Jay M. Patel
Department of Orthopaedic Surgery,
Rutgers Biomedical and Health Sciences,
Rutgers-Robert Wood Johnson Medical School,
New Brunswick, NJ 08901;
Department of Biomedical Engineering,
Rutgers-The State University of New Jersey,
Piscataway, NJ 08854;
McKay Orthopaedic Research Laboratory,
Department of Orthopaedic Surgery,
University of Pennsylvania,
Philadelphia, PA 19104

Andrzej Brzezinski
Department of Orthopaedic Surgery,
Rutgers Biomedical and Health Sciences,
Rutgers-Robert Wood Johnson Medical School,
New Brunswick, NJ 08901

Salim A. Ghodbane
Department of Orthopaedic Surgery,
Rutgers Biomedical and Health Sciences,
Rutgers-Robert Wood Johnson Medical School,
New Brunswick, NJ 08901;
Department of Biomedical Engineering,
Rutgers-The State University of New Jersey,
Piscataway, NJ 08854

Rae Tarapore
Department of Orthopaedic Surgery,
Rutgers Biomedical and Health Sciences,
Rutgers-Robert Wood Johnson Medical School,
New Brunswick, NJ 08901

Tyler M. Lu
Department of Orthopaedic Surgery,
Rutgers Biomedical and Health Sciences,
Rutgers-Robert Wood Johnson Medical School,
New Brunswick, NJ 08901

Charles J. Gatt
Department of Orthopaedic Surgery,
Rutgers Biomedical and Health Sciences,
Rutgers-Robert Wood Johnson Medical School,
New Brunswick, NJ 08901;
Department of Biomedical Engineering,
Rutgers-The State University of New Jersey,
Piscataway, NJ 08854

Personalized FiberReinforcement Networks for
Meniscus Reconstruction
The menisci are fibrocartilaginous tissues that are crucial to the load-sharing and stability of the knee, and when injured, these properties are compromised. Meniscus replacement scaffolds have utilized the circumferential alignment of fibers to recapitulate the
microstructure of the native meniscus; however, specific consideration of size, shape, and
morphology has been largely overlooked. The purpose of this study was to personalize
the fiber-reinforcement network of a meniscus reconstruction scaffold. Human cadaveric
menisci were measured for a host of tissue (length, width) and subtissue (regional widths,
root locations) properties, which all showed considerable variability between donors.
Next, the asymmetrical fiber network was optimized to minimize the error between the
dimensions of measured menisci and predicted fiber networks, providing a 51.0%
decrease (p ¼ 0.0091) in root-mean-square (RMS) error. Finally, a separate set of human
cadaveric knees was obtained, and donor-specific fiber-reinforced scaffolds were fabricated. Under cyclic loading for load-distribution analysis, in situ implantation of personalized scaffolds following total meniscectomy restored contact area (253.0 mm2 to
488.9 mm2, p ¼ 0.0060) and decreased contact stress (1.96 MPa to 1.03 MPa, p ¼ 0.0025)
to near-native values (597.4 mm2 and 0.83 MPa). Clinical use of personalized meniscus
devices that restore physiologic contact stress distributions may prevent the development
of post-traumatic osteoarthritis following meniscal injury. [DOI: 10.1115/1.4045402]
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1

Introduction

Meniscus injuries represent one of the most common intraarticular knee injuries and, with an incidence rate of 61 per
100,000 [1], result in more than 1 million meniscus tears annually
in the U.S. alone [2]. The most common ensuing procedure [3],
meniscectomy, involves removal of the torn tissue, providing
short-term symptomatic relief from pain, catching and locking,
and discomfort. However, removal of meniscal tissue compromises its load-bearing capabilities [4,5], leaving the knee susceptible to long-term joint deterioration. Allograft transplantation
presents an option to replace an entire damaged meniscus with a
biomechanically functional implant; however, size matching and
improper remodeling of the dense matrix make patient outcomes
inconsistent [6]. Furthermore, isotropic collagen (Collagen Meniscus Implant, Ivy Sports Medicine, Montvale, NJ) [7,8] and polyurethane (Actifit, Orteq Sports Medicine, London, UK) [9,10]
sponges have been utilized clinically to fill the resultant void following partial meniscectomy and experience tissue in-growth and
remodeling; yet long-term implant shrinkage and mechanical inferiority make them unsuitable in cases of significant meniscal loss.
More recently, a free-floating polycarbonate-urethane implant
(NUsurface, Active Implants, Memphis, TN) was developed. While
finite element modeling and contact mechanics were promising
[11,12], clinical outcomes have not been reported in the literature,
and there remains a potential for complications with a free-floating
replacement [13]. For these reasons, there is a need for meniscus
reconstruction scaffolds with both biomechanical functionality and
the ability to support long-term neo-meniscus formation.
The function of the meniscus relies heavily on its ability to distribute compressive stresses from the femoral condyle over a large
area of the tibial plateau. A portion of these compressive stresses
is displaced radially due to the wedge-shape profile of the tissue,
generating hoop stress from the meniscal body circumferentially
to meniscal roots (Fig. 1(a)). Aligned collagen bundles in the
native meniscus resist these stresses [14], preventing extrusion
and rupture. Following tears and resulting meniscectomies,
this load-sharing mechanism is compromised and cartilageon-cartilage stresses increase [4,15]. Thus, tissue engineering
approaches for meniscus reconstruction aim to recapitulate the
largely circumferential alignment of fibers in the native meniscus.
While aligned fiber or matrix orientation has been achieved via
electrospinning [16,17] or clamping [18], these techniques do not
provide mechanical properties required for replacement of the
whole meniscus, and are susceptible to rupture or wear postimplantation. Therefore, numerous attempts in recent years have utilized synthetic polymers to fabricate mechanically competent
scaffolds via three-dimensional (3D)-printing [19,20] or fiberreinforcement [11,21]. The addition of these polymeric microfibers also allows for the creation of a stable, defined structure.

