Chapter 1

Viscoelastic Properties of Bovine Meniscal Attachme nts:

Stress Relaxation and Creep



Abstract

Since menisci are load bearing tissues, they arpiéntly torn and surgical repair is
an option in only a few cases. Meniscal replacerhastbeen found to be the best option
when repair is not possible. The success of menigsptacements has been suggested to be
partially dependent on the attachment of the replent to the tibial plateau. Therefore,
the objectives of the current study were to deteenthe viscoelastic parameters (stress
relaxation and creep) of the meniscal attachmemd,determine if the creep response of
the tissue could be predicted from stress relamatiata. Bovine stifle joints were
disarticulated and static stress relaxation andpcexperiments were conducted on each of
the meniscal attachments. The average cross-sectemea of the attachments was
109.6+21.7 mr with significant differences found between theetal (123.8+6.9 mA)
and medial anterior (88.2+12.9 Mnhorn attachments (p=0.00045). The average leoigth
the attachments was 20.68+6.03 mm. Significanedifices in length were found between
the lateral (28.3t2.4 mm) and medial anterior (8.6 mm) horn attachments
(p=0.000024) and also between the lateral antemor medial posterior (17.0£2.4 mm)
attachments (p=0.000019). No significant differenaere found between the attachments
for the following stress relaxation parametersgloalaxation rate, load at end, normalized
load relaxation rate and normalized load at enchil&f creep parameters were determined
for the attachments; displacement creep rate, alisphient at end, normalized creep rate
and normalized displacement at end. The normalkizeep rate was significantly different
between the medial anterior and medial posterion lattachments. The root mean square
error (RMSE) found by comparing the predicted cr&epction and the actual data from

creep experiments was 0.57+0.29, suggesting thatrtéep response could not be predicted



from previously obtained stress relaxation datagighe quasi linear viscoelasticity theory.
The viscoelastic parameters obtained should progdguideline, while developing an

artificial replacement for a meniscal attachmenfpo allograft surgery.

Introduction

The menisci are semi lunar, wedge shaped, fibridagenous structures situated
between the femur and tibia. The unique structfithie meniscus lends itself to a variety
of functions, including load distribution from tifiemur to the tibia (Shrive et al. 1978), and
as a joint stabilizer (Messner et al. 1998). Thenisci are attached securely to the tibial
plateau through four attachments (two anterior avalposterior) (Figure 1.1). In addition,
the posterior fibres of the anterior horn of thedlmkmeniscus merge with the transverse
ligament, which then connects to the anterior hafrthe lateral meniscus. The transverse
ligament connects the anterior convex margin oflaieral meniscus to the anterior end of
the medial meniscus. The medial meniscus is mondyfiattached to the femur and tibia
by a thickening in the joint capsule known as tleepm medial collateral ligament. The
medial meniscal anterior attachment inserts tobibiee on the tibial plateau via calcified
and uncalcified fibrocartiligious zones.

Since the main function of the menisci is as a Hadd bearing tissue, they are
frequently torn. Recent statistics have shown thatre are 850,000 cases related to
meniscal tears each year, just in the USA. Surgegzir of these tears is considered the
best option, when possible, preserving the entienistus (Ghadially et al. 1986).
However, these repairs are limited to the vascrdgion of the tissue, which is only 10-

30% of the tissue (Goertzen et al 1997). Menisegi@sa a second option, has been shown



to lead to degenerative arthritis of the knee (Wgllat al 2002). In fact, the severity of the
articular cartilage damage has been shown to b@opronal to the extent of menisectomy
performed and hence this medical procedure is @dmmended (Wyland et al. 2002).
Since menisectomy is not the viable option in mzzses and surgical repair is possible
only in a select number of cases, developing atfoimal meniscal prosthesis holds great
promise. There exists a vast scope for researdhdamelopment in the field of tissue
engineered strategies and meniscal repairs, whakldumake menisectomy unnecessary,
and treatment of tears in the avascular regionilpless

A successful the tissue engineered meniscal replacemust be able to restore the
normal function of the menisci both biologically damiomechanically. Knowledge of
material and viscoelastic properties of the nativeniscus and that of its attachments is
important in understanding injury mechanisms thetuo in the structure, as well as
providing reference information for materials thaty replace the injured structure
(Goertzen et al. 1997). While the material propsrtof the meniscal tissue have been
previously investigated, the study of the menisttdchments has received little attention.
Recent studies indicated that the material propentif the meniscal attachments are an
important determinant of the biomechanical functidrthe menisci (Haut Donahue et al.
2002, Setton et al. 1999). Haut Donahue et. al32@80owed that the stiffness of the
meniscal attachments had a profound impact on dinéact behavior of the human knee
joint. Changing the stiffness of horn attachmdrgtisveen values of 30N/mm (stiffness of a
suture) and 9000 N/mm (stiffness of bone plugs)c¢ohange the mean contact pressure,
maximum contact pressure, contact area and loacatimaximum pressure by as much as

25% over the lateral and medial hemijoints. The ganson was made between a finite



element model of the knee joint and actual conpressure measurement in a human
cadaver. While these theoretical and experimeritalies indicate the importance of the
material properties of the meniscal attachments,ctirrent authors are not aware of any
previous work on the viscoelastic properties of tieniscal attachments. Supporting this
contention, Setton et al. 1999, highlighted thedniee studies of the material properties of
meniscal attachments in their review article iniggging the various biomechanical factors
in tissue engineering meniscal repair.

Viscoelastic properties play a very important roleoverall tissue behavior and
need to be accounted for in the design of a tissplcement. Viscoelastic materials show
a decrease in load over time, when held at a constangation. Initial tension in a graft
has been shown by many investigators to alter #xéyl of joints in cadavers (Haut
Donahue et al. 2002). An atrtificial meniscal attaeimt will be subjected to repetitive
loading and will have a tendency to elongate overeaod of time, altering the initial
tension in the graft. This tendency will signifitgnaffect the laxity of the joint. Hence it is
important to model an artificial replacement by itgk into account the viscoelastic
properties. Meniscal attachment laxity may alsoecffthe healing response of the
attachment to the bone, and the conformity of tnetj which is critical to the function of
the knee meniscus. It has also been found thahbgé#s resist repetitive loading (Holden et
al. 1994) and ligament replacement grafts can naatto elongate even up to 3 years after
implantation (Noyes et al. 1992). Hence quantifythg creep response of tissue is of
paramount importance since the knee is subjecteep@ated loading and this will in most

probability cause the meniscal attachments to eltengver time.



Our present study deals with evaluation of the oetastic properties of the
meniscal attachments. A previous study by Thormbal. 1997, demonstrated that creep
cannot be predicted from stress relaxation dataguie quasilinear viscoelastic (QLV)
theory. The QLV theory was developed by Fung 129®] models nonlinear viscoelastic
behavior within the framework of the linear theqHaut et al. 1972). The QLV theory
allows for time dependence (viscoelasticity) amaistdependence (non linearity) of the
stiffness and has been used to model a numberpafriexents with ligaments and tendons
(Lakes et al. 1999). Therefore, in order to adegjyalefine the viscoelastic properties of
the meniscal attachments, both stress relaxatidncegep tests were conducted on each
attachment. The attachments were modeled usin@thétheory. The objectives of the
present study were to 1) determine the viscoeldsteep and stress relaxation) properties
of the bovine meniscal attachments and 2) deterrhthe creep response can be predicted

from the stress relaxation behavior using QLV tlyeor
Materials and methods

Specimen Preparation:

Six bovine stifle (knee) joints (2 year old) wellgta@ined from a slaughterhouse and
frozen at -20 °C until the day of testing. On tlegy @f testing, specimens were thawed at
room temperature and disarticulated. All tissuesewemoved leaving only the proximal
tibia with the menisci and their attachments intathe tibia of each specimen was potted
in a 3-inch metal tube using commercially availablbre-Strand body filler 6371 (The
Martin Senour Company, Cleveland, Ohio) and left &pproximately one hour to set.
After the filler had set, the specimen was mountgd a custom fixture and placed in a

uniaxial material testing machine (Model 8872, lostCorp., Canton, Massachusetts). The



custom built fixture was designed for this pressidly and had five degrees of freedom
(Figure 1.1). The fixture allowed the bovine spesmio be rotated about three axes and
translated along two axes. The five degrees oflveeallowed for physiological alignment
of each specimen such that the attachments wededopas they would kia situ. A custom
designed clamp was built to grip the meniscal 8ssthe clamp consisted of two metal
blocks. One surface of each block is undulatedclvprevented tissue slippage.

The cross-sectional area of the attachments wasureghusing an area micrometer
(Butler et al. 1984). The tissue was placed incarggular slot and a steady pressure of
0.12 MPa was applied for 2 minutes, using a matgiledger. This conforms the tissue
into a rectangular cross-section, whose dimenstansbe measured. The overall lengths of
the specimen were measured using digital calipers the insertion into the tibia to the
transition between the attachment and the menissale (Figure 1.2). The medial anterior
attachment (med-ant), medial posterior attachmemd{post), and the lateral anterior
attachment (lat-ant) were tested. The posteri@chthent of the lateral meniscus inserts
into the femur and thus was not included in theenirstudy.

