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ABSTRACT Loss of meniscal function due to symptomatic meniscal tears or meniscectomy leads to
biomechanical instability and articular cartilage degeneration. Synthetic meniscal implants ought to ideally
restore normal joint contact mechanics and thus forfending the overlying cartilage from degeneration. The
purpose of this study was to quantify the contact stresses in both tibiofemoral compartments and joint
kinematics during a gait cycle after implantation of a synthetic meniscal implant. Anatomically-detailed
finite element model of the knee joint was developed from magnetic resonance images of a healthy female
volunteer. Gait analysis was conducted using a three-dimensional motion capture system and computed the
knee joint forces and moments and quadriceps muscle forces for a complete walking cycle. The effects
of a synthetic meniscal implant on joint mechanics during gait were studied by conducting finite element
simulations for the following meniscus conditions: (i) intact meniscus, (ii) meniscus with complete radial
posterior root tear, (iii) total meniscectomy, (iv) isotropic meniscal implant, and (v) shell-core composite
meniscal implant. Posterior root tear and total meniscectomy caused substantially increased contact stresses
in both tibiofemoral compartments and altered tibial kinematics. Compared to posterior root tear and total
meniscectomy, the isotropic and composite meniscal implants reduced the peak contact stresses in both
compartments and reduced the cartilage nodes with higher contact stresses by disseminating the load over a
large surface area. The shell-core composite meniscal implant resulted in lower contact stresses in the medial
compartment relative to the other meniscus conditions. This study demonstrated that posterior root tear and
total meniscectomy leads to detrimental changes in joint mechanics. Superseding the injured meniscus with a
syntheticmeniscal implant restored the joint mechanics close to the intact meniscal state. This novel synthetic
meniscal implantation approach appears to be a promising strategy for treating patients with severe meniscal
injuries.

INDEX TERMS Biomechanics, finite element model, gait analysis, medical imaging, meniscal implant,
musculoskeletal modeling.

I. INTRODUCTION
Meniscal injury and subsequent surgical resection of the
meniscus is considered one of the risk factors for the

The associate editor coordinating the review of this manuscript and
approving it for publication was Zhonglai Wang.

onset of osteoarthritis (OA) [1], apparently because of
changes in cartilage contact mechanics [2]. Rehabilitating
or superseding the meniscus is therefore required to pro-
tect the articular cartilage from degeneration [3]. However,
meniscal supersession remains a major unsolved problem
in orthopaedics. While meniscal allograft transplantation
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improves pain andmechanical function of the knee in patients
with either partial or total meniscectomy [3], their biophysi-
cal chondroprotection of articular cartilage has not yet been
demonstrated [4], [5]. The use of meniscal allograft is also
constrained due to problems with the risk of developing an
infection, allograft size matching and fixation, as well as allo-
graft resorption and the likelihood of allograft rupture after
transplantation [4]. Besides, the use of meniscal allograft is
primarily limited to younger patients (<50 years of age) [6],
while most operative treatments for treating meniscal injuries
(partial or total meniscectomy) are performed in patients
above the age of 45 years [7]. A synthetic meniscal implant,
which overcomes the constraints of biological allografts, may
be a promising alternative to allografts in treating the patients
with severe meniscal injuries.

Endeavors to develop non-degradable biocompatible
polymer-based meniscal implants commenced several decen-
niums ago, however, most of them failed to mimic the
biomechanical behavior of the intact meniscus. Implantation
of Dacron R© and Teflon R© meniscal prostheses were failed
because of deposition of debris into the synovial membrane
due to material wear, resulting in inflammatory synovitis
[8], [9]. Implantation of polyvinyl alcohol-hydrogel (PVA-H)
based meniscal implants in the sheep model resulted in a
complete radial posterior root tear at the 12-month time
point [10]. The challenge in the research and development
of synthetic meniscal substitutes is therefore to develop a
meniscal implant which mimics the biomechanical behavior
of the intact meniscus, while ensuring high longevity and
abrasion resistance under the influence of mechanical forces
acting at the knee joint.

Polycarbonate urethane (PCU) has excellent wear
properties and soft-tissue compatibility, which has been
proposed as a suitable biomaterial to mimic the mechani-
cal properties and lubrication of intact meniscus [11]–[13].
Implantation of PCU meniscal implant in sheep models
showed good structural integrity and no significant changes
in mechanical characteristics at the 3-months and 6-months
time point [14]. Non-anatomical shaped, free-floating PCU
meniscal implants were introduced for use in the human
knee joint which is sutured to the native peripheral rim of
the meniscus [15]. In this light, free-floating PCU meniscal
implants cannot be implanted in the total medial meniscec-
tomized patient population [16]. A computational study on
PCU meniscal implant demonstrated that the contact stresses
acting on the articulating surfaces and the implant displace-
ment are sensitive to the material stiffness [17]. However,
the influence of material composition on the biomechanical
behavior of the meniscal implant has not been reported yet.
In addition to this, no clinical or computational studies have
evaluated the effect of PCU meniscal implant during the
complete gait cycle or during the stance phase of gait.