The size and morphology of meniscus constructs are especially
crucial to the restoration of their load-distributing properties,
especially upon translation to human knees. Previous studies have
shown that size-matching is integral to the relative success of allograft transplantation [22,23] and NUsurface implants [12]. Undersized grafts or scaffolds experience similar cartilage–cartilage
(CC) contact stresses as accurately sized ones [24], but due to
issues with joint congruity, under-sizing increases the amount of
load transmitted through the meniscal replacement, leading to
increased rates of ruptures [22]. Over-sizing replacements by
greater than a few millimeters can increase graft mobility, leaving
it more susceptible to extrusion during loading and leading to
increased cartilage-to-cartilage stresses [12,22,24]. Thus, sizing
meniscus scaffold replacements accurately to each patient has the
potential to improve implant efficacy.
Most of the meniscal sizing studies in the literature [22,23,25]
have focused on obtaining two-dimensional parameters: the
anterior–posterior length (AP) and medial–lateral width (ML)
(Fig. 1(b)). However, variations in width in the anterior (A), body
(B), and posterior (P) regions can also influence graft or scaffold
load distribution. All five of these dimensions can be obtained
reliably with magnetic resonance imaging (MRI) [26]; moreover,
from an image-guided reconstruction, the anterior and posterior
root locations (AR, PR), as well as asymmetry (posterior region
wider than anterior region) can be characterized. The ability to
size-match a meniscus replacement, with not only the overall tissue dimensions (AP, ML) but also subtissue dimensions (A, B, P)
and properties (AR, PR), might improve patient-specific
outcomes.
In order to replace the injured menisci with a biomechanically
functional scaffold, our group developed a total meniscus replacement scaffold [21] that provides fiber reinforced polymer of a collagen sponge (Fig. 1(c)). The fibers are arranged around a series
of nodes to simulate the primarily circumferential alignment of
type I collagen fibers in the native meniscus [27]. The fiber network also contains orthogonal fibers to recapitulate the radial tie
fibers in the native tissue [28]. Furthermore, a porous collagen
sponge component allows for cellular infiltration and attachment,
and remodeling of the sponge into organized tissue. The implant
was successfully used for total medial meniscus reconstruction in
an ovine model for up to 2 years [29–31], showing neo-meniscus
formation and long-term cartilage protection. The objective of this
study was to design and optimize a fiber-reinforcement network
for human-sized, patient-specific meniscus devices. Specifically,
we investigated dimensions, root locations, and tissue asymmetry
in human cadaveric menisci, optimized asymmetrical weighting
to recreate the characteristic crescent meniscal shape, and verified
the wedge-shaped, cross-sectional profile. Finally, we fabricated
personalized meniscus scaffolds for a second set of human cadaveric knees, and demonstrated their functional load-sharing

Fig. 1 Meniscus structure—function, dimensions, and implant. (a) Left: compressive forces (FCompression) are displaced axially (FZ) and radially (FRadial). Axial force is counteracted by resultant force (RZ) from tibial plateau. Right: radial forces are converted into circumferential hoop stresses, transmitted through meniscal roots. (b) Anterior–posterior length (AP),
medial–lateral width (ML), anterior width (A), body width (B), posterior width (P), and anterior and posterior root locations. (c)
(top) Fiber-reinforcement of a (bottom) collagen sponge can recreate the meniscal crescent shape.
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properties in situ. These findings lay the foundation for fabricating
personalized meniscus replacement devices, with an emphasis on
structural and morphological considerations.