Mechanical Testing:

Each attachment was preconditioned for 10 cycld®atm/min, between 0 and 3%
of the gauge length using a sine wave. Precondiiowas done to obtain repeatability of
results and also it is hypothesized that precamditig puts the tissue in a state, as it would
bein vivo. Immediately following preconditioning, a strestas@tion test was performed.
The stress relaxation test was conducted at 10rordsdeformation of 3 % of the gauge
length and held for 45 minutes (Haut Donahue e2@01, Haut Donahue et al. 2002, Lam

et al. 1995, Quapp et al. 1998). The 3% strainllexas chosen so as not to damage the



tissue permanently and stay within the physioldgicading levels. The specimen was
continuously moistened throughout the test by spgayt with a saline solution. The
specimen was kept moist and allowed to recoverrbedocreep test was conducted. The
creep test was conducted at 75N/s, to the peakdead during the stress relaxation test.
Again, the load was held constant for 45 minutegiiy the tests, the load, displacement
and time were recorded using the software suppkét the materials testing system
(Wavemaker, INSTRON corp., Canton, Massachusé&tsa was recorded at a rate of 100
Hz. The load was monitored using a 1000 N load ¢EWTEK Advanced Sensor
Technology, Irvine, California, Model#L2920), whilee movement of the crosshead of the
materials testing system monitored the displacement

After preconditioning, stress relaxation, and preests were performed on an
individual attachment, the specimen was repositdongthin the fixture, and the next
attachment was tested with the same protocol. Tateehments were tested from each
specimen. The lat-ant attachment was tested ftkiwed by the med-ant and the med-
post.

Data Analysis:

The QLV theory states that stress developed iaftatissue is a function of strain
and time. In a static stress relaxation test thersis held constant and the stress reduces
according to a function of time alone:

s(t)= G(1)* so 1)
where G(t) is the time dependent reduced relaxatimction with G (0)=1 andsy
is the initial stress. Similarly for a static goetest in which stress is held constant, the

strain varies according to a function of time alone



&(t)=J(t)* & 2
where J(t) is the time dependent reduced creemtim with J (0)=1 ande
is the initial strain.
Linear viscoelastic theory (Fung 1993)) which isplagable within the linear
framework of the QLV theory (Thornton et al 199indicates that the time varying stress
relaxation function, G(t) and the creep functiod(t) should be predictable from one

another as follows:

G (0)=1/J (0) 3
G (¥)=11J &) (4)
Or, G(s)3(®mF (5)

Where G(s) and J(s) are laplace transforms ofuhetions G (t) and J (t), respectively. A
non-linear optimization code (MS Excel, Richmondrgihia) was used to curve fit the
data from the stress relaxation experiments anddhstants a, b, c, d, e were obtained;

G (t)=a*exp (b*t)+c*exp (d*t)+e (6)
Using the laplace transform of the stress relarafimction and equation (5), a predicted
creep function for each attachment was determiMatl@ab, The Mathworks Inc, Natick,
Massachusetts). The predicted creep curve was gechpa the experimental creep curve
and a root mean square error (RMSE) was deterniarezhch attachment.

To further characterize the viscoelastic stresaxatlon and creep behavior, the load
relaxation rate (N/In(sec)), load at end (N), ndizesl load relaxation rate (1/In(sec)),
normalized load at the end of the test, displacéroerep rate (mm/In(sec)), displacement
at end (mm), normalized creep rate (1/In(sec)), monalized displacement at the end of

the test were determined (Haut Donahue et al 2001g. stress relaxation plots obtained



were normalized with respect to the peak load re@clvhere as the creep plots were
normalized with respect to the initial displacemarit the specimen following load
application.
Statistical Methods

Averages and standard deviations were computethéostructural (cross-sectional
area and length) and viscoelastic parameters (elasation rate, load at end, normalized
load relaxation rate, normalized load at the endthef test, displacement creep rate,
displacement at end, normalized creep rate, anchadred displacement at the end of the
test) for all the attachments combined, as wellfaseach of the three attachments
separately. T-tests assuming equal variances vefermed to assess differences between

attachments. Differences were considered sigmfiadnen p<0.05.
Results

The average cross-sectional area of med-ant arahlattachment was 88.2+12.9
and 123.8+6.9 mMmrespectively. In only 4 of the 6 specimens wasrtted-ant attachment
measured, due to the short length of the attachmfdht6 specimens had the cross-
sectional area of the lat-ant attachment measurked. placement and orientation of the
med-post attachment is such that a very small gortif the tissue is available for area
measurement. It is impossible to place the whsku® in the area micrometer. Hence the
cross-sectional area of the med-post attachment aoat be measured for any of the
specimens. T-test comparing the cross-sectionalsavé the lat-ant (123.8+6.9 mMyrand
med-ant (88.2+12.9 mf attachments showed significant statistical déferes
(p=0.0004). The overall average cross-sectionah doe all attachments tested was

109.6+21.7 mrh Comparing the cross-sectional areas of the lata@md med-ant
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attachments to the overall average, showed no feigni differences (p>0.05). The
average length of the three attachments was 16.62wf, 17.09+2.4 mm, and 28.32t2.4
mm for the med-ant, med-post and lat-ant attachsneaspectively. Comparing the lengths
of the three attachments, significant differencesenfound between the lat-ant and med-
ant (p=0.00002), and also between the lat-ant aed-post (p=0.00001). No significant
differences were found between the med-ant and post{p>0.05). The average for all
attachments tested (3/specimen *6 specimens) w&828.03 mm. The length of the lat-
ant attachment was statistically different than akierall average (p=0.03). The other two
attachments showed no significant differences ftloenoverall average length (p>0.05).

The constants, a-e, from the curve fit of the stredaxation function of the 18
attachments tested, were G (t)=(6.714+5.866)*e®004+0.003)*t+(9.392+11.674)*exp
(-0.005+0.012)*t+(8.430+6.235).

There were no significant differences between ttiess relaxation parameters
obtained from the three meniscal attachments (Taldlg While the load relaxation rate
(Table 1.1) for the med-ant attachment was founaktbigher than the other attachments, it
was not significantly higher (p>0.05). No statiatisignificant differences (p>0.05) were
found when comparing the normalized load relaxatiate (Figure 1.3, Table 1.1). The
loads at the end of the experiments for each oattechments were very close (x5N), and
the standard deviations were large, therefore taitts8cal differences were found (p>0.05)
(Table 1.1). The mean normalized loads for thechtteents were found to be close (+0.02)
(Figure 1.4, Table 1.1).

A similar comparison was done for the creep propertTable 1.2). Although the

creep rate for the lat-ant and med-ant were sifméad greater than med-post, there were
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no statistical significant differences (p>0.05) lffea1.2). Similar results were seen for the
normalized creep rate (Figure 1.5, Table 1.2). H@uethe normalized creep rate was
significantly different between the med-ant and fpedt (p=0.04). The displacements at
the end of creep experiment were significantly etéght between lat-ant and med-post
(p=0.001)(Table 1.2). While the displacement at ¢hd of the test was greatest for the
med-ant attachment, no statistical difference weumd between this attachment and the
others, most likely due to the large standard dmna The normalized displacement at the
end of the experiments was found to be small ferrtred-post attachment (1.38+0.15),
compared to the other attachments (Figure 1.6,eThAl).

The total average of the stress relaxation parasetetained, were compared to
each of the attachments. The average load relaxatite was found to be -2.96+2.34
N/In(s) (Table 1.3). Comparing this value to th@dorelaxation rate for the individual
attachments, no significant differences were fo@me0.05). Similar comparisons were
done for the other parameters, and no significafferdnces were found. A similar
comparison was done for the creep parameters. Iérage displacement creep rate was
found to be 0.15+£0.09 mm/In(s) (Table 1.4). Noistiatl differences were found between
the displacement creep rate of the individual atteents and the average displacement
creep rate. The overall average displacement anbeof the test was statistically different
than the displacement at the end of the test ofrtee-post attachment (p=0.04), however,
the overall average was not different than the rotin® attachments (p>0.05). The
normalized creep rate and normalized displacentethieaend of the test for the individual

attachments were not statistically different tHaa dverall average (p>0.05).
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The ability of the stress relaxation function tcegiict the creep response was
determined by calculating an RMSE between the éxygeital creep curve and the creep
curve predicted by the stress relaxation functiéiguyre 1.7). The root mean square error
(RMSE), obtained for the three meniscal attachmevise 0.53+0.31, 0.44+0.16, and
0.76+0.32 for the lat-ant, med-ant and med-posichthents, respectively. From these
results obtained it can be clearly seen that cbedyavior could not be accurately predicted
from previously obtained data from stress relaxa@xperiments. Although the RMSE

obtained for med-post is smaller compared to theraattachments, it is still very high.