The wedge-shaped geometry of the intact meniscus
plays an essential role in maintaining joint congruity and
mechanical stability [18]. The geometric structure of the
intact meniscus has also shown to influence the mechanical

stresses acting within the meniscus and the contact condi-
tions (contact pressure and contact area) in the articulating
tibial surfaces [18]–[20]. A mismatch on meniscal allograft
selection of over 10% of the size of the intact meniscus will
significantly influence the contact stresses in both the medial
and the lateral compartments [21]. This non-physiological
increase in the knee joint contact stresses is a risk factor
for the onset and progression of knee OA [22]. Many com-
mercial implants do not have horn-root attachment provision
like the intact meniscus, which leads to higher meniscus
extrusion and results in functional meniscectomy [15], [23].
Therefore, the shape of the meniscal implant close to the
shape of the intact meniscus with intact horn-root attachment
provision is necessary for the salubrious functioning of the
knee joint [24], [25].

The main goal of this study was to evaluate the biome-
chanical changes in the knee joint for different meniscus
conditions during one complete gait cycle using finite ele-
ment (FE) analysis. Five difference meniscus conditions
were considered for this study: (i) intact medial meniscus,
(ii) medial meniscus with complete radial posterior root tear,
(iii) no medial meniscus (total meniscectomy), (iv) isotropic
medial meniscal implant, and (v) composite medial meniscus
implant. We hypothesized that the knee joint models with
isotropic and composite meniscal implants restore the normal
contact mechanics in both tibiofemoral compartments and
tibial kinematics. We also hypothesized that, due to material
composition, the knee joint model with composite meniscal
implant produces the best fit with normal contact mechanics
in both compartments and joint kinematics. The current study
explores the potential of FE analysis to determine whether
a meniscal implant can provide chondroprotective effects on
human articular cartilage when subjected to gait cycle loading
and therefore prevent or delay the onset and progression of
OA.

II. MATERIALS AND METHODS
The workflow of the current study is depicted in Fig. 1.
A three-dimensional (3D) anatomically-detailed FE model
of the knee joint was developed based on the magnetic
resonance (MR) images of a skeletally mature, healthy
female volunteer with no previous history of knee ailment or
injury. The FE model incorporates the bone and soft tissue
details of the tibiofemoral and patellofemoral components.
The detailed model incorporates menisci, femoral and tibial
articular cartilages, and all major ligaments and tendons.
Experimentally measured tibiofemoral and patellofemoral
kinematics of 23 cadaveric specimens during knee flexion
[26] were used to validate the FEmodel. Concurrent to model
development, motion analysis to determine the gait pattern of
the volunteer was conducted in the gait and motion analysis
laboratory. Gait cycle data, including quadriceps forces, knee
forces, knee moments (valgus-varus and external-internal)
and flexion-extension rotation, was used as an input in the
FE model and the simulations were conducted for different
meniscus conditions.
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FIGURE 1. Detailed schematic describing the sequence of events undertaken in the current study.

A. KNEE JOINT GEOMETRY AND MESH GENERATION
Following approval of the institutional review board (IRB)
and receiving informed consent of the subject, MR scan of
the subject’s right lower limb (gender: female, age: 33 years
old, BMI: 21 kg/m2) was used to capture the geometry of
the bones and soft tissues. Scanning was performed using a
3-T scanner (HDx, GE Healthcare, Milwaukee, WI, USA)
with the subject’s leg in the supine and neutral position. The
protocol consisted of a fast spin-echo (FSE) sequence with
the following imaging conditions: repetition time (TR) =
15 ms, echo time (TE) = 6.7 ms, flip angle = 18◦, field
of view (FOV) = 14 cm, matrix size = 512x512, and slice

thickness= 1 mm. 3D geometry of the bones and soft tissues
were reconstructed from MR images in all three anatomi-
cal reference planes (sagittal/median, coronal/frontal, trans-
verse/axial) using Mimics (Materialise NV, Leuven, Bel-
gium). The final solid model of the knee joint (Fig. 2A)
consisted of femur, tibia, fibula, patella, menisci (medial
and lateral), articular cartilages (femoral, tibial and patel-
lar), cruciate ligaments (anterior and posterior), collateral
ligaments (medial and lateral), anterolateral ligament, and
tendons (quadriceps and patellar).

These geometries were imported to ABAQUS (Dassault
Systèmes Simulia Corp., Providence, RI, USA) to develop
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TABLE 1. Mesh and element characteristics of each knee joint substructure in the final mesh model used for the analysis.

the FE model of the knee joint (Fig. 2A). The bony structures
were meshed using 3D rigid 3-noded triangular elements
(R3D3 from ABAQUS mesh library) and all the soft tis-
sues and the meniscal implants were meshed using 10-noded
second-order quadratic tetrahedral elements (C3D10 from
ABAQUS mesh library). A mesh convergence study was
carried out to optimize mesh density. To verify the conver-
gence of the FE mesh model and to ensure the mesh density
does not influence the model estimations, all the soft tissues
were meshed in different element sizes to develop multiple
mesh models ranging from coarse to refined. The model’s
estimation of peak contact pressure induced in the medial
compartment under the application of an axial compressive
load of 1000 N was analyzed. The element sizes of the
knee joint soft tissues were considered optimized when the
model’s estimation resulted <5% difference when compared
to that of the model with very refined mesh. Donahue et al.
utilized a kindred methodology to determine the mesh den-
sity for the knee joint soft tissues [27]. The element details
of each joint substructure in the final FE model are tabu-
lated in Table I. Other simulated substructures in the final
mesh model, including meniscal horn attachments, menis-
cofemoral ligaments, transverse meniscomeniscal ligaments,
patellofemoral ligaments, and capsular ligaments were mod-
eled as two-noded one-dimensional (1D) spring elements.