2

Methods

To validate and test patient-specific parameters (AP, ML, A, B,
P, AR, PR), human cadaveric menisci were obtained from the
musculoskeletal transplant foundation (MTF Biologics, Edison,
NJ). This study was performed on the medial meniscus due to its
propensity for injury [32], yet this technology can easily be implemented for the lateral meniscus. For optimization, a computer
algorithm (MATLAB script) was developed to construct an ellipse to
model the outer rim of the meniscus, place nodes along the ellipse
for testing of weaving configurations, and ultimately simulate
fiber reinforcement weaving. The number of nodes and pattern
number allow for modifications to the fiber network, and can
govern how the fiber alignment is generated in these scaffolds.
Photographs of menisci were used to find human meniscal root
attachment positions relative to the center of the modeling ellipse.
The regional widths (A, B, P) were used in order to optimize the
asymmetry of the fiber network to match that of the meniscus

(P > A). Combinations of nodes and patterns were tested to further
optimize anatomical accuracy. The cross-sectional, wedge-shaped
profile (Fig. 1(a)) of the personalized scaffold was also verified.
Finally, the load-sharing capabilities of the personalized devices
were evaluated after in situ implantation in their respective human
cadaveric knees, obtained from the Robert Wood Johnson Medical
School Anatomical Association (RWJMSAA; Piscataway, NJ).
All human cadaveric studies were performed under an Institutional Biosafety Committee-approved protocol (#16-060).
2.1 Ellipse Construction and Root Location Acquirement.
Seven human cadaveric tibial plateaus with attached medial
menisci were obtained from MTF Biologics, with a mean age of
46.3 years (range: 17–59). Grafts were rejected from clinical use
due to systemic complications or evidence of infection at autopsy.
A high-quality transverse plane photograph (birds-eye) was taken
of each medial meniscus. In MATLAB, a border was manually drawn
around the outer rim of the meniscus, to which an ellipse was fit
(Fig. 2(a); dashed line). The major axis and minor axis of the
ellipse represented the AP and ML dimensions, respectively. The
anterior and posterior root locations along the ellipse path were
then selected (Fig. 2(b); X’s), giving an angle for each root with

Fig. 2 Patient-specific optimization. (a) Meniscus outer circumference drawn and fit by an ellipse. (b) Anterior and posterior
root locations selected with relation to the center of the ellipse. (c) Nodes placed along the circumference of the ellipse
between root locations. (d) Examples of pattern #’s, or number of nodes skipped, showing that pattern #8 under-sizes and pattern #12 over-sizes (arrows), and that pattern #10, even nonoptimized, provides the best approximation of the meniscus. (e)
Node placement equation with equal spacing term and weighted spacing term. Samples of different weighting factor weaves
are given. (f) RMS error is calculated by comparing the simulated fiber pattern widths (dashed line) with the measured meniscus widths (solid line) in the anterior, body, and posterior regions.
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respect to the center of the ellipse (posterior region major axis ¼ 0
deg). This process was repeated five times per image and averaged
to mitigate variability. Obtained root angles were compared to
estimations of root angles (225 deg and 45 deg for anterior and
posterior roots, respectively) from previous in vivo studies
[30,31].
2.2 Node Placement and Spacing. With the anterior and
posterior root locations selected, nodes were placed around the
circumference of the ellipse, between the root locations
(Fig. 2(c)). For evenly spaced nodes, the total angular distance
between root nodes was divided by one less than the total number
of desired nodes (Fig. 2(e)) to calculate the angular difference
between sequential nodes. In order to optimize the asymmetry of
the human medial meniscus, a third term was added to weight
nodes in one direction. Specifically, nodes were weighted to create
greater spacing in the posterior region of the scaffold, in order to
increase the posterior width (P) of the fiber network relative to the
anterior width (A). Similar to prior scaffold fabrication protocols
for ovine studies [29,30], a 25 node assembly was initially used
for optimization. The foundational pattern of the network for the
ovine studies involved weaving fiber between every twelfth node
(pattern #12), but for scale-up to the human meniscus, weaving
fiber between every tenth node (pattern #10) best approximated
the inner margin of all three regions, even without any weighting
(Fig. 2(d)). Other pattern numbers, such as pattern #8 (every
eighth node) or pattern #12 (every 12th node) undersized or oversized networks, respectively (Fig. 2(d)). Furthermore, altering the
weighting factor between 0 and 1 provided a range of asymmetrical fiber weaves (Fig. 2(e), bottom). Simulated fiber winding proceeded past the ellipse at the root locations to wind fibers around
anchor pins (Figs. 3(a) and 3(b)) in order to achieve tails for surgical fixation [33].
2.3 Weighting Factor Optimization. In order to optimize
the weighting factor (W) in the node placement equation
(Fig. 2(e)), dimensions of the cadaveric human menisci were
obtained. One medial meniscus was removed from this analysis,
due to signs of previous meniscectomy, leaving six menisci. Using
digital calipers, the AP and ML dimensions, as well as the
regional widths (A, B, P), were measured by three independent
observers and averaged. An ellipse was constructed in MATLAB
using the AP and ML dimensions, with fixed nodes at the two
previously determined root locations. Twenty-five nodes were
placed with equal spacing around the ellipse as an initial guess,
and a pattern #10 (every tenth node) was “woven” using the algorithm. The simulated anterior, body, and posterior dimensions
(Fig. 2(f); dashed lines) were compared to the measured tissue
dimensions (Fig. 2(f); solid lines) in the anterior, body, and posterior regions, and this difference was minimized by finding the
minimum of the root-mean-square (RMS) error (Fig. 2(f), right)
with the MATLAB fminsearch function. The weighting factor, differences between simulated and measured widths, and minimized
RMS error were recorded.
2.4 Node/Pattern Optimization. The preliminary optimization was performed for each donor based on a 25-node, pattern
#10 combination. Using the average dimensions and values (AP,
ML, A, B, P, AR, PR) from the previous measurements, the
weighting factor was optimized for various node–pattern combinations. Specifically, the number of nodes was varied from 23 to
30, and the pattern # (nodes skipped) was varied from 8 to 15.
The optimized weighting factor and minimized RMS error for
each combination were recorded.
2.5 Cross-Sectional Profile Verification. The weighting factor optimization recreates the crescent shape of the meniscus, as it
relates to the base of the tissue that contacts the tibial plateau.
However, due to the wedge-shaped cross-sectional profile of the
051008-4 / Vol. 142, MAY 2020

