load” step was to introduce a relative motion of
00 �m at the contact elements between the pins and holes. The
ull-apart force was then determined by summing the z-direction
orces �along the pin axis� of all contact elements at the pin-plate
nterfaces.

The finite element analysis was completed three times with
hree separate sets of material properties and geometric inputs
Table 1�. Here, the subscript r refers to the radial bone direction,

to the circumferential bone direction, and l to the longitudinal
one direction. The von Mises stress, Sv, and pull-apart force, F,
esults from each trial are provided in Table 2. For the first trial,
ensile elastic constants reported by Reilly and Burrstein �4� were
sed, while the pin diameter and diametric interference were taken
rom the measurement results after hydration. It should be noted
hat in any instance where Reilly and Burrstein reported Poisson’s
atios greater than 0.5, which is physically impossible, a ratio of

Table 1 Finite element input values for three trials

Property

Trial

1 2 3

oung’s modulus Er �GPa� 12.0 12.0 9.0
oung’s modulus Ec �GPa� 12.0 12.0 9.0
oung’s modulus El �GPa� 18.0 18.0 14.0
hear modulus Grc �GPa� 3.3 3.3 2.9
hear modulus Grl �GPa� 3.3 3.3 2.9
hear modulus Gcl �GPa� 3.3 3.3 2.9
oisson’s ratio �rc 0.50 0.50 0.50
oisson’s ratio �rl 0.40 0.40 0.40
oisson’s ratio �cl 0.25 0.25 0.25
riction coefficient � 0.29 0.29 0.29
in diameter D �mm� 1.948 1.936 1.936
iametral interference �mm� 0.018 0.011 0.011
.5 was used. The second trial used the same material properties

24501-4 / Vol. 130, APRIL 2008

om: http://manufacturingscience.asmedigitalcollection.asme.org/ on 04/13
as the first trial, but applied geometric values measured after lyo-
philization. The third trial again used the lyophilized state pin
diameter and interference value, but the mechanical properties
were reduced by one standard deviation �reported in Ref. �4��
from the values used in the first two trials. Of the three, the third
trial �reduced modulus and interference values� shows the closest
agreement to the experimental data. Since a tabulated value for
the static friction coefficient of self-mated milled cortical bone
could not be located, it was obtained experimentally using the
linear reciprocating tribometer shown in Fig. 9. While exhaustive
testing was not performed, the reported value represents a reason-
able estimate of the friction behavior of the bone used in this
study.

The von Mises stress distribution and contact pressure plot for
the third trial are shown in Figs. 10 and 11, respectively. Not
surprisingly, the highest stresses are located at the contact and
between the two pins. However, no defined stress concentration at
the edge of the pin-hole contact is observed.

5 Monte Carlo Simulation
A Monte Carlo simulation was developed for predicting failure

rates of the interference fit. The simulation was based on a one-
dimensional analytical thick-walled cylinder model �Fig. 12�.

5.1 Analytical Model. In this model, Cylinder “1” of nominal
outer radius R is forced into another hollow Cylinder “2” whose
inner radius is � /2 smaller than R. To accommodate the radial
interference, both cylinders must deform such that the outer diam-
eter of Cylinder 1 decreases by some amount �1 while the inner
diameter of Cylinder 2 increases by some amount �2. The defor-
mations �1 and �2 must sum to the diametral mismatch �.

The state of stress at the interference fit is determined from this
boundary condition and the requirement that the pressure on the
outer and inner cylinders be equal at the interface. The interfer-
ence pressure and maximum von Mises stress for both cylinders is
then found using Eqs. �1�–�3� derived from thick-walled cylinder
theory �6,7�. Based on these calculations, any von Mises stress Sv
in either cylinder, which was greater than the material failure
strength, was deemed a failed interference fit. In these equations,

Table 2 Pull-apart force and maximum von Mises stress re-
sults from the finite element analysis trials

Trial
Max. von Mises stress

�MPa�
Pull-apart force F

�N�

1 80.6 216.0
2 45.0 120.3
3 34.6 93.9

six channel load cell

cortical plate

cortical pin

reciprocating stage

vertical stage

Fig. 9 Reciprocating tribometer used to obtain friction coeffi-

cient of self-mated machined cortical bone
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t is a stress concentration factor that accounts for the fact that
either cylinder was infinitely long. The elastic modulus and Pois-
on’s ratio are represented by Ei and �i, respectively, for the two
ylinders.