Discussion

While significant differences were noted betweem ttructural properties, a
detailed comparison of the stress relaxation ardpresponse parameters showed a few
statistical differences. For the eight viscoelaptameters studied, only the displacement
at the end of the creep experiment and the noredhlizreep rate showed statistical
differences between attachments. The averagemeanh square error (RMSE) found by
comparing the predicted creep function and theahalata from creep experiments was
0.57+0.29, suggesting the creep response is indepemwnf the stress relaxation response,
and cannot be predicted based on stress relaxdétan Before the significance of these
finding are discussed further, a discussion ofithéations of the study is warranted.
Limitations of Study

While a previous study of the material propertiesmeniscal attachments was done
using a rabbit model (Goertzen et al. 1996), a m®wnodel might be more appropriate

since the size of a human knee is closer to bawae rabbit. This study by Goertzen et al,
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1996, documented peak failure loads for rabbit swali attachments of only 158 N.
Secondly, bovine specimens were easily obtaineah fiolocal abattoir. A limitation with
both the bovine and rabbit model is that the pastettachment of the lateral meniscus
inserts into the femur whereas in the human knie, jinis attachment inserts into the tibia.
The lengths of the attachments were found by viguggtermining the start and end of
each attachment. The start was the insertion poithe bone and the end was the point
where the meniscal attachments merged into the stanitissue. This border was
prominent in most cases and could be determinadataiety. During testing, the tissue was
gripped at this border between the meniscal attachieind meniscal tissue.

One of the factors that could contribute to thdedénce seen in predicted creep
behavior and experimental creep behavior is the losvater content. Haut et al., 1997,
conducted a study documenting the effect of tidsydration to strain rate sensitivity in
human patellar tendons. It was found that the ledakation rate of a tendon immersed in
hypotonic solution was faster, than the tendon insee in a hypertonic solution. Hence
the amount of tissue hydration can cause a difterém load relaxation rates. In our study,
the specimens were continuously kept moist usisgliae solution. However, it is possible
that there could have been a loss of water coimetiite tissue. This might have yielded a
slower load relaxation rate. While this may affalssolute numbers, the relative differences
between attachments should still be true.

A second source of error could have resulted frione Wuration. After 45 minutes
of creep, the tissue was not at a constant elangathe displacement was still slightly
increasing. It is possible that running the expents longer might have produced smaller

root mean square errors. These reasons could haeboted to the differences seen
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between the predicted and experimental creep behaBut these factors alone cannot
account for such high RMSE found.

Since our study was conducted using a bovine méueljuestion remains as to the
applicability of this data to a human meniscus.oAtar experiments were all conducted
under tension. In reality the meniscal attachmemés loaded both in compression and
tension. However experimental constraints preventedirom applying a compressive

preload.

Significance of Results

The main motivation behind this study was to deteenviscoelastic parameters,
which could be used in the development of a mehisgalacement, or for meniscal
allograft surgery. Although parameters like, s&fs, ultimate strength and ultimate
displacement are generally used while developirggug replacements, viscoelastic
properties also play an important role in the oNdx@havior of the tissue. Stress relaxation
and creep behavior are very important and canfgignily affect the response of the tissue
in situ. Results of the current study suggest that mehattachments are viscoelastic in
nature and possess distinct stress relaxation esgp aesponses. Viscoelastic materials
show a decrease in load over time, when held anatant elongation. Initial tension in a
graft has been shown by many investigators to #ftedaxity of joints in cadavers (Haut
Donahue et al. 2002). An artificial meniscal attaeimt will be subjected to repetitive
loading and will have a tendency to elongate ovpeod of time, altering the tension in
the graft. This tendency will significantly affette laxity of the joint. Hence it is important

to model an artificial replacement by taking intocaunt the viscoelastic properties.
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Meniscal attachment laxity may also affect the imgatesponse of the attachment to the
bone, and the conformity of the joint, which igtical to the function of the knee meniscus.
It has also been found that ligaments resist riépetloading (Holden et al. 1994) and
ligament replacement grafts can continue to elagaen up to 3 years after implantation
(Noyes et al. 1992). Hence quantifying the creegpoase of tissue is of paramount
importance since the knee is subjected to repdaéeling and this will in most probability
cause the meniscal attachments to elongate over tim

Since there exists no previous study documentirsgodalastic parameters for
meniscal attachments, there was no basis for cosgmarA study conducted by Haut
Donahue et al., 2001, which compared viscoelastpgrties of anterior cruciate ligament
grafts, made from bovine digital extensor and hummamstring tendons have documented
these viscoelastic parameters and provide somes dasi comparison. However the
viscoelastic parameters in the study by Haut Doaatial., 2001 may be different due to
the greater peak loads that were reached in thdy $£500N). Mean peak loads reached in
the current study at 3% strain were on the ordé&0df. The cross-sectional areas found in
this study were of the range 41.4+6.5 fmrwhich is much smaller than the areas
encountered in our study (109.6+21.7 fim

The results obtained clearly indicate that creepab®r could not be predicted
from the experimental stress relaxation functiontted same attachment. The predicted
creep was found to be consistently larger than data obtained during the creep
experiments. This result would suggest that infeesnabout creep behavior cannot be
drawn from previously documented stress relaxatiata. A previous study done by

Thornton et al 1997, which sought to predict crémpn previously documented stress
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relaxation behavior had a similar conclusion. Tétisdy used a similar model for curve
fitting the stress relaxation data and obtaining dtress relaxation function. The constants
describing the stress relaxation function, obtaimgd hornton et al, 1997 were comparable
to the ones found in our study. It has been spsedlby Fung 1993, that the micro
structural processes that a tissue undergoes dorggp and stress relaxation are different.
This is highly likely since creep and stress relexaare fundamentally different processes.
While static stress relaxation occurs at a constborigation, creep produces a continuous
stretching in the tissue. This could change the eahagen fibers react and cause different
responses for creep and stress relaxation. Heniselikely that, creep may not be the
inverse of stress relaxation as hypothesized bl theory.

Conclusions

The conclusions from this study can be summarizdolows:

1. For the viscoelastic parameters investigated is #tudy, little or no statistical
differences were found between the three bovineisnahattachments tested. The
stress relaxation and creep parameters obtained this study, gives information
about the viscoelastic behavior of the meniscalcathents and should provide a
guideline in developing artificial replacements foeniscal attachments. These data
suggest that when designing a meniscal replacenmengttaching a meniscal
allograft, the same viscoelastic properties foattthchments is sufficient.

2. The root mean square errors obtained while comgadhe predicted creep function
to the actual data obtained from the creep experisneere found to be very large
for all the specimens. This leads us to concludg theep behavior cannot be

predicted from previously documented stress relanatata, and if both creep and
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stress relaxation are important parameters, thetn @xperiments must be
conducted to quantify creep and stress relaxatioopgrties for meniscal

attachments.
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Figure 1.1. Experimental Set up

Clamp X

<+ attachmer

Fixture (can be moved in x direction)

Base plate (can be moved in
Y direction)

Figure 1.2.Schematic showing the meniscal attachments (Koah¥95)

: Medial posterior (med-post)
Lateral posterior

(This attachment was not tested)

Lateral anteridr (lat-ant) Medial anterior (med-ant)
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Figure 1.3 Normalized load Vs Log (time) curves for all tiheee attachments

Figure 1.4 Normalized load relaxation curves for all thesthattachments
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Figure 1.5.Normalized displacement Vs log (time) rate cunasall the three attachments

Figure 1.6. Normalized creep curves for all the three attastis
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Figure 1.7.Predicted creep Vs Experimental creep for one sgmtative attachment
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Table 1.1 Stress relaxation properties of individual dttaents

Load Load at end (N) | Normalized Load| Normalized
Relaxation Relaxation rate Load at End
Rate (N/In(s)) ((1/In(s))
Lat-ant -2.91+2.13 11.08+6.93 -0.10+0.02 0.43+0.11
(n=6)
Med-ant -3.56+£3.73 12.91+14.61 -0.10+0.03 0.43+0.14
(n=6)
Med-post -2.37+1.58 8.18+2.98 -0.10+0.02 0.41+0.13
(n=5)
Table 1.2 Creep properties of individual attachments
Displacement | Displacementat| Normalized Normalized
Creep rate end (mm) Creep rate displacement
mm/In(s) (1/In(s)) at end
Lat-ant 0.18+0.07 1.00+0.28 0.15+0.07 1.60+0.30
(n=5)
Med-ant 0.19+0.12 1.18+0.94 0.19+0.12 1.68+0.42
(n=6)
Med-post | 0.10+0.04 0.45+0.17* 0.10+0.048 1.38+0.15
(n=6)
*Parameter statistically different from lat-ant
§ Parameter statistically different from med-ant
Table 1.3 Average stress relaxation properties of all &tt@ents (n=17)
Normalized Load
Load Relaxation relaxation rate Normalized
Rate (N/In(s)) Load at end (N) (1/In(s)) Load at End
Meanx
St.Dev. -2.96+2.34 10.72+7.57 -0.10+0.02 0.43+0.13
Table 1.4 Average creep properties of all attachments Th=1
Displacement Normalized Normalized
Creep Rate | Displacement At Creep rate displacement
mm/In(s) end (mm) (1/In(s)) at end
Meanz
St.Dev. 0.15+0.09 0.90+0.64 0.15+0.09 1.56+0.32

