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Scaffold-based tissue-engineered constructs as well as cell-free implants offer promising
solutions to focal cartilage lesions. However, adequate mechanical stability of these
implants in the lesion is required for successful repair. Fibrin is the most common clini-
cally available adhesive for cartilage implant fixation, but fixation quality using fibrin is
not well understood. The objectives of this study were to investigate the conditions lead-
ing to damage in the fibrin adhesive and to determine which adhesive properties are im-
portant in preventing delamination at the interface. An idealized finite element model of
the medial compartment of the knee was created, including a circular defect and an
osteochondral implant. Damage and failure of fibrin at the interface was represented by a
cohesive zone model with coefficients determined from an inverse finite element method
and previously published experimental data. Our results demonstrated that fibrin glue
alone may not be strong enough to withstand physiologic loads in vivo while fibrin glue
combined with chondrocytes more effectively prevents damage at the interface. The results
of this study suggest that fibrin fails mainly in shear during off-axis loading and that adhe-
sive materials that are stronger or more compliant than fibrin may be good alternatives
due to decreased failure at the interface. The present model may be used to improve design
and testing protocols of bioadhesives and give insight into the failure mechanisms of carti-

lage implant fixation in the knee joint.
[DOI: 10.1115/1.4007748]
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1 Introduction

Focal cartilage lesions of the knee affect approximately
900 000 individuals in the United States alone each year [1]. Due
to the avascular nature and low cell-matrix ratio of articular carti-
lage (AC), these lesions are usually irreversible. In addition to
activity-specific pain associated with them, AC lesions can also
lead to osteoarthritis if they remain untreated [2, 3]. Current treat-
ments for cartilage lesions less than 2 cm?® include microfracture,
autologous osteochondral transplantation, and autologous chon-
drocyte implantation (ACI). However, these techniques suffer
from limitations, such as the amount of material available, insuffi-
cient formation of hyaline cartilage, donor site morbidity, lack of
durability, and inability to integrate at the cartilage interface [4].
As an alternative, implanted cartilage replacements (ICRs) that fill
the focal defect have been investigated. The ICRs under develop-
ment include both cell-seeded, scaffold-based tissue-engineered
constructs as well as cell-free implants that may be made of
hydrogels, such as poly(vinyl alcohol) [5-8].

Adequate mechanical stability of the ICR in the lesion is
required for successful cartilage repair [9, 10]. ICR adhesion to
the native AC should be secure enough that it withstands the post-
operative deformations and forces during joint movement.
Adequate fixation ensures that the two surfaces are in apposition
to one another and may allow integrative tissue to form. A com-
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pletely delaminated ICR can cause unsatisfactory clinical results
due to the introduction of the loose body in the joint space; conse-
quently locking the knee [9, 11].

Although fibrin is the most common clinically available adhe-
sive for ICR fixation in small symptomatic chondral defects, the
fixation quality is not well understood. In a recent clinical study of
matrix-induced ACI, fibrin glue partially or completely failed in
two of 16 patients at an early stage [12].

We previously created a finite element (FE) model of a tissue-
engineered osteochondral ICR in a focal cartilage defect in the knee
joint and investigated the effects of implant material properties and
integration at the interface on the mechanical environment of the
ICR and the surrounding tissue [13]. We reported that inferior mate-
rial properties and lack of integration alters the mechanical environ-
ment of both the implant and the native cartilage. However,
delamination at the interface could not be explored because our
model was limited to the cases of full integration or no integration at
the interface. Additionally, our previous model was axisymmetric,
which precluded the consideration of the relative sliding between
the articular surfaces. Thus our objective here was to study damage
in fibrin adhesive under conditions that mimic in vivo loading in the
knee joint. We also conducted a sensitivity analysis to determine
which adhesive properties are important in preventing delamination
at the interface of an osteochondral implant and native AC.