B. GAIT AND MOTION ANALYSIS
The gait pattern of the subject was analyzed in the gait and
motion analysis laboratory at the Singapore University of
Technology and Design, Singapore. The subject completed
five standard gait trials walking at a self-selected speed
of approximately 1.5 m/s along the treadmill walkway. 3D
kinematic data of 49 markers collected using a 12-camera
VICON MX motion capture system (Oxford Metrics Ltd.,

Oxford, UK) was synchronized with kinetic data collected
using two AMTI treadmill force platforms (AMTI, Newton,
MA, USA). Kinematic and kinetic data were collected at
120 Hz and 1080 Hz, respectively. The kinetic data from
the treadmill force platforms were low pass filtered at 15 Hz
cut off frequency (3rd order, zero-lag Butterworth) to reduce
the effect of mechanical noise [28]. VICON Nexus Plug-
In-Gait module (version 2.9, Oxford Metrics Ltd., Oxford,
UK) was used to compute and output the kinetic and kine-
matic data including joint rotations (using inverse kinemat-
ics approach) and joint forces and moments (using inverse
dynamics approach). Quadriceps muscle force, estimated
using OpenSim (version 4, SimTK, Stanford, CA, USA), was
required tomodel the patellofemoral articulation. The generic
OpenSim Gait 2392 musculoskeletal model [29] was used
to compute the individual muscle forces. Inverse kinematics
data computed using VICON Nexus were the primary inputs
for the musculoskeletal model. Muscle forces of vastus later-
alis, vastus medialis, rectus femoris, and vastus intermedius
were computed by using the static optimization [30] tool in
OpenSim, and the algebraic sum of these forces gives the
quadriceps muscle forces [31]. The final gait data input for
the FE knee joint model included knee translational forces
(Fig. 2B), knee moments (Fib. 2C) and quadriceps muscle
forces (Fig. 2D). The contributing effects of other muscles
and connective tissues were considered in the knee joint FE
model by applying only 50% of the estimated valgus-varus
and external-internal moments acting at the knee [32].

C. CONSTRAINTS AND LOADING AND BOUNDARY
CONDITIONS
The bony structures, including the femur, tibia, patella, and
fibula were modeled as rigid bodies to optimize compu-
tational cost without compromising model validity, while
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FIGURE 2. (A) 3D MRI reconstructed model and finite element mesh model of the knee joint. (B) Applied knee joint forces
(anterior-posterior, superior-inferior, and lateral-medial components). (C) Applied knee joint moments (valgus-varus and external-internal
components) and flexion-extension rotations. (D) Applied quadriceps muscle forces (anterior-posterior and superior-inferior components).
(E) Representation of six degrees of freedom kinematics of the knee joint. (F) The geometry of isotropic meniscal implant (top) and
composite meniscal implant (bottom).

140088 VOLUME 7, 2019



D. Shriram et al.: Biomechanical Evaluation of Isotropic and Shell-Core Composite Meniscal Implants

the other knee substructures were modeled as deformable
bodies [17], [33]. A 3D tangential (frictionless sliding)
surface-to-surface contact pattern was defined between all
articulating surfaces of the knee joint FE model [27],
[33], [34]. The master-slave general contact assignment
in ABAQUS was defined for 18 contact pairs in the
FE model: collateral ligaments-proximal femur, collat-
eral ligaments-distal tibia, anterolateral ligament-proximal
femur, anterolateral ligament-distal tibia, cruciate ligaments-
proximal femur, cruciate ligaments-distal tibia, anterior cru-
ciate ligament-posterior cruciate ligament, femoral articular
cartilage-menisci, menisci-tibial articular cartilage, femoral
articular cartilage-tibial articular cartilage, and femoral artic-
ular cartilage-patellar articular cartilage [27], [33], [34]. The
insertion points of the ligaments and tendons identified from
the MR images were used for simulating the ligament-bone
and tendon-bone attachments. All degrees of freedom of the
tibial bottom nodes were fixed during analysis, while the
proximal femur was only constrained in flexion. The patella
was free to displace and rotate in all degrees of freedom. The
six degrees of freedom kinematics of the knee joint (Fig. 2E)
were expressed using non-orthogonal joint coordinate sys-
tem [35]. The influence of the tension in the ligaments and
tendons at rest was considered in the FE knee model before
the implementation of gait cycle loading by applying a pre-
strain. The cruciate ligaments (anterior and posterior) were
pre-strained at 5%, while the collateral ligaments (medial and
lateral), anterolateral ligament and tendons (quadriceps and
patellar) were pre-strained at 4% [36]. The subject-specific
gait cycle data input (Fig. 2B-2D) was implemented into
the FE model through the gait point, located in between the
medial and lateral epicondyles of the femur [17], [37]. The
dynamic effects of the FE mesh are sensitive to the loading
frequency. For the loading frequency (∼0.5 Hz) that was
applied in the current study, dynamic effects of the FE mesh
remained nugatory in all the simulation steps.