25




Chapter 2:

Material Properties and Strain Distribution Analysi

Bovine Meniscal Attachments.

s of
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Abstract

Meniscal replacement or meniscal allograft surdeag been found to be the best
option when damaged menisci cannot be repairedubyesy. It has been established in
previous studies that the success of a meniscéampent is partly dependent on the
attachment of the menisci into the tibial plateBuoe objectives of the current study were to
determine the material properties (stiffness, mlasbodulus, failure load, ultimate
displacement, ultimate strain and ultimate stregshpovine meniscal attachments, strain
distribution on the tissue, and method of failBevine stifle joints were disarticulated and
the meniscal attachments were subjected to a @ahitedsile test to failure. The average
cross-sectional area of the attachments was 109.Bx8nf, with significant differences
found between the lateral (123.8+6.9 firand medial anterior (88.2+12.9 Mhorn
attachments (p=0.00045). The average length ofatteechments was 20.68+6.03 mm.
Significant differences in length were found betwéae lateral (28.3£2.4 mm) and medial
anterior (16.6+3.0 mm) horn attachments (p=0.00p024d also between the lateral
anterior and medial posterior (17.0+2.4 mm) attaams (p=0.000019). Significant
differences in the linear stiffness (p=0.00003l&+ant and med-ant, p=0.04 for lat-ant and
med-post, p=0.006 for med-ant and med-post), elastidulus (p=0.0001) and failure load
(p=0.001 for lat and med-ant, p=0.04 for lat-antl aned-post) were found between the
lateral and medial attachments. No significanteddhces were found for the ultimate
displacement, ultimate stress and ultimate st highest strains were measured in the
region near the bone or in the region near the soesi The attachments were found to fail

at the regions where the highest strains were mea@silihe material properties obtained
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provide a guideline to aid in the development ofaatificial replacement for a meniscal

attachment, or for allograft surgery.

Introduction

The knee joint menisci are semi lunar, wedge shafi@dcartilagenous structures,
situated between the femur and tibia. The menigcattached securely to the tibial plateau
through four attachments (two anterior and two @aat). In addition, the posterior fibres
of the anterior horn of the medial meniscus mergh the transverse ligament, which then
connects to the anterior horn of the lateral mersis@he transverse ligament connects the
anterior convex margin of the lateral meniscush dnterior end of the medial meniscus.
The medial meniscus is more firmly attached tofémeur and tibia by a thickening in the
joint capsule known as the deep medial collategainhent. The medial meniscal anterior
attachment inserts to the bone on the tibial plate&g calcified and uncalcified
fibrocartiligious zones.

Recent statistics have shown that there are 85@868s related to meniscal tears
each year, just in the USA. Surgical repair, inecasmeniscal injury is considered the best
option, preserving the entire meniscus (Ghadiallgle1986). However, these repairs are
limited to the vascular region of the tissue, whiglonly 10-30% (Goertzen et al. 1997) of
the tissue. Menisectomy, as a second option, has Bhown to lead to degenerative
arthritis of the knee (Wyland et al 2002). In fattte severity of the articular cartilage
damage has been shown to be proportional to trenexf menisectomy performed and
hence this medical procedure is not recommendedlaily et al. 2002). Since
menisectomy is not the viable option in most casebsurgical repair is possible only in a

select number of cases, developing a functionalisnehprosthesis holds great promise.
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There exists a vast scope for research and develupim the field of tissue engineered
strategies and meniscal repairs, which would malenisectomy unnecessary, and
treatment of tears in the avascular region possible

However, to achieve a successful meniscal implamtlograft surgery, it has to be
ensured that the tissue engineered meniscal repéadeis able to restore the normal
function of the menisci both biologically and biothanically. Knowledge of material
properties of the native meniscus and that oftischments is important in understanding
injury mechanisms that occur in the structure, al as providing reference information
for materials that may replace the injured struet(Goertzen et al. 1997). While the
material properties of the meniscal tissue haven lgeviously investigated, the study of
the meniscal attachments has received little attenRecent studies indicated that the
material properties of the meniscal attachments areimportant determinant of the
biomechanical function of the menisci (Haut Doralketial. 2003, Setton et al. 1999). Haut
Donahue et. al. 2003, showed that the stiffnegheMmeniscal attachments had a profound
impact on the contact behavior of the human kne#.joChanging the stiffness of horn
attachments between values of 30N/mm (stiffness safture) and 9000 N/mm (stiffness of
bone plugs) could change the contact pressure lehawvas much as 25% over the lateral
and medial hemijoints. The comparison was made dmtva finite element model of the
knee joint and actual contact pressure measuremenhuman cadaver (Haut Donahue et
al. 2003). Previous experimental studies of botbréd (Chen et al.,, 1996) and medial
(Alhalki et al., 1999) meniscal autografts have dastrated that bony attachment of both
horns is essential to restoring normal function.ild/khese theoretical and experimental

studies indicate the importance of the materiapproes of the meniscal attachments, only
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one previous study has attempted to document theriaproperties of these structures
(Goertzen et al. 1996). In this study, only theufa loads of rabbit meniscal attachments
were determined. Supporting this contention, Seébal. 1999, highlighted the need for
studies of the material properties of meniscal chtteents in their review article
investigating the various biomechanical factorstissue engineering meniscal repair.
Previous work by our laboratory (Chakraborty andiHaonahue, 2003) characterized the
viscoelastic properties of bovine meniscal attaafisie For the eight viscoelastic
parameters studied, only the displacement at tltk afnthe creep experiment and the
normalized creep rate showed statistical differenoetween attachments. The average
root mean square error (RMSE) found by comparimgpiedicted creep function and the
actual data from creep experiments was 0.57+0.@§gesting the creep response is
independent of the stress relaxation response,candot be predicted based on stress
relaxation data

When a soft connective tissue is pulled to fail@eon-uniform strain distribution
develops on its surface. (Butler et al., 1983, Wba@l.,1983). In human bone-patellar
tendon-bone specimens, large strains were meakgaty at the ends of the patella and at
the tibial insertion, with lower strains occurrimgthe midsubstance of the tissue. (Butler et
al.1984). In a study by Woo et al., 1983, regagdmmature rabbit bone-medial collateral
ligament-bone complex, a significantly higher straias measured at the tibial end of the
medial collateral ligament and in all cases thikifaimode was by tibial avulsion. Another
study by Lam et al., 1995 investigated the surfacars at failure in the maturing rabbit

collateral ligament. The relevant findings of tisisidy was that the highest strains were
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consistently located at the femoral insertion dasireg towards the mid substance, and the
failure sites rarely correlated with the areas akimum strain.

The objectives of the present study are to 1) deter the material properties of
bovine meniscal attachments (linear stiffness, tielasiodulus, failure load, ultimate
displacement, ultimate strain and ultimate stre®gjjetermine the strain distribution over

the attachment length, and 3) characterize ther&ahechanisms of the attachments.
Materials and Methods

Specimen Preparation:

Six bovine stifle (knee) joints (2 year old) wellgt@ined from a slaughterhouse and
frozen at -20 °C until the day of testing. On tlegy @f testing, specimens were thawed at
room temperature and disarticulated. All tissuesewemoved leaving only the proximal
tibia with the menisci and their attachments intathe tibia of each specimen was potted
in a 3-inch metal tube using commercially availablbre-Strand body filler 6371 (The
Martin Senour Company, Cleveland, Ohio) and leftafipproximately an hour to set. After
the specimen had set, it was mounted into a cuiiaane and placed in a uniaxial material
testing machine (Model 8872, Instron Corp., Cantdassachusetts). The five degree of
freedom, custom built fixture has been previousBsatibed (Chakraborty and Haut
Donahue, 2003). The fixture allowed the bovine Bpen to be rotated about three axes
and translated along two axes. The five degreefeedom allowed for physiological
alignment of each specimen such that the attaclameete loaded, as they would e
situ. In addition to the custom built fixture, whicloused the proximal tibia, a custom
designed clamp was built to grip the meniscal 8sdthe cross-sectional area and lengths

of the attachments were measured using an areamater (Butler et al. 1984), and digital
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calipers as previously described (Chakraborty araitHDonahue, 2003). The medial
anterior attachment (med-ant), medial posterioachtnent (med-post), and the lateral
anterior attachment (lat-ant) were tested. Thegpmstattachment of the lateral meniscus
inserts into the femur and thus was not includetthéncurrent study.
Mechanical testing