2 Methods

2.1 Cohesive Zone Model of Fibrin Adhesive. Damage and
failure of the fibrin adhesive was modeled utilizing the cohesive
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zone modeling (CZM) technique with a bilinear traction-separation
law (Fig. 1(A)) in commercial FE software aBaQus 6.10 (Dassault
Systemes, RI, USA). The bilinear traction-separation law relates
the maximum interfacial strength to the separation of two surfa-
ces. In this triangular law, the material behavior of the adhesive is
linear elastic until separation J;,;, is reached. Beyond that, damage
increases until separation reaches g, and the adhesive fails (Fig.
1(A)). The area under the traction-separation curve represents the
fracture energy. Modeling damage with the CZM technique in
ABAQUS ™ requires a damage initiation criterion and a damage
evolution law. A maximum stress criterion for damage initiation
and displacement-based damage evolution were adopted in this
study. Compressive loads and strains do not cause damage in the
cohesive zone in this model. As the default, fibrin properties in
tension and shear were assumed to be the same.

Cohesive zone properties for both fibrin alone and fibrin com-
bined with chondrocytes were determined from published experi-
mental data of tensile tests to failure [14, 15]. Silverman et al.
[14] applied fibrin glue with and without chondrocytes to the
interfaces of pairs of cartilage discs and then implanted the con-
structs in subcutaneous pockets of nude mice. Constructs were
harvested at 6 weeks and tensile tests were performed until the
fibrin bond between the two cartilage discs failed. From the load-
displacements curves, slope, tensile strength, failure displacement
and failure energy of the constructs were calculated and reported
[14]. To determine the cohesive zone properties for fibrin, we cre-
ated FE models of cartilage-fibrin constructs (Fig. 1(B)) and simu-
lated the tensile test performed by Silverman et al. [14].
Incompressible transversely isotropic mechanical properties were
assigned to cartilage (for more detail on mechanical properties see
Sec. 2.3). In Silverman et al.’s experiment, the flat ends of the
constructs was attached to Plexiglass rods using cyanoacrylate.
We applied this boundary condition by constraining displace-
ments of the nodes on the flat ends of the constructs with respect
to one another. Similar to the experimental setup, tensile displace-
ment was applied to the constructs at a rate of 15 um/s until com-
plete failure was reached. Cohesive parameters for the fibrin, both
with and without chondrocytes, were obtained with an inverse
iterative finite element technique [16]. An optimization algorithm
minimized the sum of the squared errors between the published
cartilage-fibrin-cartilage experimental data and the model output.
The data that were used in the optimization were the maximum
tensile strength, the strain at initiation of damage, the failure
energy and the ratio of failure displacement to displacement at
damage initiation [14, 15]. The Pattern Search solver in the MATLAB™
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Fig. 1 (A) Schematic of bilinear traction-separation law and (B)
model of fibrin-bonded cartilage discs in a tensile test
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(The MathWorks, Inc., Natick, MA) global optimization toolbox
utilized a set of random start points to determine the global mini-
mum of the objective function. Lower and upper bounds of cohe-
sive zone properties were provided as constraints. The upper bounds
were 1 MPa for modulus and tensile strength and 1 mm for dis-
placement to failure. The lower bounds were set to 1 x 10-® MPa
for modulus and tensile strength and 1 ym for displacement to fail-
ure. The MaTLAB™ optimization code consisted of an ensemble of
subroutines that called a Python script, which in turn executed the
ABAQUS ™ model iteratively.

2.2 FE Model of the Medial Compartment of the Knee
Joint. Idealized 3D models of intact tibial and femoral cartilage
in the medial compartment of the human knee joint were con-
structed in SolidWorks 2010 (Dassault Systemes, RI, USA) and
were exported to aBaQus 6.10 (Fig. 2). Incongruent joint surfaces
in the model were given physiological radii of medial cartilage
contact surfaces with different anterior-posterior and medial-
lateral curvature [17]. In addition to the intact model, a model
with a centrally-located 11 mm diameter tibial defect and an
osteochondral ICR with curvature matching the tibia was con-
structed. Displacements of the nodes on the subchondral surface
of the tibial and implanted cartilage were constrained in all direc-
tions, representing cartilage attachment to bone. Displacements of
the nodes on the subchondral surface of the femoral cartilage were
also constrained with respect to one another to allow for rigid
body motion at this surface to simulate relative joint motion. A
coefficient of friction of 0.02 was assigned for cartilage-cartilage
contact, which is in the range of the experimental coefficient of
friction reported for diarthrodial joints [18]. Geometric nonlinear-
ity was accounted for using the NLGEOM option.