D. MENISCUS CONDITIONS AND IMPLANT GEOMETRY
Five knee models with various medial meniscus conditions
were created in the current study (Fig. 1).

1) Knee model with the native intact meniscus, where
the geometry was reconstructed from the acquired MR
images as discussed afore.

2) Knee model with complete radial posterior root tear in
the medial meniscus, where the type 2 root tear [38]
was numerically simulated within 9 mm of the root
attachment.

3) Medial meniscectomized knee model, where the
complete medial meniscus was excluded from the
simulation.

4) Knee model with an isotropic meniscal implant, where
the geometry was adopted from the intact meniscus
(Fig. 2F) to simulate the effects of the subject-specific
anatomical shaped isotropic meniscal implant.

5) Knee model with a composite meniscal implant,
where the shell geometry was adopted from the intact

meniscus and the core geometry was scaled and resized
based on the shell (Fig. 2F). The composite meniscal
implant shell was modelled with a thickness of 1.5 mm.
The composite meniscal implant shell and compos-
ite meniscal implant core were constrained using the
‘‘TIE’’ constraint in ABAQUS, which constrains the
relative motion between the two structures.

E. MATERIAL PROPERTIES
Articular cartilages were modeled as neo-Hookean hypere-
lastic isotropic material (nonlinear) with the strain energy
density as a function of elastic volume strain (Jel) and first
strain invariant (I1):

U = C10(I1 − 3)+
1
D1

(Jel − 1)2 (1)

In equation (1), C10 and D1 are neo-Hookean material
constants, and the values of these constants (C10 = 0.86MPa
and D1 = 0.048 MPa−1)
were calculated using ABAQUS by fitting the hyperelastic

constants to experimental data [39].
The native meniscus (medial and lateral) was mod-

eled as transversely isotropic hyperelastic material by
incorporating the Holzapfel-Gasser-Ogden (HGO) material
model [40], [41] with the strain energy density function:

U = C10(I1 − 3)+
1
D1

(
(Jel)2 − 1

2
− ln Jel

)
+
k1
2k2

(
exp

[
k2
〈
Eα
〉2]
− 1

)
(2)

with

Eα = κ(I1 − 3)+ (1− 3κ)(I4(αα) − 1) (3)

In equation (2), I4(αα) are the pseudo-invariants of the
symmetric modified Cauchy-Green strain tensor, which is
required to model the effects of relatively stiff collagen fibers.
The terms C10, D1 , k1 , k2 and κ denote material parameters
and the values of these parameters (Table II) were calcu-
lated by fitting the hyperelastic parameters to the experi-
mentally measured biomechanical properties [42], [43] using
ABAQUS. The parameter κ describes the fiber orientation
and dispersion and the value of this parameter ranges from 0
(perfect fiber alignment and no dispersion) to 1/3 (fibers are
randomly dispersed). In this study, the meniscal fibers were
aligned circumferentially (κ = 0) to resist circumferential
stresses during gait cycle loading [44].

The constitutive model and failure criteria of trans-
versely isotropic hyperelastic neo-Hookean material [45],
to model the ligaments and tendons, were implemented in
ABAQUS/Explicit solver through a user-defined VUMAT
subroutine (Fig. 3). The strain energy density function, shown
in equation (4), is a function of non-collagenous matrix mate-
rial (neo-Hookean parameters) and reinforcement material
(fiber family parameter (R(λ))).

U = C10(I1 − 3)+
1
D1

(Jel − 1)2 + R(λ) (4)
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TABLE 2. Material parameters used for modeling the medial and lateral meniscus [42], [43]. Parameters C10 and D1: neo-Hookean constants, k1 and k2:
HGO coefficients, and κ: Fiber dispersion and orientation level.

TABLE 3. Material parameters used for modeling the cruciate and collateral ligaments, anterolateral ligament and tendons [33], [46], [47]. Parameters C10
and D1: neo-Hookean constants, C3 : Exponential stress factor, C4 : Collagen fiber un-crimping rate, C5 : Elastic modulus of straightened fibers, and λ :

Maximum value of fiber stretch beyond which the fibers straighten.

The fiber family function R(λ) denotes the collagen fiber
stiffness and fulfills the following conditions:

λ
dR(λ)
dλ
=


0,

C3(exp(C4(λ− 1))− 1),
C5λ+ C6,

λ ≤ 1
1 < λ < λ

λ ≥ λ

(5)

where λ denotes the local fiber stretch. The collagen fibers
resist compression due to close packing in crystals and would
buckle when subjected to compressive load ( λ ≤ 1). When
the collagen fibers were stretched to some value less than λ
(1 < λ < λ), the fiber stiffness increases exponentially with
increasing stretch. When the collagen fibers were stretched
beyond λ (λ ≥ λ), the fibers straighten out and the fiber
stiffness increases linearly. The material coefficients C3, C4,
C5 andC6 denote the scale parameter that scales the exponen-
tial stress, collagen fiber un-crimping rate, Young’s modulus
of straightened fibers and the factor which ensures stress
continuation at λ. In ligaments and tendons, the collagen
fibers were oriented parallel to the principal geometrical
axis to transmit tensile forces. The collagen fibers did not
damage in all the simulation steps because the fiber strain was
always less than the threshold value. Thematerial coefficients
for modeling the ligaments and tendons (Table III) were
calculated by fitting the material constants to experimental
data [33], [46], [47].