The specimen was loaded in its natural directiotoatling by aligning the fibers
parallel to the direction of loading. This is dovisually by taking advantage of the five
degrees of freedom in the custom built fixture. Eeattachment was preconditioned at
10mm/min, to 3% strain for 10 cycles using a sirevev Preconditioning was done to
obtain repeatability of results and also it is iyy@sized that preconditioning puts the tissue
in a state, as it would ka vivo. The 3% strain level was chosen so as not to darege
tissue permanently and stay within the physioldgit@ading levels. Following
preconditioning, a pull to failure test was perfednat 2 % strain/sec (to mimic loading
ratesin vivo) till specimen failure (Haut Donahue et al. 20Bthut Donahue et al. 2002,
Lam et al. 1995, Quapp et al. 1998). As detailelbvibe markers were applied on the
surface of the specimen and a digital camera wes tesrecord the pull to failure test and
determine the strain distribution over the specimerface. Following the pull to failure
test, the specimen was repositioned within theufest and the next attachment was tested
with the same protocol. Three attachments wereddsbm each specimen.
Strain distribution analysis

To optically determine the strain distribution otke specimen surface, a system
consisting of a set of markers and a digital videamera was utilized (Figure 2.1). The

tissue was continuously kept moist prior to thed,tey continuously spraying it with a
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saline solution. Immediately before the pull tddee test, the tissue surface was wiped dry
and circular markers applied to the surface oftib®ue with permanent ink (Figure 2.9).
The markers were placed in such a way, so as ter¢be whole surface of the tissue and
divide the tissue surface into discrete regiongy avhich the strain could be analyzed. The
markers were placed in a grid like fashion consgsbf two rows and three columns. This
divided the tissue into three distinct regions; rnékg meniscus, transition region and a
region near the insertion point at the bone (Fidgu8. A camera (SPOT INSIGHT, Leeds
Precision Instruments, Inc, Minneapolis, Minnesatgorded, in real time, the motion of
the markers by taking still pictures every two sef The camera had a resolution of
1600*1200 (1.92 Mega pixels). The pictures obtaiwede calibrated using a known length
and analyzed using NIH-image software (Scion Capon, Fredrick, Maryland). From
the relative motion of the markers, strains initiddvidual discrete regions were obtained.

Following the load to failure test, the mode ofudee was characterized for each of
the attachments. The mode of failure was classiisdeither failure at the gripping
interface, mid-substance failure, or bony avulsion.
Data analysis

To characterize the material properties of thechtteents the linear stiffness
(N/mm), elastic modulus (MPa), failure load (N)fimlate displacement (mm), ultimate
strain (%) at failure, ultimate stress (MPa) ane $itrain energy to failure (N-mm) were
determined. The cross-sectional areas could bedféononly 10 of the 18 attachments.
Hence the elastic modulus and the ultimate stresddcbe found for only these 10
attachments. The strain distribution analysis wasedfor three of the attachments (one

each of lat-ant, med-ant and med-post). Since thiken placements and lengths differed
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for each of the attachments, there was no way mapeoe the plots obtained from various
specimens. To get around this problem each plothi@istrain distribution was normalized

using the highest strain for that particular spesim

Statistical methods
Averages and standard deviations (mean+SD) wereputaa for the structural

(cross-sectional area and length) and materialgutigs (linear stiffness, linear modulus,
failure load, ultimate displacement, ultimate siraand ultimate stress) for all the
attachments combined, as well as for each of theethttachments separately. Unpaired t-
tests assuming equal variances were performedsessglifferences between attachments.
Differences were considered significant if p<0.0Be slopes of the plots were obtained by
linear regression starting at the end of the tgereto the first detectable drop in the load.

It was ensured that the r squared value was gréwter0.98.

Results

The average cross-sectional area of med-ant arahlattachment was 88.2+12.9
and 123.8+6.9 mMmrespectively. Only 4 of the 6 med-ant attachmerdse measured due
to the short length of the attachment. All 6 of theant attachments were measured. The
placement and orientation of the med-post attachnmesde it inaccessible for area
measurement. The cross-sectional area of the m&tdaggachment could not be measured.
A t-test comparing the cross-sectional areas ofatiant and med-ant attachments showed
significant statistical differences (p=0.0004). Téeerage for all attachments tested was
109.6+21.7 mrh Comparing the cross-sectional areas of the lat@md med-ant

attachments to the overall average, showed no feigni differences (p>0.05). The
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average length of the three attachments was 16.62+6m, 17.09+2.40 mm, and

28.32+2.47 mm for the med-ant, med-post and lat-atthchments, respectively.

Comparing the lengths of the three attachmentsjfgignt differences were found between
the lat-ant and both the med-ant (p=0.00002), ard-post (p=0.00001). No significant

differences were found while comparing the medaart med-post (p>0.05). The average
for all attachments tested (3/specimen *6 specinares 20.68+6.03 mm. Significant

differences were found comparing the length oflétent to the overall average (p=0.03).
The other two attachments showed no significariéihces from the average (p>0.05).

The average linear stiffness of the three attactsnerere found to be 424.69+68
N/mm, 193.28+42.91 N/mm, 329.71+87.61 N/mm for lteant, med-ant and med-post,
respectively (Table 2.1). Significant differenogere found while comparing the linear
stiffness of the three attachments (Figures 2.2-ZHe lat-ant and med-ant attachments
were significantly different (p=0.000035), as wéhe lat-ant and med-post attachments
(p=0.04), and the med-ant and med-post attachnfpa@&006). However, only the linear
stiffness of the med-ant attachment was statisficdifferent than the overall average
(Table 2.2) (p=0.04). For the lat-ant and med-paost,significant difference was found
from the overall average (p>0.05).

Since the cross-sectional areas could be foundrftyr 10 of the attachments (6 lat-
ant and 4 med-ant), the elastic modulus or Youngslulus and the ultimate stress were
found for only these attachments. The modulus e$e¢htwo attachments, the lat-ant and
med-ant were significantly different (p=0.0001), ilglthe ultimate stresses of 20.45+4.48
MPa and 12.94+5.33 MPa for the lat-ant and medagtathments respectively, were not

found to be statistically different (p>0.05).
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The average failure loads of the three attachmeats 2509+472 N, 1082+333 N,
and 1474+637 N for the lat-ant, med-ant and med;-pespectively. The failure load of the
lat-ant was significantly different than the med-and med-post attachments, p=0.001 and
p=0.04, respectively (Table 2.1). Also, comparimg tfailure loads of the individual
attachments to the overall average failure loadstatistical significance could be found
(p>0.05)(Table 2.2).

No significant differences were found between thenate displacements for the
three attachments (p>0.05), hence, when comparexh toverall average, no statistical
significance was found for any of the attachmepts0(05). Similar results are noted for
the failure strains and for the strain energy tlufa (Table 2.1).

The strain distribution analysis was completeddioly a single lat-ant, med-ant and
med-post attachment. The lat-ant attachment sh@avedage normalized strains of 0.81,
0.03 and 0.7 (figure 2.5, 2.6, 2.7) in the regi@amthe bone, transition region and the
region near meniscus respectively. The med-anttattant had average normalized strains
of 0.77, 0.02 and 0.13 (figure 2.8, 2.9, 2.10)ha tegion near the bone, transition region
and the region near meniscus respectively. The post-attachment showed normalized
average strains of 0.15, 0.3, and 0.83 (figure , 2112, 2.13) in the region near the bone,
transition region and the region near meniscusecsely. The lat-ant, med-ant failed in
the substace near the bone, while the med-posa maidl- substance failure. It can be seen
that the lat-ant and med-ant, which failed in thiessance near the bone showed the highest
strain in the region near the bone interface. Tleed-post, which failed mid-substance, had

high strain in the region near the meniscus, wheghgre occurred.
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Out of the 18 attachments tested, 3 failed in tieesnbstance (usually in the region
near the meniscus, 1 lat-ant and 2 med-post), btieeagrips and the rest failed near the
bone in the attachment substance. Three of thehatients could not be pulled to failure as

the bone potting material failed during testinge3é three were not included in the results.

Discussion

Significant differences were found between the éhattachments for the linear
stiffness. The elastic modulus and failure loadgtie lateral and medial attachments were
also found to be statistically different from easther. The ultimate displacement, ultimate
stress and failure strain showed no significanfied@hces between the three attachments.
The strains were found to be higher in the regiearrthe meniscus and the region at the
bone interface compared to the middle of the tishe attachments were found to fail at
the regions where the highest strains were meas@efore the results are discussed in
detail, a discussion of the limitations of the stiglwarranted.