2.3 Cartilage and Implant Material Properties. It has been
shown that the total stress in cartilage in an unconfined compres-
sion test at 0.2s is only 0.14% different from that at time zero
[19]. Considering the time duration of the normal gait cycle of
approximately 1s, and focusing our attention on terminal stance/
preswing portion, the time duration for this analysis is close to
0.2s and thus relatively short. Therefore, the effect of fluid flow
was neglected and the material properties were represented by a
single phase. Additionally, it has been shown that mechanical
properties of a transversely isotropic biphasic material are equiva-
lent to an incompressible transversely isotropic model for instan-
taneous loading of cartilage [20]. Thus in order to model the
short-term response of cartilage to loading and to describe the
effect of the collagenous network, incompressible transversely
isotropic material properties [20] for native cartilage were

Femoral
Cartilage

Implanted Cartilage
Replacement

Tibial Cartilage with
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Fig. 2 Idealized model of the medial compartment of the knee
joint with a circular defect and ICR. All dimensions are in mm.

Transactions of the ASME

Downloaded From: https://biomechanical.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



Table 1

Average experimental data (+ SD) [14, 15] and FE simulation results of tensile testing of fibrin-bonded cartilage discs

Fibrin glue

Fibrin glue with cells

Experimental data

Simulation results Experimental data Simulation results

Slope of the stress-strain curve (MPa)

Tensile strength (MPa)

Initiation of damage strain (%)

Failure energy (J)

Displacement to failure/displacement to damage initiation

0.21 =0.07*
99x1073+9.7x 107
0.04 £2.6x 1072
31x 1077 +54 %107
1.4+ 0.66°

0.27 0.74 = 0.22* 0.55
11x1073 0.065 =+ 0.024* 0.066
0.04 0.17 = 0.061° 0.12

26x107° 49x1074*x32x107% 40x10*
1.4 N/A N/A

“Reference [14].
YReference [15].

assigned: Ey; =3.3MPa, E33=6.2MPa, v3; =0.49, v,3=1-0.5
(E33/Eq11), and Go3 =7.5 MPa, where the 1-direction is perpendic-
ular to the cartilage surface at every element, and the 2- and 3-
directions are parallel to the surface and perpendicular to each
other. Properties in the 2- and 3-directions were symmetric. ICRs
normally lack organized collagen fibers and are sufficiently mod-
eled as isotropic [21]. The ICR was assigned a Young’s modulus
of 3.3 MPa, equal to the through-thickness stiffness of the native
AC, and a Poisson ratio of 0.3. It has been suggested that the col-
lagen network plays an important role in governing the instantane-
ous Poisson ratio of cartilage [22]. While the native AC was
modeled as nearly incompressible, the ICR was assigned a lower
Poisson’s ratio due to the fact that similar to immature cartilage,
most tissue-engineered constructs lack an organized collagen fiber
distribution and have a lower collagen content and cross-link den-
sity compared to native AC [22].

2.4 Loading Conditions. Loading simulated the terminal
stance/preswing phase of gait. During this portion of the gait
cycle, cartilage deformation and the posterior-anterior excursion
are the greatest and both contact area and cartilage deformation
are nearly constant [23]. Thus, this portion of the stance phase
of gait includes the maximum loading conditions and maximum
relative motion and may be approximated by a simple
posterior-anterior sliding motion of the femur over the tibia. A
centrally-located axial compressive load was ramped linearly
from O to 170N in the y-direction (Fig. 2). Then, to mimic the
posterior-anterior excursion of the femur over the tibia during
the terminal stance/preswing phase of gait, the femur slid 5 mm
across the tibia [23] by rotating the femur around the center of
anterior-posterior curvature of the tibia while the load was kept
constant and the load vector followed the rotation of the femo-
ral condyle.

2.5 Validation and Parametric Study. To validate the FE
model of the idealized knee compartment, results from the model
with intact tibial cartilage (without the implant) were compared to
clinical data of the maximum cartilage deformation and contact
area at the terminal stance/preswing phase of gait [23, 24].