3.85
7.69
11.5
15.4
19.2
23.0
26.9
30.7
34.6

Von Mises stress (MPa)

ig. 10 Sectioned view of von Mises stress distribution pre-
icted by the finite element analysis

pin

pin

cortical plates

cancellous block

contact pressure (MPa)
0 5 10 15

ig. 11 Contact pressure distribution over portion of a single
ortical pin in contact. The z direction represents the axial di-
ection of the pin. The inset shows the position of the plot in

he allograft.
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p =
�

R

E1
�1 − �1� +

R

E1
� ro

2 + R2

ro
2 − R2 + �2� �1�

S�1 = p�Kt
2 − Kt + 1 �2�

S�2 = p�Kt
2 − Kt� ro

2 + R2

ro
2 − R2� + � ro

2 + R2

ro
2 − R2� �3�

The force required to separate the interference fit was found by
integrating the product of the contact pressure, contact area Ac,
and coefficient of friction � over the axial contact length Lc �Eq.
�4��. Failure of the interference fit was assumed to occur for any
iteration where the pull-apart force was less than or equal to zero
or a von Mises stress was found to be greater than a representative
failure stress of 53 MPa �8�.

F =�
0

Lc

�Kt�z� · p · �Ac�dz =�
0

Lc

�Kt�z�p�2�RLc�dz �4�

The model described by Eqs. �1�–�4� has three primary limita-
tions for application to the allograft interference fit. First, the
model assumes that the material properties of both the pin and
plate are isotropic, while bone is not. Second, the model does not
account for the effect of the closely spaced second pin on the
stress state. Finally, the model assumes that both components will
be cylindrical, which is not the case for the two-hole cortical
plates used in this study. In other words, the outer radius ro has no
physical meaning for the allograft. To address the latter issue, the
ro term was used as a fitting factor based on the results of the
finite element analysis. Despite these concerns, the analytical
model was used due to its computational simplicity. Another pos-
sible shortcoming is inadequate knowledge of the effective coef-
ficient of friction at the interface, particularly following the
postassembly manufacturing processes.

5.2 Simulation Procedures. In Monte Carlo simulation, input
parameters are selected randomly from normal distributions and
output values are calculated by propagating these individual sets
of input parameters through the selected model. This process is
repeated many times to obtain the resulting distribution in output
values.

Average values and standard deviations of the input parameters
selected for this study are given in Table 3. Geometric and elas-
ticity terms are identical to those used in the third finite element
study. Note that the stress concentration was set equal to unity
based on the results of the finite element analyses.

Fig. 12 One-dimensional analytical interference fit model used
in the Monte Carlo simulations
The Monte Carlo simulation was completed in two formats. In
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he first, all input parameters were randomly varied as previously
iscussed to obtain the distribution of plate and pin von Mises
tresses and pull-apart force. In the second, individual simulations
ere performed for each input variable where all other inputs
ere held constant at their mean value. In this way, the relative

nfluence of each input parameter on the outputs could be ob-
erved. All simulations included 2.5�105 iterations. Furthermore,
on Mises stress was only calculated when the pull-apart force
as positive, since it is undefined if no interference is present.
The statistical distributions obtained from the multiple param-

ter Monte Carlo simulation �first format� is shown in Fig. 13.
hirteen percent of the simulations resulted in zero pull-apart

orce �negative interference�, which agrees with the results seen

able 3 Monte Carlo simulation input parameters and varia-
ions „normal distributions were assumed…