The meniscal horn attachments were modeled using non-
linear incompressible spring elements with a combined
spring stiffness of k = 350 N/mm for each horn [48]. The
meniscofemoral (anterior and posterior) and meniscomenis-
cal (transverse) ligaments were modelled using incompress-
ible nonlinear spring elements with spring stiffness of k =
49 N/mm and k = 400 N/mm , respectively [49]–[51]. The
patellofemoral ligaments (medial and lateral) were modelled
using nonlinear spring elements with total spring stiffness
of k = 49 N/mm for each ligament [52], [53]. The cap-
sular ligaments including medial capsular, lateral capsular,

oblique popliteal and arcuate popliteal were modelled using
incompressible nonlinear spring elements with spring stiff-
ness of k = 15 N/mm, k = 14 N/mm, k = 28 N/mm,
and k = 34 N/mm, respectively [54]–[57]. The mate-
rial for isotropic meniscal implant (type 80A, E=11 MPa,
Bionate R© grade II polycarbonate urethane (PCU), DSM
Biomedical Inc., Berkeley, CA, USA), composite meniscal
implant shell (Bionate R© grade II PCU type 80A, E=11 MPa)
and composite meniscal implant core (Bionate R© grade II
PCU type 55D, E=17 MPa) were modelled as isotropic
hyperelastic neo-Hookean material (C10 = 1.84 MPa and
D1 = 0.011 MPa−1 for isotropic meniscal implant and
compositemeniscal implant shell;C10 = 2.85MPa andD1 =

0.007 MPa−1 for composite meniscal implant core) with a
Poisson coefficient of ν = 0.49 . The density of all the soft
tissues and implants was assumed to be 1 × 10−9 ton/mm3.

III. RESULTS
The peak compression forces occurred at 25% (referred here-
after as 1st peak) and 80% (referred hereafter as 2nd peak) of
the stance phase of gait (Fig. 2B).

A. MEDIAL COMPARTMENT CONTACT MECHANICS
Posterior root tear and total medial meniscectomy increased
the peak contact pressure on the medial tibial plateau by
15%/18% (1st peak/2nd peak) and 12%/18% (1st peak/2nd

peak), respectively, when compared with the intact menis-
cus condition (Figs. 4A). The same increasing trend
was observed in peak compressive stress and peak shear
stress (Figs. 4C, 4E). Intact meniscus distributed the contact
stresses over a large surface area, however, posterior root tear
and total medial meniscectomy reduced the contact surface
area and increased the number of nodes in the anterior-tibial
region of the medial tibial plateau with higher contact stresses
(Figs. 4B, 4D, 4F). Relative to the intact meniscus condition,
posterior root tear and total medial meniscectomy decreased
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FIGURE 3. Flowchart describing the implementation of user-defined VUMAT material subroutine in ABAQUS/Explicit finite element solver.
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the contact area on the medial tibial plateau by 61%/42%
(1st peak/2nd peak) and 63%/61% (1st peak/2nd peak), respec-
tively (Fig. 4G).

Isotropic meniscal implant and composite meniscal
implant restored the medial compartment contact mechanics
to that in the knee joint with intact meniscus (Figs. 4A-G).
The isotropic and composite meniscal implants reduced the
peak contact pressure by 10%/21% (1st peak/2nd peak) and
18%/30% (1st peak/2nd peak), respectively, when compared
with total medial meniscectomy (Fig. 4A). The same behav-
ior was observed in peak compressive stress and peak shear
stress (Figs. 4C, 4E). Relative to total medial meniscectomy,
both isotropic and composite meniscal implants redistributed
the contact stresses over a large surface area and reduced the
number of nodes on the medial tibial plateau with higher con-
tact stresses (Figs. 4B, 4D, 4F). The isotropic and composite
meniscal implants increased the contact area on the medial
tibial plateau by 40%/33% (1st peak/2nd peak) and 42%/38%
(1st peak/2nd peak), respectively, when compared with total
medial meniscectomy (Fig. 4G).

B. LATERAL COMPARTMENT CONTACT MECHANICS
Posterior root tear and total medial meniscectomy led to
increase in the peak contact pressure on the lateral tib-
ial plateau by 35%/42% (1st peak/2nd peak) and 43%/53%
(1st peak/2nd peak), respectively, when compared with
the intact meniscus (Fig. 5A). The same behavior was
observed in peak compressive stress and peak shear stress
(Fig. 5C, 5E). Relative to the intact meniscus, posterior root
tear and total medial meniscectomy decreased the contact
area on the lateral tibial plateau by 20%/43% (1st peak/2nd

peak) and 24%/56% (1st peak/2nd peak), respectively, and
increased the cartilage nodes with higher contact stresses
(Fig. 5B, 5D, 5F, 5G).