The cohesive zone model was utilized at the interface between
the ICR and native AC in the knee model to investigate the effect
of different adhesive properties on the failure of fixation. Fixation
failure was visualized with color maps of the scalar damage vari-
able, D. The bilinear traction-separation law defines degradation
of stiffness as the evolution (between initiation and complete fail-
ure) of the damage variable, D, which is a function of the effective
separation beyond damage initiation. D =0 implies that the dam-
age initiation criteria has not been met while D = 1 means that the
maximum degradation value has been reached, the material has
lost its load-carrying capacity, and that the adhesive has com-
pletely failed. First we compared the adhesive damage in the
model with fibrin glue alone to the model with fibrin glue contain-
ing chondrocytes. Next, the evolution of damage in the fibrin
alone was studied during different phases of loading. Finally, in
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order to investigate the effect of different adhesive properties on
fixation failure, the fibrin strength was doubled in tension, shear
or both; the modulus was decreased by 50% in tension, shear or
both and finally Jg; - dinie (in terms of total displacement) was
increased incrementally by 100% and 200%.

The model of fibrin-bonded cartilage discs used to determine
adhesive properties from experimental data consisted of 600 axi-
symmetric CAX4R elements. The intact joint model and the
model with implant consisted of 66262 and 228 504 linear tetra-
hedral elements of type C3D4, respectively. Mesh sensitivity anal-
ysis was performed to make sure the results were not significantly
affected with further mesh refinement.

3 Results

Good agreement between the simulation of the cartilage-fibrin
tensile test and experimental results was reached (Table 1). In the
simulations, fibrin glue containing chondrocytes demonstrated
higher maximum strength, modulus, failure displacement, and
fracture energy compared to fibrin glue alone after 6 weeks of
in vivo culture (Table 2, Fig. 3(A)). In the simulated tensile tests,
fibrin glue alone withstood a maximum load of 0.01 MPa while
fibrin glue with chondrocytes resisted a much higher maximum
load of 0.07 MPa (Fig. 3(B)), closely matching the experimental
data.

In the simulated intact model without the implant, axial defor-
mation at the center of contact was 20% of the total cartilage
thickness and the contact area was 260 mm?”. The maximum de-
formation and contact area obtained from the present study fell
well within the ranges of experimental measurements [24-27].
Contact area increased gradually during axial loading and then
remained relatively constant during sliding (Fig. 4(C)). This rela-
tively constant contact area and cartilage deformation (data not
shown) during sliding approximated the terminal stance/preswing
phase of gait [23].

A comparison of the distribution pattern of contact stress at the
cartilage surface between the intact model and the model includ-
ing the ICR showed some interesting differences. The contact
stress distribution was noticeably altered when the ICR was intro-
duced in the model (Figs. 4(A) and 4(B)). While the intact joint
showed a peak contact stress at the center of the contact, the joint
with the implanted ICR showed a contact stress concentration in
native cartilage in the vicinity of defect rim after axial loading
(Figs. 4(A) and 4(B)). This contact stress concentration was
accompanied by a decrease in contact stress in the ICR.

Table2 Cohesive zone properties used to model fibrin

Fibrin glue Fibrin glue with cells
Modulus (MPa) 0.106 0.250
Tensile strength (MPa) 0.012 0.076
Displacement to failure (mm) 0.022 0.072
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Fig. 3 (A) Bilinear traction-separation CZM law for fibrin adhe-
sive. Red and blue lines represent fibrin without and with cells,
respectively. (B) Computational load-displacement response of
cartilage-fibrin constructs in tension.

From the time-history of damage dissipation energy in the fibrin
alone, it can be seen that the fibrin does not fail during initial axial
loading (Fig. 4(D)). During sliding, damage starts to develop in
the fibrin and damage dissipation energy reaches a maximum
value of 8.1 J at the end of sliding (Fig. 4(D)). While fibrin glue
containing chondrocytes after 6 weeks of in vivo culture prevented
damage in the adhesive layer completely (data not shown),
approximately 17% of the fibrin glue was damaged when used
alone. An increased maximum shear stress on the ICR surface in
the lower portion of the interface was observed when fibrin alone
was used (Fig. 5(A)) as compared to when fibrin glue did not fail
(i.e., when fibrin glue with chondrocytes was used as adhesive
material) (Fig. 5(B)).