Limitations of Study

Prior to the current study, only one other studgt baen conducted, regarding the
meniscal attachments (Goertzen et al.,, 1996). $hidy was conducted using a rabbit
model. We believe that using a bovine model mightriore appropriate since the overall
size of a human knee is closer to a bovine knee thhbit knee. However, in both the
rabbit model and the bovine model, one (lat-posthe meniscal attachments inserts into
the femur, and hence only three of the attachmemi&l be tested. In humans all the four

meniscal attachments insert into the tibial platgastification for using the bovine model
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was discussed in a previous study by our laboratasywere other limitations with the
experimental set-up (Chakraborty and Haut Donab0@3).

The material properties were calculated using dbwiator displacement of the
material testing machine. It was ensured that thvems no slippage at the clamp, by
constantly monitoring a reference point in relatiorthe tissue. To prevent slippage of the
tissue, a clamp with undulating surfaces was ukedddition the portion of the tissue that
was gripped was wrapped in sandpaper to improvevkeall gripping of the tissue. The
video analysis using the digital camera allowed donfirmation that no slippage had
occurred. Results from three of the attachment® wiéscarded, as the potting failed at
high loads. The linear stiffness and elastic moslvliere determined from least squares
linear regression analysis of the data between tdlee region endpoint and the first
detectable drop in the load.

All the attachments tested were loaded in thest@mical direction of loading, by
visually aligning the tissue fibers along the dil@c of loading. It was found that the
meniscal attachments insert into the bone in asdifashion and not straight into the bone.
Hence while testing in a uniaxial material testmgchine, it appears that the inner border
of the attachment is in higher tension than thesoperipheral edge. This is confirmed
again with the results of the video analysis. Isvi@und that the strain at the edges were
different from each other, which implies that orge was under higher tension than the
other edge (figures 2.5, 2.8, 2.11). Our assump#idhat the inner edge was experiencing
higher strains. The position of the inner edgeed@according to the species (right or left
leg). Although the markers seem large in diamdtes, locations of these markers were

determined by evaluating the centroids of thesekerarusing the NIH-image software.
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Also there was some deformation in the markersndutihe experiments. But the location
of the marker centroids could be accurately fousidgithe software.

Another source of error in this study comes frow fiact that a stress concentration
could have developed in the portion where the #éissugripped. This would tend to make
the attachment fail at the grips. However, only attachment failed at the grip. Since our
study was conducted using a bovine model, the muestmains as to the applicability of
this data to a human meniscus. Also our experim@ete all conducted under tension. In
reality the meniscal attachments are loaded bothompression and tension. However

experimental constraints prevented us from applgiegmpressive preload.

Significance of Results

The main motivation behind this study was to deteenmaterial parameters, which
could be used in the development of a meniscalocephent, or for meniscal allograft
surgery. Knowledge of material properties such iagal stiffness, elastic modulus,
ultimate load etc, is essential to developing essugineered meniscal graft, which can
appropriately restrain meniscal displacements aadl Itransfers. (Setton et al., 1999).
Since no previous work has been done on the mbiemgperties of bovine meniscal
attachments, there is not much ground for comparigostudy by Goertzen et al., 1996,
which determined the tensile strength of rabbit is@al attachments provides some basis
for comparison. Goertzen et al.,, 1996, found #teral anterior attachment to have the
highest tensile strength among the three attaclsniested and significant differences were
found between the lateral and medial attachmertiey Tid not find any differences in

tensile strength between the anterior and posteattsachments. These two findings
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correspond to our findings in the current studywideer in our study it was found that the
tensile strength (ultimate failure load) of the npEt was about 1.36 times greater than
the med-ant attachment.

In a study by Thompson et al., 1991, the laterahiszais in humans was found to
move more than the medial meniscus. The movemetiteofemoral condyles controls the
backward and forward motion of the meniscus. Theaigr radius of curvature of the
lateral condyle means that the lateral meniscukeisrmed more during movements of the
knee joint (Benjamin et al., 1991). No informatierists about the motion of a bovine
meniscus. If it is assumed that the motion of aif®wmeniscus is similar to a human
meniscus, the higher failure loads and stiffnesssvshby the lateral attachment can be
reasoned to be to counteract the larger lateraisoes displacements. Future experiments
are needed to determine if this hypothesis is true.

Another important finding made in this study waattthe linear stiffness of all the
attachments was found to be significantly differerom each other. This suggests that a
common linear stiffness value for all the attachteevould be unfeasible in the design of a
meniscal replacement. However comparing the avestfjeess of the med-post and med-
ant attachment to the overall average stiffnesssigiaificant differences were found. This
implies that perhaps a common stiffness value cbaldsed for the medial meniscus. The
elastic modulus results support this conclusion sughests that a common linear stiffness
for the medial meniscus could be used, while adnghiffness for the lateral meniscus may
be appropriate when developing a meniscal replaseprefor meniscal allograft surgery.
The implications of using an attachment that issbib are not well understood, and would

require further investigations. A study by Cherakt 1996, indicated that attaching horns
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to the tibial plateau with relatively low stiffnessitures rather than cemented bone plugs
causes large differences in contact pressure.

The mode of failure for the attachments was foum8é in the substance near the
bone for the majority of the specimens. Only thoé¢he attachments failed at the region
near the meniscus while one failed at the gripsould imply that the attachments were
weaker at the insertion point, rather than at thesition to the meniscal fibrocartilage. The
strain distribution analysis showed that the regiohfailure corresponded to the regions of
the highest surface strains. This finding is défarfrom Lam et al. 1995. In their study of
surface strains in maturing rabbit medial colldtégament, it was found that the regions
of the highest strains rarely corresponded to #ilark zone. It could be hypothesized that
the specimens tested by Lam et al., 1995 were dggaeous in nature (the material
properties varied along the surface of the tisswbgreas the bovine meniscal attachments
were more homogenous. However to conclusively piibng fact a histological analysis
would need to be done. In contrast to Lam et &95] and in support of our findings,
Butler et al., 1983, showed that large strains weeasured locally at the end of the tissue
and the near the bone interface, with the lowesirg measured in the mid-tissue. This
study was done using young human tendons. Furtisésldgical studies are needed to
characterize and understand the strain distribwtibimin the attachment, and how it relates

to the biochemical composition of the tissue.
Conclusions

1. For the material properties investigated, significatatistical differences were

found in the linear stiffness, elastic modulus daedsile strength (failure load)

41



between the attachments. This study suggests hmatlateral attachments are
different than the medial attachments.

2. The strain distribution analysis done for threetted representative cases suggests
that the regions experiencing higher strains wée regions where the tissue
actually failed. The highest strains were notetharegion near the bone interface
and the region near the meniscus, with little orstrains in the transition zone. In
majority of the cases, failure was in the substares the bone, implying that the
attachments were weaker at the insertion zone. WWwosld mean that the
attachments would need to be securely insertedngluneniscal replacement or a
meniscal replacement surgery, and supports theoftig®ny plugs on meniscal

allografts.
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Table 2.1.Material properties of individual attachments (m£&.D)

Linear Elastic Ultimate | Ultimate Ultimate Strain Ultimate
Stiffness | Modulus | Load (N) | Displacement | Stress energy (N- | Strain (%)
(N/mm) (MPa) (mm) (Mpa) mm)
424.69+ | 96.23+ 2509.06+ | 9.18+3.32 20.45+4.48| 8487.13% | 33.53+12.62
Lat-ant 68 12.65 472.52 1915.17
(n=3)
Med-ant | 193.28+ | 39.01+ 1082.45+ | 7.84+1.74 12.94+5.33| 2749.22+ | 48.59+14.59
(n=6) 42.91% 8.41* 333.39* 2214.38
Med- 329.71+ 1474.15+ | 6.30+1.25 3277.86% 37.14+7.16
post 87.61* X 637.13* X 1512.37
(n=6)

*Statistically different than the lat-ant attachrhéor the given parameters

AStatistically different from the med-post for theen parameters

X Quantity not measured (cross-sectional area ofnidd-post attachment was not found)

Table 2.2.Average material properties for all the attachraéntean+S.D) (n=15)

Linear Elastic Ultimate | Ultimate Ultimate Ultimate
Stiffness | Modulus | Load (N) | Displacement| Stress Strain (%)
(N/mm) (MPa) (mm) (Mpa)

MeanzSD | 315.89+ | 73.34% 1524.45+ | 7.49+1.55 16.16+ 41+13.02
120.46 32.68 648.78 5.27
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Figure 2.1 Schematic of the experimental setup with the came
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The plots in figures 2.2, 2.3, 2.4 are represerdgaif the lat-ant, med-ant and med post

attachments and show the behavior of one particndaniscal attachment

Figure 2.2.Pull to failure curve fotat-ant attachment.
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Figure 2.3 Pull to failure of med-ant attachment (the fasbp in load is due to the pulling

out of a part of the attachment from the bone fate)

Figure 2.4 Pull to failure of med-post attachment. (Failaoeurs at the peak load and the

specimen fibers continue stretching afterwards)
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Figure 2.5 Strain distribution in the lat-ant attachmen®(2,denote the three marker

columns from left to right)
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Figure 2.8 Strain distribution in the med-ant attachmen2,3 denote the three marker

columns from left to right)
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Figure 2.11 Strain distribution in the med-post attachmeh2,3 denote the three marker
columns from left to right)
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Appendix
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INSTRON 8872
The tensile testing of the bovine meniscal attagttseere carried out using the INSTON
8872, uniaxial materials testing machine. A 10kBdeell was used to conduct the pull to

failure experiments. For the viscoelastic tests)@0 N load cell was used.