meniscus, the optimized pattern cannot simply be repeated, as it
would create a rectangular cross section. In order to recreate the
three-dimensional wedge-shaped profile, patterns were stacked,
proceeding from the pattern #10 at the base of the scaffold, to
intermediate fiber patterns (pattern #9 to pattern #2, moving
upward in the scaffold) in the middle of the scaffold, to a pattern
#1 (every other pin) at the top. When overlaid, depicted in a variety of colors in Fig. 3(a), pattern numbers can be varied with the
height of the scaffold to approximate a triangular cross section.
The base layer (pattern #10) was repeated several times in order
to fortify the inner margin. The set of pattern layers utilized in
prior in vivo studies [31] was modified, and fabrication with 77
layers more consistently produced scaffolds with a height of
6 mm, similar to the native meniscus. The wedge-shaped, crosssectional fiber distribution was observed in the anterior, body, and
posterior regions.
2.6 Personalized Scaffold Evaluation. To evaluate the performance of the personalized scaffolds, implants were fabricated
and tested for their load sharing capabilities in a human cadaveric
knee model. Since MRI was not available for these cadaveric
limbs, the donor’s height, weight, and gender were used to estimate AP and ML dimensions, according to the literature [25].
Average root locations and optimized weighting factor obtained
previously were then used to fabricate asymmetric devices.
Human cadaveric knees were prepared by removing all soft tissue
except the ligaments, menisci, and joint capsule. Knees were
loaded into a custom jig for loading in a mechanical testing
machine. Contact pressure distributions were obtained under one
of four conditions (native meniscus, meniscectomy, re-implanted
meniscus, and custom-designed scaffold) at three degrees of flexion (0 deg, 30 deg, 60 deg). Finally, circumferential tensile testing
was performed on native menisci and scaffolds.
2.6.1 Scaffold Fabrication. Seven human cadaveric knees
were obtained from the RWJMSAA with associated donor information (height, weight, and gender). Three knees were excluded
from the study due to evidence of prior meniscal, ligamentous, or
cartilage damage, resulting in the use of four knees (ages:
51–62 yr/o). All studies were performed under an approved Institutional Biosafety Committee protocol (#16-060). Using multivariate regression data on 930 donor allograft medial menisci [25],
donor height, weight, and gender were used to estimate AP length
and ML width. Based on these dimensions, and root location
(anterior: 208.2 deg, posterior: 53.8 deg) and weighting factor
(0.177) averages from the weighting factor optimization
(Secs. 2.3 and 3.2), an anatomically accurate, asymmetric fiberreinforcement network was designed for each knee [34]
(Fig. 3(a)), based on a 25-node, pattern #10 assembly used in prior
in vivo studies [31]. Values for AP (range: 39.75–43.42 mm) and
ML (range: 29.01–32.39 mm) lengths were calculated, allowing
customization of the fiber network for each donor knee.
Due to its success in previous in vivo studies [30,31], we used
poly(desaminotyrosyl-tyrosine dodecyl ester dodecanoate)
[p(DTD DD)] fiber. The p(DTD DD) polymer was polymerized,
melt-extruded, and hot-drawn into 100 lm monofilaments at the
New Jersey Center for Biomaterials (Department of Chemistry,
Rutgers University, Piscataway, NJ). Fiber was woven around a
circumferential array of pins (placed at algorithm-determined
nodes) with extended tails for surgical fixation and 660 fibers per
cross section (Fig. 3(b)). The network was impregnated with a
collagen–hyaluronan dispersion (20 g/L and 0.25 g/L, respectively) in dilute HCl (Fig. 3(c)). After freezing via ethanol-dry ice
bath (30 min) and lyophilization (50  C, 0.05 mbar, 16 h),
scaffolds were crosslinked in 1-ethyl-3-(dimethyl aminopropyl)
carbodiimide (EDC, 10 mM) and N-hydroxysuccinimide (NHS,
5 mM) solution, and washed (three 10 min H2O rinses, one 2 h
100 mM sodium phosphate rinse, and one 24 h H2O rinse), followed by freezing and lyophilization [35]. Finally, scaffolds were
sterilized via gamma irradiation (25 kGy; Sterigenics, Rockaway,
Transactions of the ASME