Next, the effect of increasing the adhesive strength and decreas-
ing the adhesive modulus was studied (Fig. 6). While doubling the
adhesive strength of fibrin in tension caused no decrease in the
damaged area of the adhesive, doubling the shear strength resulted
in complete lack of fibrin damage. Doubling both the shear and

A B
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Axial Loading Hil ‘)\
\4 ,

Sliding /4/25\\

® %Y

1.6 MPa
Contact
Stress

A Fibrin Glue

B Fibrin Glue with Cells

Fig. 5 (A) Maximum shear stress distribution in the ICR when
fibrin glue alone or (B) fibrin glue with chondrocytes is used as
the adhesive material.

tensile strength of fibrin also prevented the formation of any dam-
age at the interface. Reducing the adhesive modulus by a factor of
2 had a similar effect to doubling the strength and similarly dem-
onstrated the importance of shear as opposed to tensile properties
(Fig. 6).

Increasing A =0gy; - iy by factors of 2 and 3 resulted in
decreased fibrin damage (Fig. 7(A)), which was reflected in the
damage dissipation energy (Fig. 7(B)). Damage dissipation energy
for fibrin glue decreased by 18% and 44% when A was increased
by factors of 2 and 3, respectively. While damage level and dam-
age dissipation energy decreased with increasing A, damaged
fibrin area remained relatively constant (Fig. 7(C)).

4 Discussion

One of the major concerns for a surgeon performing scaffold-
based cartilage repair is the secure retention of the ICR at the
desired position in the knee joint [28]. In order to keep the ICR
stable in the defect area, one strategy would be to take advantage
of the healing ability of bone to anchor an osteochondral plug con-
sisting of distinct cartilaginous and bony layers [28]. Although
osteochondral grafts are stabilized by integration with the sub-
chondral bone, integration with the cartilage remains a problem.
The intrinsic antiadhesiveness of cartilage, due to its low friction
surfaces and high proteoglycan content, make it even more diffi-
cult for the implant to integrate with the host tissue [29]. In order
to solve this problem, fibrin glue is commonly used for fixation of
ICRs in the defect. Many new cartilage repair techniques which
are currently in clinical trials, such as Biocart II (ProChon Biotech
Ltd, Rehovot, Israel), cartilage autograft implantation system
(CAIS, Depuy-Mitek, Raynham, MA), DeNovo engineered tissue
(Zimmer Inc.), and matrix induced autologous chondrocyte

300
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Damage Dissipation Contact Area (mm?)
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Fig. 4 Surface contact stress distribution after axial and sliding loading for (A) intact model
and (B) model with ICR. Time history of (C) contact area in the intact case and (D) of damage dis-

sipation energy in the model with the ICR.
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Fig. 6 Effect of changing fibrin strength and modulus on damage formation

implantation (MACI, Genzyme Europe, Naarden, Netherlands)
use fibrin for implant fixation.

While delamination of cartilage implants occurs mainly in the
first six months after the operation [30], experimental evaluation
of postoperative implant stability is difficult. Mechanical failure
of the adhesive between the cartilage implant and surrounding
cartilage is a relatively unexplored field of orthopedic biome-
chanics and only a few in vitro and ex vivo experiments are
reported in the literature. Drobnic et al. [10] reported the first anal-
ysis of the stability of primary fixation for tissue-engineered carti-
lage grafts. They investigated different fixation techniques
including fibrin glue for collagen scaffolds in a cadaveric study
with continuous passive motion of the knee joint to simulate the
initial postoperative period of rehabilitation. In this study, scaf-
folds fixed with fibrin glue showed insufficient fixation quality
and detached from the lesion under loading. Applying uniaxial
tensile testing in an open side defect, Knecht et al. [9] tested the
fixation quality of several synthetic ICRs with four different fixa-
tion techniques: unfixed, fibrin glue, chondral suture, and transoss-
eous suture. This group reported that fibrin glue fixation did not
provide the same degree of scaffold attachment to the surrounding
cartilage as was provided by the sutures regardless of the scaffold
type. Bekkers et al. [31] applied a force perpendicular to the scaf-
fold surface in a human cadaver knee model. In this study, fibrin
glue provided a weak attachment when compared to the suturing
techniques. Efe et al. [32] established an ex vivo animal model in
order to assess the primary stability of cell-free collagen gel plugs.
The same group recently showed that press-fit only and press-fit
combined with fibrin glue both provided similar mechanical sta-
bility and thus adding fibrin glue to the lesions did not improve
graft fixation in the porcine continuous passive motion model
[33]. None of the above-mentioned experimental protocols fully
simulated in vivo knee joint loads and activity-specific motion of
the joint, since no force was applied by the muscles. Thus due to
limitations in such controlled experimental studies, transferring
these in vitro and ex vivo results to the in vivo situation can be
difficult.