Implantation of isotropic and composite medial meniscal
implants significantly improved the contact mechanics of the
lateral tibial plateau. The isotropic and composite meniscal
implants reduced the peak contact pressure on the lateral
tibial plateau by 42%/26% (1st peak/2nd peak) and 31%/13%
(1st peak/2nd peak), respectively, when compared with total
medial meniscectomy (Fig. 5A). The same reducing trend
was observed in peak compressive stress and peak shear stress
(Fig. 5C, 5E). Compared with total medial meniscectomy,
the isotropic and composite meniscal implants increased
the contact area on the lateral tibial plateau by 22%/94%
(1st peak/2nd peak) and 16%/83% (1st peak/2nd peak), respec-
tively, and reduced the cartilage nodes with higher contact
stresses (Fig. 5B, 5D, 5F, 5G).

C. TIBIAL KINEMATICS RELATIVE TO THE FEMUR
Anterior-posterior translation of the tibia, increased in asso-
ciation with the posterior root tear and total medial menis-
cectomy conditions, was restored by implanting isotropic
and composite meniscal implants (Fig. 6A). Posterior root
tear and total medial meniscectomy resulted in a maximum
increase in anterior-posterior translation of up to 2.8 mm and

8.1 mm, respectively, when compared with the intact menis-
cus. The changewas conspicuous during the loading response
phase, mid-stance phase and terminal swing phase of the gait
cycle. Inferior-superior translation of the tibia relative to the
femur was almost similar for all meniscus conditions during
the stance phase of gait (Fig. 6B). A maximum increase in
lateral-medial tibial translation of up to 8 mm and 8.6 mm
was observed in the knee joint models with posterior root tear
and total medial meniscectomy, respectively, when compared
with the knee joint model with intact meniscus (Fig. 6C).
The change was conspicuous throughout all phases of the
gait cycle. The isotropic and composite meniscal implants
restored the lateral-medial tibial translation to that observed
in the intact meniscus condition. Relative to the intact menis-
cus, the tibial translations observed in the isotropic and com-
posite meniscal implants were close in range, and the best fit
in tibial translations was observed in the isotropic meniscal
implant condition (Figs. 6A-C).

Posterior root tear and total medial meniscectomy resulted
in a maximum increase in the valgus-varus tibial rotation
of up to 3.5 degrees and 3.9 degrees, respectively, when
compared with the intact meniscus (Fig. 6D). The change
was prominent during the terminal stance phase and swing
phase of the gait cycle. Isotropic and composite meniscal
implants restored the valgus-varus rotation of the tibia to that
observed in the knee joint model with the intact meniscus.
Relative to the intact meniscus, posterior root tear and total
medial meniscectomy resulted in a maximum increase in the
external-internal rotation of the tibia of up to 12 degrees and
17 degrees, respectively (Fig. 6E). The change was prominent
during the stance phase and terminal swing phase of the gait
cycle. The increasing trend in the external-internal rotation of
the tibia pronounced in the knee joint models with posterior
root tear and total medial meniscectomy was restored by the
knee joint models implanted with isotropic and composite
meniscal implants. The flexion-extension rotation of the tibia
relative to the femur was similar for all meniscus conditions
because this rotation was implemented in the FE model as a
boundary condition (Fig. 6F). The best fit in tibial rotations
was observed in the composite meniscal implant when com-
pared with the intact meniscus condition (Figs. 6D, 6E).

IV. DISCUSSION
The current study evaluated the biomechanical performance
of synthetic, anatomical shaped, isotropic and composite
medial meniscal implants, in comparison with that of the
intact meniscus. For the first time, subject-specific FE model
of the knee joint with the physiological loading condi-
tions was used to evaluate the functional performance of
the meniscal implant during a complete gait. Compared
to total medial meniscectomy, the isotropic and composite
meniscal implants reduced the peak contact stresses in both
tibiofemoral compartments and the number of cartilage nodes
with higher contact stresses by distributing the load over a
large surface area. Some of the significant observations from
the current study were that (1) the isotropic and composite
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FIGURE 4. Comparison of medial compartment biomechanics between knee joint finite element models with different meniscus conditions:
(A) peak contact pressure during one complete gait, (B) distribution of contact pressures on the medial tibial cartilage at 25% and 80% of the
stance phase of gait, (C) peak compressive stress during one complete gait, (D) distribution of minimum principal (compressive) stresses on the
medial tibial cartilage surface at 25% and 80% of the stance phase of gait, (E) peak shear stress during one complete gait, (F) distribution of
shear stresses on the medial tibial cartilage surface at 25% and 80% of the stance phase of gait, and (G) total contact area during one complete
gait.
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FIGURE 5. Comparison of lateral compartment biomechanics between knee joint finite element models with different meniscus conditions:
(A) peak contact pressure during one complete gait, (B) distribution of contact pressures on the lateral tibial cartilage at 25% and 80% of the
stance phase of gait, (C) peak compressive stress during one complete gait, (D) distribution of minimum principal (compressive) stresses on the
lateral tibial cartilage surface at 25% and 80% of the stance phase of gait, (E) peak shear stress during one complete gait, (F) distribution of shear
stresses on the lateral tibial cartilage surface at 25% and 80% of the stance phase of gait, and (G) total contact area during one complete gait.
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FIGURE 6. Tibial kinematics with respect to the femur during one complete gait cycle for different meniscus conditions:
(A) anterior-posterior translation, (B) superior-inferior translation, (C) lateral-medial translation, (D) valgus-varus rotation,
(E) external-internal rotation, and (F) flexion-extension rotation. Flexion-extension rotations for all meniscus conditions remain the same
because they were applied as a boundary condition to the finite element model.
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meniscal implants restored the normal joint kinematics and
contact conditions in both tibiofemoral compartments, (2) the
knee joint model with isotropic meniscal implant resulted
in a maximum reduction of contact stresses in the lateral
compartment and produced the best fit with the normal tibial
translational kinematics, and (3) the knee joint model with
composite meniscal implant resulted in amaximum reduction
of contact stresses in the medial compartment and produced
the best fit with the normal tibial rotational kinematics.