Fig. 3 Scaffold fabrication, cadaveric knee preparation, and testing setup. (a) Fiber weaving design optimized
in MATLAB to match calculated meniscus dimensions from each donor. (b) Fiber woven around circumferential
array of pins and (c) injected with collagen-hyaluronan dispersion. (d) Final scaffold after carbodiimide crosslinking, lyophilization, and sterilization. (e) Cadaver tibia potted in bone cement parallel to the horizontal. (f)
Three sets of guide holes drilled into femur (due to internal/external rotation and varus/valgus differences at
each angle). (g) Each set of two holes used to load femur into custom Instron jig. MCL was cut and sutured to
allow (h) insertion of Tekscan strips under meniscus/autograft/implant. (i) Bose ElectoForce Cryo Clamps used
for ultimate tensile testing. (j) Orientation of ultimate tensile testing to determine the mechanics of tissue and
scaffolds parallel to the circumferential axis.

NJ) to mimic the fabrication process for a sterile, clinically applicable implant (Fig. 3(d)).
2.6.2 Testing Preparation and Scaffold Implantation. Human
cadaveric legs were dissected to isolate knees, with great attention to leaving the four major ligaments (anterior cruciate ligament, posterior cruciate ligament, medial collateral ligament (MCL),
lateral collateral ligament), two menisci (medial, lateral), and surrounding joint capsule intact. Femurs and tibias were cut with an
oscillating saw 15 cm above and below the joint line, respectively,
and cleaned of soft tissue. Tibias were potted with poly(methyl-methacrylate) (PMMA) bone cement in 3 in. diameter PVC fixtures, using
levelers to keep the tibial plateau parallel to the ground (Fig. 3(e)).
Due to changes in internal/external rotation and varus/valgus through
various angles of flexion [36,37], femurs were drilled (9 mm
Journal of Biomechanical Engineering

diameter) with three set of holes (Fig. 3(f)) to allow for mounting
into a custom Instron jig (Fig. 3(g)) with two pins for each angle to
lock the knee into an angle of flexion. For pressure strip insertion,
the MCL was severed at the femoral insertion and resutured with a
running stitch (Fig. 3(g)), and the suture was fixed on the lateral
aspect of the femur through a 2.5 mm bone tunnel. This MCL release
technique allowed the ligament to be reengaged following pressure
strip insertion. The pressure-sensing strip (Tekscan K-Scan 4000,
Boston, MA) was cut to the size of the joint, augmented with plastic
tabs, and sealed with three layers of Tegaderm (3M Medical, St.
Paul, MN). For testing, the Tekscan sensor was inserted (Fig. 3(h))
under the native meniscus, reimplanted meniscus, or scaffold, or on
top of the tibial plateau for meniscectomy, and petroleum jelly was
used to ease sensor insertion. Extended plastic tabs were pinned to
the tibia to prevent sensor movement during loading.
MAY 2020, Vol. 142 / 051008-5

Fig. 4 Scaffold implantation. (a) Anterior and posterior tunnel schematic of our medial meniscus replacement.
(b) Anterior tunnel (30 mm) location with implant tail inserted through tunnel and guide hole and fixed with
anterograde interference screw. (c) Posterior tunnel (50 mm) location, tunnel drilled with aiming guide, and tail
fixed with retrograde interference screw. (d) Scaffold implanted with tail entrances and exits.