The underlying motivation for this study was to develop a com-
putational tool that could be used to identify variables important
in the design and/or selection of adhesives for ICR fixation. The
key findings from the study were that (1) fibrin glue alone may
not be strong enough to withstand physiological loads in vivo. On
the other hand, fibrin glue combined with cells significantly limits
the damage at the interface after 6 weeks. However, the simplifi-
cations in the model, particularly with regards to loading condi-
tions and material properties, make it difficult to state definitely
that damage would not occur in vivo with this stronger adhesive;
(2) fibrin glue at the interface fails mainly in shear. Thus shear is
the most appropriate test for any adhesive developed for ICR fixa-
tion prior to in vivo application in order to ensure adequate fixa-
tion strength; (3) adhesive materials that are stronger or are more
compliant may decrease failure at the interface and thus can be a
good alternative to fibrin glue. One strategy for improving and
“tuning” fibrin’s mechanical properties is crosslinking fibrin with
another chemical agent. This strategy was utilized to develop
genipin-crosslinked fibrin for cartilage tissue engineering [34] and
the repair of the annulus fibrosus in the intervertebral disc [35].
Other solutions could include new adhesives such as a recently
reported chondroitin sulfate bioadhesive, which showed a strength
of ~46 kPa in both tension and shear [36].

Journal of Biomechanical Engineering

There is a wide range of experimental data on the strength of
fibrin when joining biological tissues in different experimental
protocols: 4.5 kPa in uniaxial tension with rat skin [37], 13.3 kPa
in a blister test with pig skin dermal grafts [16], 0.7 kPa in a lap
shear test with porcine skin [38], 8kPa in a lap shear test with
human saphenous vein [39], 23.2kPa in shear at the periosteum—
cartilage interface [40], and approximately 17 kPa in shear at the
cartilage-cartilage interface after 5min of incubation [29]. Thus
the cohesive strength of 12 kPa for fibrin glue in the present study
falls well within the range of available experimental data. The co-
hesive strength of fibrin glue with chondrocytes in our study was
substantially larger at 76 kPa.

The time history plot of damage dissipation energy (Fig. 4(D))
demonstrates that fibrin adhesive is damaged during the sliding
phase of loading and reaches maximum damage at the end of
travel. Fibrin failure is likely due to the off-axis loading applied to
the implant, which also increases during sliding in our model. As
relative joint motion is typical during walking and most other

, ’i“ A=0.022 mm

o —
A=0.044 mm "™

A= 0.066 mm

=

Damage Dissipation Energy at the
End of Loading (J)
1E-5
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0.022  0.044  0.066

Ratio of Damaged Adhesive Area
C to Total Adhesive Area

0.2

0.15
0.1
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0
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Fig. 7 (A) Effect of increasing A = 6z - dinit ON damage level in
the adhesive, (B) damage dissipation energy at the end of load-
ing, and (C) ratio of damaged adhesive area to total adhesive
area

NOVEMBER 2012, Vol. 134 / 111004-5

Downloaded From: https://biomechanical.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



daily activities, it is likely that ICRs in vivo would be regularly
subjected to these off-axis loads. Thus our results demonstrate the
importance of approximating physiological loading conditions in
simulations and experiments designed to understand failure of
ICR fixation.

The damage in our simulation was mostly localized to the top
half of the interface; the lower half did not show any damage (Fig.
5(A)). This result is similar to the pattern of fibrin failure observed
in the ex vivo study of Drobnic et al. [10]. There was no damage
when the adhesive properties were either stronger or more
compliant than fibrin in shear. Conversely, when the adhesive was
stronger or more compliant in tension, no reduction in adhesive
damage was observed (Fig. 6). From these results, we conclude
that shear displacements at the interface are the main mechanism
of ICR delamination in vivo, because it is the shear properties that
determine whether or not the adhesive fails, while the tensile
properties have no such effect. Thus adhesives that are stronger
and/or more compliant than fibrin under shear loading could
prevent failure of ICR fixation in the knee joint. Increasing
A = 0gai1 - Oinie by factors of 2 and 3 resulted in decreases in the
damage level as expected. An increase in A increases the area
under traction-separation curve and results in higher adhesive
fracture energy. Changing the value of A only affects the propaga-
tion of damage and does not change the damage initiation
(Fig. 1(B)). Thus while a larger A resulted in decreased damaged
levels, the damaged area was not affected (Fig. 7(C)).