The intrinsic difficulties in cadaveric experiments to study
the contact stresses and joint kinematics have made FE anal-
ysis a reliable numerical tool to study the biomechanical
changes of the knee joint. Accurate representation of sub-
structure geometry, appropriate material model, physiologi-
cal constraints and loading conditions, and proper validation
against controlled experimental data are the key elements
in constructing a valid and reliable FE model to study the
stresses and strains in the complex anatomical structures. The
tibial kinematics and patellar kinematics relative to the femur,
computed using the FE model, were compared with the
in vitro experimental data (experiments conducted on
23 lower extremities of fresh-frozen cadavers) [26] to validate
the FE model. The tibial translations and rotations observed
in the knee joint FE model with intact meniscus were within
the range of that measured in the cadaveric experiments
(Figs. 7A-F). The FE model predicted an external-internal
rotation of up to -14 degrees at 70 degrees flexion, which is
in the range of that measured in the cadaveric experiments
(-12.75 ± 5.55 degrees at 70 degrees flexion) (Fig. 7E). The
patellofemoral kinematics computed using the FE model was
also within the measured physiological range of the patellar
translations and rotations (Figs. 7G-L).

The peak contact pressure and the total contact area
estimated in this study also falls within the range of val-
ues reported in the literature. The knee joint model with
the intact meniscus estimated a peak contact pressure
of 7 MPa/11 MPa (1st peak/2nd peak) and 2.8 MPa/4 MPa
(1st peak/2nd peak) on the medial and lateral tibial plateau,
respectively. These values are in line with the cadaveric
experimental studies that reported a peak contact pressure
of 6-11 MPa/5-10.5 MPa (medial/lateral compartment) and
11-17 MPa/4-6 MPa (medial/lateral compartment) during
single-limb stance (axial load of 1150 N) [58] and loading
response phase (axial load of 2.25 times the bodyweight)
[59], respectively. Thambyah et al. reported that the peak
contact pressure measured in the medial compartment in all
cadaveric specimens was over two times higher than that in
the lateral compartment during the heel strike event of the
stance phase of gait [59]. This finding is consistent with
the results estimated by our FE model. In our numerical
study, the contact area on the medial tibial plateau was
always higher than that on the lateral tibial plateau during
all events of gait, which is in line with the findings reported
by Gilbert et al. [60]. The knee joint model with the intact
meniscus estimated a total contact area of 800 mm2/820 mm2

(1st peak/2nd peak) and 446 mm2/430 mm2 (1st peak/2nd

peak) on the medial and lateral tibial plateau, respectively.
These values are in line with a cadaveric experimental study
that reported a total contact area of 650±190 mm2 and
500±90mm2 in the medial and lateral compartments, respec-
tively, under an axial load of 1000 N [61]. Furthermore,
the total contact area reported by FE-based studies [62], [63]
was similar to that estimated in our study.

The current study demonstrated that the knee joint mod-
els with posterior root tear and total medial meniscectomy
resulted in increased contact stresses in both the medial and
lateral compartments and altered tibial kinematics. Numerous
experimental and computational studies have also shown that
the total medial meniscectomy causes a significant increase
in the peak contact pressure and a decrease in the total contact
area of the medial tibial plateau [2], [17], [25], [64]–[68].
In our study, the total medial meniscectomy decreased the
contact area on the medial tibial plateau by 63%/61%
(1st peak/2nd peak) relative to the intact meniscus, and this
change is consistent with the values reported by Chen et al.
(∼60%) [25] and Paletta et al. (∼55-65%) [68]. Medial
meniscal extrusion of over 3 mm was observed in patients
with a complete radial posterior root tear of the medial menis-
cus and found an association with articular cartilage degener-
ation, synovial inflammation, and osteophyte formation [69].
A cadaveric study has demonstrated, based on the biome-
chanical changes in contact conditions and tibial kinematics,
that a complete radial posterior root tear of the medial menis-
cus resulted in functional meniscectomy [64]. These findings,
in addition to the availability and compatibility constraints of
the biological allografts [4], [5], led us to focus on design and
evaluation of synthetic meniscal alternatives for restoring the
normal joint biomechanics.