For implantation of the fiber-reinforced device (Scaffold), since
rigid bony fixation is superior to suture fixation for both meniscal
allografts [38,39] and for meniscus devices [33], we aimed to utilize fixation through bone tunnels (Fig. 4(a)). Bone tunnels (6 mm
diameter) were drilled at the anterior (Fig. 4(b)) and posterior
(Fig. 4(c)) root locations as previously described [33]. Once the
scaffold was delivered into the joint, the anterior tail was fixed in
an anterograde fashion through the same portal. The posterior tail
was then fixed in a retrograde fashion (Fig. 4(d)), as posterior
anterograde screw insertion would potentially disrupt innervation
and/or vasculature. The medial exit location of the posterior tunnel was selected due to potential muscle disruption with a lateral
exit, as well as the ability of increased bone density of the medial
tibia to provide enhanced fixation [33,40]. During implantation of
scaffolds in this study, the anterior tail was fixed first, followed by
hand-controlled tensioning and fixation of the posterior tail. In the
clinical setting, the device would also be sutured to the surrounding joint capsule; however, this was not performed in this study
due to its hindrance of pressure-sensing strip insertion.
2.6.3 Contact Stress Testing. Following augmentation and
sealing, Tekscan sensors were preconditioned for five cycles to
2000 N, followed by calibration at 200 N and 800 N. Sensors were
inserted into joints, and knees were hydrated with phosphatebuffered saline repeatedly throughout testing. Knees were axially
compressed for 20 cycles to 500 N of medial load, as measured by
the Tekscan sensor. The first five cycles were classified as preconditioning, and the peak of the latter 15 cycles was used for calculation of contact stress parameters [41]. Specifically, contact area,
mean contact stress, and peak contact stress were quantified.
Knees were first tested with the native meniscus (Native) at 0 deg,
30 deg, and 60 deg of flexion. For the “meniscectomy” condition,
the medial meniscus was severed at the meniscal root attachments
051008-6 / Vol. 142, MAY 2020

and removed. For “Autograft” implantation, bone tunnels were
drilled as described, and the medial meniscus was augmented with
#5 Ethibond (Ethicon, Somerville, NJ). The suture was passed
through the tunnels and both ends were tied together over the
tibial cortex. This “Autograft” condition served as a simulation of
allograft transplantation with ideal sizing. For the “personalized
scaffold” condition (each cadaveric knee received a custom
implant), the implant tails were inserted through the bone tunnels,
fixed via interference screws, and tested.
2.6.4 Ultimate Tensile Testing. Following nondestructive
contact stress analyses, the autografts (native menisci, n ¼ 4) and
scaffolds (n ¼ 4) were rehydrated in phosphate-buffered saline for
1 h. The anterior and posterior regions were gripped with freeze
clamps (Bose ElectroForce Cryo Clamps, New Castle, DE), with
a gauge length of 10 mm, and the body of samples between the
grips were aligned in the circumferential direction. This short
gauge length was chosen to primarily test tissue parallel to the primary axis of fiber distribution, giving the best approximation of
tensile hoop stress properties. Samples were loaded in tension
until failure at a deformation rate of 10 mm/min. Ultimate tensile
load and tensile stiffness were obtained from load–deformation
curves.
2.7 Statistical Analysis. For root location acquirement, root
angles were compared to estimated values with a one-sample
t-test. For weighting factor optimization, anterior, body, and posterior dimensions were analyzed with a matched one-way analysis
of variance (ANOVA) with post hoc Bonferroni tests, and RMS
error was compared between equally spaced nodes and weighted
nodes with a paired t-test. All three parameters from the contact
stress analysis were analyzed with a three-factor ANOVA for
independent variables (donor, angle of flexion, and condition).
Transactions of the ASME

Fig. 5 Root location acquirement. (a) Estimated root angles from prior studies and average root angles determined from
cadaveric samples. Insets show alteration in shape of fiber network based on accurate root locations. (b) Anterior and posterior root angles (n 5 7) of human cadaveric knee menisci with relation to the ellipse center. Data represented by dot plot.
Dashed line indicates estimate, and solid line indicates average of measurements.

Subsequent one-way ANOVA with post hoc Bonferroni tests were
performed to determine differences between conditions. Ultimate
tensile load and tensile stiffness between native menisci and scaffolds were compared with a paired t-test. Significance levels were
considered p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).