Figure Al. The INSTRON 8872

Fixture

The requirements of the testing called for a figiuvhich was highly flexible to hold the
bovine specimen. The fixture that was designedH present study had five degrees of
freedom. It allowed the bovine specimen to be eatatlong three axes and also translated
along two axes. All these five degrees of freedoarewincorporated into the fixture to

allow us to apply the load in the natural directianwhich the meniscal attachments are
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loaded. The natural direction of loading in theaeiment can be visually established, by
looking at the direction in which the fibres areeoted. It is assumed that the direction of
orientation of the fibres is the direction of itataral loading. The initial design for the

fixture was done on IDEAS and was later built ie thachine shop. The material used for
the fixture was aluminum. Some of the initial drags made on IDEAS are shown below.

However later on some design modifications wereripcrated

Figure A2. One of the four clamps
used to hold the bovine specimen

(designed on IDEAS)

Figure A3. Final design of the fixture
(IDEAS). This fixture is mounted on a base
plate (not shown here). The circular tube
that is seen protruding is where the bovine

specimen is mounted
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The pictures below show the actual fixture that wsed for the experiment.

Figure A4. Two different views of the
fixture with the base plate mounted on the

INSTRON

Figure A5. Experimental Set up

The base plate is fixed onto the base plate oiNM&TRON using T nuts and can be slid

back and forth in the Y direction. The fixture igefd onto the base plate using T nuts again

55



and can slide in the X direction. The T slots rmgnon the base plate can be clearly seen in
the picture above. The specimen to be testechtedlin a tube and fitted between the four
clamps. This ensures that the circular tube carota#ed along its own axis. Also because
of the arcs in the side plate the tube can alsiltbd along the horizontal axis. In addition,
the freeze clamp, which is clamped to the load akthe material testing machine, can be
rotated along the axis of the machine. Hence ia thshion the fixture totally has five

degrees of freedom.

Area micrometer

To be able to measure the stresses in the tissog tested, it is necessary to know its area
of cross section. For this purpose a device calted micrometer is used (35). The picture

below shows the area micrometer built for this pgg

Figure A6. The area micrometer
used to measure crossectional area

of the specimen

The way this device works is as follows. Each #sspecimen is made to conform to a
rectangular slot using a matched plunger. A catidaraveight is placed in the pan on top of

the plunger to produce a contact pressure of .12.Mjhe dial indicator measures the
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height of the pan. The area of the tissue beintgdesan be found using the following

relation

Area= (slot width)*(height of the pan)

Height of the pan is the reading on the dial gauge

Clamp

It is necessary to be able to grip on firmly to tissue being tested. Most biological tissues
have a tendency to slip out of the drip while betested. To get around this problem, a
custom designed freeze clamp was built. The Clasga dor the experiments is shown

below

Figure A7. A front view of the clamp.
The undulating surfaces can be clearly

seen

Figure A8. View showing the cavity inside
the freeze clamp used to feed in the liquid

nitrogen (this feature was not used)
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The Clamp basically consists of two metal blockse@urface of each block is undulated.
One of the blocks is hollowed out so that liquidragen can be fed in. The basic idea
behind this clamp is that the tissue sample basstetl can be gripped very firmly because
of the undulating surfaces. Also the when the tquitrogen is fed in, the part of the tissue
being gripped freezes and its tendency to slipi®@most gone. However it was found
that, the clamp without feeding in liquid nitrogeras good enough to hold the tissue

without any slippage.
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Table Al. Stress relaxation parameters of each specimen

Specimen# Load Load at end | Normalized | Normalized
Relaxation (N) Load Load at
Rate (N/In(s)) Relaxation End
rate
((1/In(s))

Lat-ant 1 -5.4396 22.2300 -0.1058 0.4327
Med-ant 1 -9.8350 8.3589 -0.1672 0.1421
Med-post 1 -5.0555 9.9670 -0.1050 0.2071
Lat-ant 2 -5.6827 17.0171 -0.1142 0.3422
Med-ant 2 -6.6376 42.6840 -0.0764 0.4917
Med-post 2 -3.4491 13.2799 -0.0992 0.3823
Lat-ant 3 -0.5319 6.6499 -0.0530 0.6628
Med-ant 3 -0.9471 7.1386 -0.0746 0.5622
Med-post 3 -0.8230 7.9134 -0.0638 0.6138
Lat-ant 4 -2.2727 7.9125 -0.1048 0.3652
Med-ant 4 -1.4184 7.3446 -0.0968 0.5017
Med-post 4 -1.5726 5.7709 -0.1110 0.4073
Lat-ant 5 -1.4839 4.5983 -0.1195 0.3704
Med-ant 5 -1.3720 6.3075 -0.0990 0.4552
Med-post 5 -1.9035 6.6942 -0.1235 0.4345
Lat-ant 6 -1.4839 4.5983 -0.1195 0.3704
Med-ant 6 -1.3720 6.3075 -0.0990 0.4552
Med-post 6 -1.9035 6.6942 -0.1235 0.4345
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Table A2.Creep parameters of each specimen

Speciment#| Displacement Displacement| Normalized | Normalized
Creeprate | atend (mm) | Creep rate | displacement
mm/In(s) (1/In(s)) at end
Lat-ant 1 0.0564 1.22 0.0466 1.16
Med-ant 1 0.1065 0.68 0.1073 1.38
Med-post 1 X X X X
Lat-ant 2 0.1207 1.35 0.1220 1.41
Med-ant 2 0.0790 2.95 0.0790 1.47
Med-post 2 0.0583 0.27 0.0588 1.20
Lat-ant 3 0.1615 0.79 0.1607 1.70
Med-ant 3 0.2071 0.87 0.2077 1.81
Med-post 3 0.0725 0.33 0.0726 1.30
Lat-ant 4 0.1272 0.57 0.1275 1.51
Med-ant 4 0.1283 0.59 0.1289 1.51
Med-post 4 0.0872 0.39 0.0876 1.34
Lat-ant 5 0.2671 1.02 0.2689 1.96
Med-ant 5 0.4134 1.58 0.4166 2.49
Med-post 5 0.1238 0.55 0.1244 1.47
Lat-ant 6 0.2258 1.04 0.2265 1.88
Med-ant 6 0.1300 0.46 0.1336 2.49
Med-post 6 0.1589 0.69 0.1595 1.61
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Table A3. Structural properties of each specimen

Specimen# Length (mm)| Cross-sectional area (nfin

Lat-ant 1 27.58 112.44
Med-ant 1 17.21 84.24
Med-post |1 15.01 X
Lat-ant 2 25.82 124.44
Med-ant 2 21.69 76.44
Med-post | 2 19.96 X
Lat-ant 3 25.16 132.96
Med-ant 3 17.13 85.56
Med-post |3 16.93 X
Lat-ant 4 30.55 127.92
Med-ant 4 13.51 X
Med-post | 4 19.74 X
Lat-ant 5 30.62 120.24
Med-ant S 13.55 X
Med-post |5 16.8 X
Lat-ant 6 30.19 125.00
Med-ant 6 16.63 106.68
Med-post | 6 14.07 X

X Quantity not measured
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Table A4. Material Properties of each specimen

Spe | Linear Linear Ultimate | Ultimate Ultimate | Strain energy | Ultimate
cim | Stiffness Modulus | Load (N) | Displacement | Stress (N-mm) Strain
en# | (N/mm) (MPa) (mm) (MPa) (%)
Lat- 1
ant 345.16 84.66 2767.61 | 12.93 24.61 9345.325 46.88
Med- |1
ant 195.74 39.98 1386.99 | 9.37 16.46 6468.08 54.44
Med- |1
post 204.84 X 514.29 4.76 X 476.75 31.71
Lat- 2
ant X X X X X X X
Med- | 2
ant 191.06 54.21 1409.54 | 7.05 18.43 3949.77 32.50
Med- | 2
post 294.67 X 1082.52 | 5.56 X 2592.48 27.85
Lat- 3
ant 514.50 97.35 2795.9 8.03 21.02 9824.425 31.93
Med- |3
ant 116.19 23.26 629.26 9.05 7.35 483.27 52.86
Med- |3
post 382.60 X 1655.15 | 7.55 X 4312.735 44.59
Lat- 4
ant X X X X X X X
Med- | 4
ant 209.21 X 761.87 6.38 X 1871.1 47.26
Med- | 4
post 345.41 X 1773.03 | 6.87 X 4260.12 34.80
Lat-
ant 5 X X X X X X X
Med-
ant 5 199.81 X 1290.96 | 9.66 X 922.2 71.29
Med-
post 5 460.08 X 2385.90 | 7.74 X 4063.29 46.07
Lat- 6
ant 422.35 102.00 1963.69 | 6.57 15.70 6293.745 21.77
Med- | 6
ant 247.68 38.61 1016.13 | 5.52 9.52 2800.945 33.22
Med- | 6
post 290.70 X 1434.02 | 5.32 X 3961.8 37.81