Parameter Mean value Standard deviation

iametral interference � ��m�a 11 9
in Young’s modulus E1 �GPa� �4� 9 1
late Young’s modulus E2 �GPa� �4� 9 1
in Poisson’s ratio �1 �4� 0.41 0.15
late Poisson’s ratio �1 �4� 0.41 0.15
in diameter d �mm�a 1.937 0.021
itting factor ro �mm�b 1.2 0
tress concentration factor 1 0
ontact length Lc �mm�a 7.0 0.3
oefficient of friction �c 0.29 0.15

Data taken from dimensional measurements.
Set such that simulation mean pull-out force was representative of the finite element
nalysis results.
Experimentally observed, see Sec. 4.

Fig. 13 Statistical distributions of the output paramet

„a… pull-apart force; „b… von Mises stress in the plate; an

24501-6 / Vol. 130, APRIL 2008
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during manual pull-apart tests. Of the remaining 87% of the itera-
tions where a positive force was predicted, the average pull-apart
force was 160 N. The overall standard deviation of the pull-apart
forces was 141 N. The mean von Mises stress in the cortical
plates was 65 MPa with a standard deviation of 39 MPa. Fifty-
seven percent of the iterations resulted in a von Mises value
greater than the representative 53 MPa failure stress of cortical
bone. Again, this corresponds closely to the frequency of cracks
observed in the completed allografts. Finally, the mean von Mises
stress in the cortical pins was 12 MPa with a standard deviation of
7 MPa.

Results from the single parameter variation Monte Carlo study
are provided in Table 4. The table shows the resulting data spread
�represented by one standard deviation, �� in pull-apart force and
von Mises stress in the pin and plate due to the selected variations
in the individual input parameters. The simulation indicates that
the diametral interference, coefficient of friction, and plate
Young’s modulus are the most influential parameters for pull-apart

from the multiple parameter Monte Carlo simulation:

Table 4 Standard deviations of the single parameter Monte
Carlo simulations

Individual parameters �F �N� Pin �Sv
�MPa� Plate �Sv

�MPa�

Diametric interference 109 7 38
Coefficient of friction 66 �1 0
Plate Young’s modulus 13 1 5
Pin diameter 6 1 1
Contact length 6 1 �1
Pin Poisson’s ratio 4 �1 2
Plate Poisson’s ratio 4 �1 2
ers

d „c… von Mises stress in the pin
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orce. Also, the diametral interference, plate Young’s modulus,
nd Poisson’s ratio are the most influential factors on the cortical
late von Mises stress.

Conclusions
This paper presents the results of a study of interference pin

onnections in a cortical-cancellous allograft used in spinal fu-
ions. A dimensional study of the interference fit components after
everal key manufacturing steps indicated that lyophilization, or
reeze drying, had the largest influence on component dimension
nd introduced the largest amount of dimensional variability. Ad-
itional insight could be provided by future study of the effects of
yophilization on the dimensions and material properties of the
one material inside the assembled grafts.

The strength of the interference fit was investigated through
echanical tensile tests. While no correlation was observed be-

ween the predicted dimensional interference and the strength of
he fit, the authors believe that some relationship does exist but
as confounded by variations in material properties and process

reatments as well as the presence of cracks in the grafts. Further
nvestigation is required to determine how and when these cracks
evelop and propagate.

A finite element model was created to describe the interference
t, which was able to reasonably predict the average pull-apart
trength of the graft. The model predicted the maximum von

ises stress in the graft to be between 34.6 MPa and 80.6 MPa.
dditionally, an analytical model of the interference fit was solved
ithin a Monte Carlo simulation. The simulation predicted that
iametric interference, coefficient of friction, and the plate modu-
ournal of Manufacturing Science and Engineering
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lus are the most influential factors on the interference fit pull-apart
force. The simulation also predicted that diametric interference
and elastic properties are the most influential factors affecting the
cortical plate stress state. Despite limitations of the analytical
model, the Monte Carlo simulation accurately reflected the fre-
quency of occurrence of pull-apart and cracking failures at 13%
and 57%, respectively.
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