3

Results

3.1 Ellipse Construction and Root Location Acquirement.
Ellipse size and node arrangement could be altered based on the
input AP and ML dimensions, as well as root locations. In prior
studies [21], anterior and posterior root locations of 225 deg and
45 deg were assumed, as they are the center of the third and
fourth quadrants (Fig. 5(a), left). Measurement of the root locations showed that root locations were not at these angles
(Fig. 5(a), right), impacting the shape of the fiber network
(Fig. 5(a), insets). The average anterior root angle was
208.2 6 6.3 and average posterior root angle was 53.8 6 6.7
(Fig. 5(b)), significantly different (p ¼ 0.0004 and p ¼ 0.0130,
respectively) than the estimated root angles. Little intrasubject
variability existed between the five measurements for each separate specimen (standard deviation ¼ 0.94 deg). The ranges of anterior and posterior root angles of intersubject variability were
18.24 and 18.62, respectively, indicating that root placement may
need to be varied patient-by-patient for personalization. Thus, the
root locations for each meniscus were used in the weighting factor
optimization to follow. Clinically, these root attachments could be
found with MRI image reconstructions in order to make patientspecific menisci.
3.2 Weighting Factor Optimization. Examples of symmetrical (W ¼ 0) and asymmetrical (0 < W < 1) node arrangements and
resulting pattern #10’s demonstrated the ability to vary anterior,
body, and posterior widths (Fig. 2(e), bottom), while maintaining
AP and ML dimensions. Specifically, as the weighting factor
increased, the posterior region of the fiber network increased in
width relative to the anterior region. Measurement of meniscus
tissue dimensions (Fig. 6(a)) determined that this weighting
toward the posterior region is needed (greater posterior width),
and measured widths were relatively consistent with the literature
[23]. Minimization of the RMS error caused the predicted fiber
network to mimic the meniscus morphology better than equally
spaced nodes (Fig. 6(b)). An average weighting factor of
0.177 6 0.095 (range: 0.068–0.319) was found to minimize the
RMS error. The simulation provided a significantly lower
optimized anterior width than measured (p < 0.05), but more
accurately predicted the body and posterior widths (Fig. 6(c)).
Overall, optimized weighting of nodes provided a significantly
lower (p ¼ 0.0091) RMS error than equally spaced nodes (51.0%
reduction; Fig. 6(d)).
Journal of Biomechanical Engineering

3.3 Node-Pattern Optimization. As the number of nodes
was increased, the pattern # required to minimize RMS error also
increased. In general, for every two nodes added, the pattern #
(number of nodes skipped) increased by one. Adding extra nodes
without increasing the pattern # left an undersized implant
(Fig. 7(a), black arrows), whereas increasing the pattern # without
increasing the number of nodes yielded an oversized implant
(Fig. 7(a), white arrows). Additionally, as the number of nodes
increased, the weighting factor decreased (Fig. 7(b)), meaning
that less weighting was required. Likewise, within a specific number of nodes, increasing the pattern number also decreased
weighting factor (Fig. 7(c)). The optimal combination for the
average of the six cadaveric knees was a 30-node/pattern #13
(RMS error ¼ 0.22), followed by a 28-node/pattern #12 (RMS
error ¼ 0.26). Since patient root locations and regional widths will
vary, this optimization could be used for each patient’s specific
dimensions, giving a greater approximation of anatomical accuracy by allowing changes in the number of nodes and patterns
(note: the initial starting guess for each optimization was varied
from 0 to 1 in order to rule out local maxima and minima in the
fminsearch function).
3.4 Cross-Sectional Profile Verification. Average root locations and average optimized weighting factor of 0.177 were used
to construct an entire scaffold. Interspersing intermediate pattern
numbers between pattern #10 (approximates inner margin) and
pattern #1 (approximates outer margin) throughout the height
of scaffold reduced gaps within the fiber network (Fig. 8(a)). Furthermore, a wedge-shaped cross-sectional profile was noted as
pattern numbers decreased with height, both during simulation
(Fig. 8(b)) and after scaffold fabrication (Fig. 8(c)). Finally, circumferential fibers were concentrated to the outer margin of the
scaffold, similar to native tissue [28].
3.5 Scaffold Evaluation. Personalized scaffolds were
implanted into their respective dissected joints, with no implant or
tail ruptures. Following implantation, all scaffolds appeared to be
appropriately sized, resulting in joint congruence and motion similar to the native meniscus. Donor (p ¼ 0.0602) and angle of flexion (p ¼ 0.1854) were shown to have an insignificant influence on
outcomes, whereas condition (native, meniscectomy, autograft,
scaffold) was highly influential (p < 0.001). Thus, the following
results emphasize differences between conditions.
The native meniscus provided load distribution over the majority of the medial tibial plateau (497–597 mm2), with nearly equal
stresses between regions with cartilage–meniscus (CM) and CC
contact [42]. The center of loading shifted posteriorly (5–10 mm)
as angle of flexion increased (Fig. 9, first column). Meniscectomy
(Fig. 9, second column) resulted in a 51–60% reduction in contact
MAY 2020, Vol. 142 / 051008-7

Fig. 6 Weighting factor optimization. (a) Measured anterior–posterior length, medial–lateral width, and anterior/body/posterior widths. Mean 6 standard deviation and range given. (b) Example of fiber weave with (top)
equally spaced nodes and (bottom) optimized nodes. Circles represent intersections between the fiber network
and the anterior, body, and posterior planes. (c) Anterior, body, and posterior widths of measured meniscus tissue, fiber network with equally spaced nodes, and fiber network with optimized nodes. Dot plot with mean represented by horizontal line. (d) RMS error of fiber networks with equally spaced and optimized nodes,
compared to measured tissue. Lines represent matched samples. *p < 0.05, **p < 0.01.