X Quantity not evaluated (the potting failed, whasting the lat-ant attachments of
specimen 2, 4,5
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Table A5. Curve fitting parameters

Specimen#| a e
Lat-ant 1 19.3931 -0.00093 39.5647 0.05055 |  20.00078
Med-ant |1 X X
Med-post | 1 X X
Lat-ant 2 14.9378 -0.00867 15.2128 -0.00107 | 16.56674
Med-ant | 2 16.7232 -0.00982 35.7963 -0.00023 | 23.71585
Med-post | 2 13.0267 -0.00034 12.9585 -0.00502 |  12.42989
Lat-ant 3 1.3419 -0.00453 2.9583 -0.00015 |  4.613995
Med-ant | 3 1.9230 -0.00305 4.6886 -0.00016 |  4.062591
Med-post | 3 4.8781 -0.00023 0.8424 -0.00365 5.72924
Lat-ant 4 5.6171 -0.00715 6.7056 -0.00055 6.46516
Med-ant | 4 4.3852 -0.00062 2.5126 -0.00654 6.40399
Med-post | 4 4.8191 -0.00063 3.0441 -0.00726 | 4.957995
Lat-ant 5 3.3041 -0.00555 3.7856 -0.00071 | 4.066744
Med-ant |5 2.7508 -0.00680 4.1104 -0.00061 5.57094
Med-post | 5 2.5027 -0.00588 6.3399 -0.00058 | 5.426118
Lat-ant 6 7.0163 -0.00030 3.7142 -0.00304 | 5.030284
Med-ant | 6 2.3401 -0.00469 4.0292 -0.00060 | 4.878706
Med-post | 6 2.4608 -0.00547 4.0111 -0.00077 4.96618

X Quantity not evaluated
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Table A6. List of filenames (stress relaxation experiments)

bV

\Y

bV

bV

\Y

bV

bV

bV

bV

\Y

bV

bV

\

bV

bV

Relax.blk

Specimen#| Attachment#| Precondition Ramp Hold

1 1 (lat-ant) Precon-bovinell.cgv  Stress ramp-ledircsy | Stress relax-bovinell.cg
2 (med-ant) Precon-bovinel2.csv  Stress ramp-b2icsv | Stress relax-bovinel2.cq
3 (med-post) | Precon-bovinel3.csv  Stress ramp-ba@dimsyv | Stress relax-bovinel13.cs

2 1 (lat-ant) Precon-bovine2l.cgv  Stress ramp-l@®drcsv | Stress relax-bovine21.cg
2 (med-ant) Precon-bovine22.csv  Stress ramp-b@giosv | Stress relax-bovine22.cg
3 (med-post) | Precon-bovine23.csv  Stress ramp-B8@itsv | Stress relax-bovine23.cs

3 1 (lat-ant) Precon-bovine3l.cgv  Stress ramp-l@Bircsv | Stress relax-bovine31.cg
2 (med-ant) Precon-bovine32.csv  Stress ramp-b8ginsv | Stress relax-bovine32.cg
3 (med-post) | Precon-bovine33.csv  Stress ramp-B8@itsv | Stress relax-bovine33.cs

4 1 (lat-ant) Precon-bovined4l.cqv  Stress ramp-legMircsy | Stress relax-bovine4l.cg
2 (med-ant) Precon-bovine42.csv  Stress ramp-bdginsv | Stress relax-bovine42.cq
3 (med-post) | Precon-bovine43.csv  Stress ramp-kd@itsv | Stress relax-bovine43.cs

5 1 (lat-ant) Precon-bovine5l.cqv  Stress ramp-lebircsyv | Stress relax-bovine51.cg
2 (med-ant) Precon-bovine52.cgv  Stress ramp-bbgiasv | Stress relax-bovine52.cq
3 (med-post) | Precon-bovine53.csv  Stress ramp-B8@iwsv | Stress relax-bovine53.cs

6 1 (lat-ant) Precon-bovine6l.cqv  Stress ramp-laBircsv | Stress relax-bovine61.cg
2 (med-ant) Precon-bovine62.cgv  Stress ramp-b6giasv | Stress relax-bovine62.cq

3 (med-post)

Precon-bovine63.cs

Stress ramp-b68icsv

Stress relax-bovine63.c9
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Table A7. List of filenames (creep experiments)

Creep.blk

Specimen#| Attachment# Precondition Ramp Hold

1 1 (lat-ant) 2Precon-bovinell.cgv  Creep ramp-teMincsv| Creep relax-bovinell.c
2 (med-ant) 2Precon-bovinel2.csv  Creep ramp-bavimsy| Creep relax-bovinel2.cs
3 (med-post) | 2Precon-bovinel3.csv  Creep ramp-leddresv| Creep relax-bovinel3.cs

2 1 (lat-ant) 2Precon-bovine2l.cqv  Creep ramp-teRincsv| Creep relax-bovine2l.cs
2 (med-ant) 2Precon-bovine22.csv  Creep ramp-b@2inmsv| Creep relax-bovine22.cs
3 (med-post) | 2Precon-bovine23.csv  Creep ramp-l@drtsv| Creep relax-bovine23.cs

3 1 (lat-ant) 2Precon-bovine3l.cgv  Creep ramp-teBincsv| Creep relax-bovine31l.c
2 (med-ant) 2Precon-bovine32.csv  Creep ramp-b8imsv| Creep relax-bovine32.cs
3 (med-post) | 2Precon-bovine33.csv  Creep ramp-e@@mtsv| Creep relax-bovine33.c

4 1 (lat-ant) 2Precon-bovine4l.cgv  Creep ramp-tedincsv| Creep relax-bovine4l.c
2 (med-ant) 2Precon-bovine42.csv  Creep ramp-bd@insv| Creep relax-bovine42.cs
3 (med-post) | 2Precon-bovine43.csv  Creep ramp-leddrtsv| Creep relax-bovine43.c

5 1 (lat-ant) 2Precon-bovine5l.cgv  Creep ramp-tedincsv| Creep relax-bovine51.c
2 (med-ant) 2Precon-bovine52.csv  Creep ramp-b62imsv| Creep relax-bovine52.cs
3 (med-post) | 2Precon-bovine53.csv  Creep ramp-e&acsv| Creep relax-bovine53.c

6 1 (lat-ant) 2Precon-bovine6l.cgv  Creep ramp-tefincsv| Creep relax-bovine6l.c
2 (med-ant) 2Precon-bovine62.csv Creep ramp-b6wimsy| Creep relax-bovine62.cs

3 (med-post)

2Precon-bovine63.c

5V

Creep ramp-b6@icsv

Creep relax-bovine63.c$
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Table A8. List of filenames (pull to failure expewents)

Failure.blk

Specimen# | Attachment# Pull to failure

1 1 (lat-ant) Failure-bovinell.csv
2 (med-ant) Failure-bovinel2.csv
3 (med-post) Failure-bovinel3.csv

2 1 (lat-ant) Failure-bovine21.csv
2 (med-ant) Failure-bovine22.csv
3 (med-post) Failure-bovine23.csv

3 1 (lat-ant) Failure-bovine31.csv
2 (med-ant) Failure-bovine32.csv
3 (med-post) Failure-bovine33.csv

4 1 (lat-ant) Failure-bovine41.csv
2 (med-ant) Failure-bovine42.csv
3 (med-post) Failure-bovine43.csv

5 1 (lat-ant) Failure-bovine51.csv
2 (med-ant) Failure-bovine52.csv
3 (med-post) Failure-bovine53.csv

6 1 (lat-ant) Failure-bovine61.csv
2 (med-ant) Failure-bovine62.csv
3 (med-post) Failure-bovine63.csv
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MATLAB program used to determine the predicted creg function

%a, b, c, d, e are constants determined by curve fi tting the stress
%relaxation data

a=13.02;

b=0.0003;

c=12.95;

d=;

e=5.72;

syms st

X1=a*exp(-b*t);

X2=c*exp(-d*t);

X3=e*t"0;

L1l=laplace(X1,t,s);

L2=laplace(X2,t,s);

L3=laplace(X3.,t,s);

L=L1+L2+L3;

Y=(1/L)*(1/s"2);

y=ilaplace(Y,s,t);

% y is the predicted creep function in terms of t
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