The shell-core polymer composite structure consists of a
soft shell and stiff core, in which the soft shell is respon-
sible for loading distribution, and the stiff core is required
to maintain the stability of the structure [70]. Based on this
theory, we hypothesized that the knee joint model with a
shell-core composite meniscal implant would best mimic the
biomechanical performance of the intact meniscus. In our
study, we observed both the isotropic and composite meniscal
implants restore the normal functionality of the knee joint.
Implantation of composite meniscal implant resulted in lower
contact stresses in the medial compartment and better mimic
the normal tibial rotational kinematics. On the other hand,
implantation of isotropic meniscal implant resulted in lower
contact stresses in the lateral compartment and produced
the best fit with the normal tibial translational kinematics.
The superior performance of the isotropic meniscal implant
in the lateral compartment contact mechanics and tibial
translational kinematics may be attributed to the increased
proportion of low-stiffness material when compared to the
composite meniscal implant. This observation seems par-
tially against our hypothesis since we expected the composite
meniscal implant to produce the best fit with normal contact
mechanics in both the compartments and tibial kinematics.
However, the differences in contact stresses in the lateral
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FIGURE 7. Comparison of numerically simulated and experimentally measured tibiofemoral and patellofemoral kinematics relative to the
femur during the range of motion.
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compartment and tibial translational kinematics between the
isotropic meniscal implant and composite meniscal implant
were observed to be minimal.

The implant design with the provision for horn attach-
ment will provide structural integrity and stability and restore
the normal functioning of the knee joint [24], [25]. Trans-
plantation of meniscal allograft without fixation of menis-
cal horn attachments resulted in functional meniscectomy
[25], [68]. The geometry of NUsurface R© meniscal implant
(ACTIVE IMPLANTS LLC, TN, USA) designed for animal
study in sheep model was anatomically shaped [14], while
a free-floating disc-shaped meniscal implant geometry was
designed for use in human subjects [15]. NUsurface R© menis-
cal implant designed for human subjects do not necessitate
fixation to bone or adjacent cartilage, which may lead to
loosening and dislocation of the implant [71]. Given the
demand for the synthetic meniscal implant for use in the
growing number of clinical applications [71], immediate care
must be given to improve the geometry of the meniscal
implants. This study evaluated two design configurations of
the meniscal implant and both designs address the compli-
cations of non-anatomic design features by incorporating
the anatomical shaped geometry with provision for anterior
and posterior horn attachments. The design configurations of
meniscal implant proposed in this study may be more suit-
able for patients with severe meniscal deficiency. A detailed
comparative biomechanical FE study is therefore required
to evidently prove that the anatomical shaped isotropic and
shell-core composite meniscal implants offer superior biome-
chanical characteristics when compared to the NUsurface R©

free-floating meniscal implant.
This study has a few limitations that need to be considered

while interpreting the findings. All our results and conclu-
sions were based on the FE analysis of one subject’s data.
However, we would relish to accentuate that this is a method-
ological research study showing that it is possible to use
the validated FE model to evaluate the biomechanical effects
of meniscal substitutes for total meniscus replacement. This
methodology can further be applied for clinical investigations
involving more number of subjects. The intersubject vari-
ability may affect the absolute values of contact stresses and
tibial kinematics, however, the main conclusions derived in
this study will not change [72], [73]. The depth-dependent
mechanical and biochemical properties of the articular car-
tilage were not considered in this study, which may affect
the behavior of contact stresses on the articular cartilage [74],
[75]. However, for the loading frequency (∼0.5 Hz) that was
applied in the current study, the cartilage tissue will not have
sufficient time to discharge the interstitial fluid and therefore
exhibits the same behavior as the elastic material 76]. The
location of the meniscal implant insertion site was deter-
mined using MR images and confirmed by two orthopaedic
consultants, without a chance for experimentally verifying
the anatomical landmark of the insertion site. The variation
in implant positioning may lead to altered joint biomechan-
ics and the effects have not yet been studied in detail [4].

It has been clinically shown that one-third of patients with
total medial meniscectomy experience decreased range of
motion [77]. Since the gait characteristics of the healthy
subject were measured in this study, the knee models with
different meniscus conditions were simulated using the same
loading and boundary conditions. Despite these limitations,
the comparison between the knee joint models with different
meniscus conditions provided a relative estimate of the dif-
ferences in contact stresses and tibial kinematics that would
be expected in vivo due to total meniscus replacement with a
synthetic meniscal implant.

V. CONCLUSION
In summary, we have developed a subject-specific finite ele-
ment model of the knee joint to estimate the contact mechan-
ics and joint kinematics of a synthetic meniscal implant
under physiological loading conditions. This study could help
explain the development of knee OA due to increased contact
stresses and altered joint kinematics caused by the loss of
meniscal tissue. Implantation of isotropic and shell-core com-
posite meniscal implants restored the contact mechanics and
joint kinematics close to the intact meniscal state. The shell-
core compositemeniscal implant resulted inmaximum reduc-
tion of contact stresses in the medial compartment relative to
the other meniscus conditions and produces the best fit with
the normal tibial rotational kinematics. As a clinical conse-
quence, this novel synthetic meniscal implantation approach
appears to be a promising strategy for treating patients with
severe meniscal injuries. The model developed in this study
shed light on the knowledge of joint mechanics after injury or
repair, and therefore can also assist in the clinical evaluation
of other alternative repair techniques.
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