Compared to the response of fibrin with chondrocytes after six
weeks of implantation, our results showed that fibrin alone can
result in increased shear stress on the lower half of the implant
surface (Fig. 5), which did not delaminate. It is hard to say
whether the higher shear stress in the case of fibrin alone is due to
the fibrin failure in the upper portion of the interface, or due to dif-
ferent material properties compared to fibrin combined with chon-
drocytes. Nonetheless, this increased shear stress could lead to an
altered cellular response for either native cells or cell-seeded scaf-
folds and may be detrimental to the structural integrity of the
implant. Increased shear stress could also lead to accelerated dam-
age under additional loading cycles.

A number of simplifications in modeling the knee joint and
materials were made. One simplification in the present study was
the use of an idealized knee anatomy. However, cartilage defor-
mation and area of contact for the articular surfaces compared
well with experimental data from the literature. Thus we believe
that the predictions reported in this study are valid in an indicative
sense. Another simplification in regards to modeling cartilage
material was that depth-dependent material properties and
tension-compression nonlinearity [41,42] were not included in the
constitutive model. In a preliminary study, we modeled the super-
ficial zone as transversely isotropic with higher tensile stiffness in
the directions parallel to the surface while the middle and deep
zones were modeled as isotropic. Although this modeling
approach was computationally more expensive than a fully trans-
versely isotropic model, it did not affect the results significantly.
Additionally, under the loading regime in the current study, the
material properties in the compressive direction are different from
those tangential to the surface, which experiences tension in the
superficial zone [43]. Therefore, due to the transversely isotropic
material properties, the addition of tension/compression nonli-
nearity to the model would only have a minor effect on the results.
Accurately representing the depth-dependent variations in me-
chanical properties may require a more complex approach such as
including the arcade-shaped distribution of collagen fibers and
depth-dependent distribution of proteoglycans. There have been
very few three-dimensional computer models that include effect
of collagen fiber distribution through the depth of cartilage [44,
45] and perhaps due to their computational expense, these models
only included axial loading without looking at the effect of
sliding.

On average, a person takes 1-2 x 10° steps per year [46], thus
the mechanical environment experienced by the adhesive at the

111004-6 / Vol. 134, NOVEMBER 2012

interface would be more severe than the single loading condition
simulated here. Since the AC in the knee is subjected to a wide va-
riety of static and dynamic loading conditions [47], it will be useful
to study the effect of more complex and long-term loading condi-
tions, such as cyclic loading and impact on the fixation of ICRs.

Fibrin glue failure was modeled by a cohesive process zone, in
which all inelastic phenomena were accumulated and mathemati-
cally captured by a bilinear traction-separation law. This simplifi-
cation ignores time-dependent properties, dissipative phenomena
and nonlinearity in fibrin glue. Nonetheless, bilinear traction-
separation laws have been recently applied to model the failure of
soft biological tissue. Forsell and Gasser [48] performed a FE sim-
ulation of failure of ventricular tissue due to deep penetration uti-
lizing a bilinear traction-separation law. In this study, dissipative
effects and material nonlinearity had a minor impact on the simu-
lation results. Additionally, experimental data shows that the me-
chanical behavior of fibrin is dominated by elastic rather than
viscoplastic behavior [15, 49]. For this reason, the viscoelasticity
of fibrin was assumed to be negligible in our study.

Results from these FE models provide an important understand-
ing of the failure of fibrin fixation and consequently the integra-
tion of implants that repair focal cartilage defects. Inadequate
fixation quality of fibrin glue when used alone, mechanism of the
failure of fibrin at the interface due to shear deformations and
insight into methods to improve the mechanical properties of
fibrin were demonstrated by this computational study. The present
model may be applied to evaluate other factors in scaffold fixation
for cartilage repair; additional studies are planned that will investi-
gate the effect of ICR size, location, material properties, and full ver-
sus partial thickness chondral defects on the failure of the adhesive at
the interface. In the future, this model may be used to improve design
and testing protocols of bioadhesives and give insight into the failure
mechanisms of ICR fixation in the knee joint.
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