area (239–253 mm2), and at least a twofold increase (p < 0.05) in
both mean and peak contact stress. The location of stress following meniscectomy shifted primarily to the “CC” cartilage region.
Autograft implantation (reimplanted native meniscus; Fig. 9, third
column) provided partial restoration of all three contact parameters, with a substantial portion of stress remaining on the CC cartilage region. In the “CM” region of the Autograft condition, load
was observed under the anterior and posterior horns, but not under
the body region. Implantation with the scaffold (Fig. 9, fourth column) restored pressure distribution to a greater extent than the
Autograft condition, showing similarities to the native meniscus.
Stresses were still slightly elevated in the CC regions over the CM
regions, but loading was observed under the majority of the
implant.
051008-8 / Vol. 142, MAY 2020

Contact area and mean contact stress (Figs. 10(a) and 10(b)) of
the Scaffold group at all three joint angles were not significantly
different than native values, and showed significant improvement
over the meniscectomy condition. Peak contact stress (Fig. 10(c))
of the Scaffold group was significantly greater than that of the
native meniscus. With relation to the decreased contact area values and increased stress values due to meniscectomy, the scaffold
group provided better restoration (contact area 63.6%, mean contact stress 79.9%, peak contact stress 44.8%) of all three parameters than the Autograft group (contact area 39.8%, mean contact
stress 60.0%, peak contact stress 22.1%).
All four native menisci and all four scaffolds experienced midsubstance failure during ultimate tensile testing. With the orientation of the menisci within the cryoclamps, the inner margin
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Fig. 7 Node-pattern optimization. (a) Examples of different node–pattern combinations for estimation of the inner margin.
24-, 26-, and 28-node ellipses with pattern #10, #11, #12. Bolded boxes contained RMS errors under 0.5. Black arrows depict
areas where the optimization created a dimension too small (“uncovered” meniscus) and white arrows depict areas where the
optimization created a dimension too large (areas of fiber not “covering” meniscus). (b) Weighting factor and (c) RMS errors
for different node–pattern combinations.

Fig. 8 Cross-sectional scaffold verification. (a) All 10 patterns laid on top of one another to show fiber-reinforcement network.
(b) Plotted cross section in the anterior, body, and posterior regions. (c) Anterior and posterior cross-sectional views of scaffolds confirm wedge-shaped cross-sectional morphology (black-dashed line).

typically ruptured first, propagating toward the outer margin.
Sample load–deformation curves are shown in Fig. 10(d).
Ultimate tensile load of scaffolds (765.3 þ 79.1 N) was 17.5%
greater (p ¼ 0.336) than that of native meniscus tissue
(651.2 þ 203.7 N). The tensile stiffness of implants was also
greater (23.8%, p ¼ 0.445) than native medial menisci. Tensile
data are shown in Fig. 10(e).

4

Discussion

Personalized tissue engineering has recently gained traction
[43], as therapies that address each patient’s individual needs can
potentially improve outcomes. This is especially true of loadbearing tissues in orthopedics, as subtle differences in the
shape or size of an implant can have a significant impact on load
distribution. In this study, we designed and optimized a fiberreinforcement network for a composite meniscal scaffold, with
the goal of creating devices that effectively distribute loads within
the knee joint. We demonstrated that meniscal tissue has a high
degree of variability with regard to tissue and subtissue dimensions, and to our knowledge, this was the first study to investigate
root attachment locations in order to personalize a meniscus
replacement. Furthermore, we showed that optimization of the
fiber network via weighting significantly reduced the error
between the regional widths of the simulated fiber scaffold and
Journal of Biomechanical Engineering

native menisci. Perhaps most impactful is that the anatomically
accurate meniscus scaffolds successfully distributed loads to nearnormal levels within human cadaveric knee joints following total
meniscus replacement.
Allograft transplantation represents the most common total
meniscus replacement strategy [44], and “personalization” is typically limited to matching the anterior–posterior length and
medial–lateral width as best as possible. Replacement scaffolds
used in vitro or preclinically in vivo have typically size-matched
using three or four different sizes [45,46], selecting the size that
best fits the joint. However, mismatching grafts by just a few
millimeters can have drastic effects on load-sharing properties
[12,22]. Furthermore, improper matching of regional widths may
leave joints with joint congruity issues as well as areas of exposed
cartilage. The animal models used typically exhibit regional
widths that are relatively comparable (e.g., sheep; A ¼ 9.83 mm,
P ¼ 10.83 mm), whereas human menisci widths are drastically different (A ¼ 8.50 mm, P ¼ 14.83 mm) [47,48]. This indicates the
need to factor in asymmetry. Our study successfully showed the
ability to obtain simulated regional widths less than 1 mm different than that of human cadaveric menisci. While the simulated
anterior width remained significantly different than that of native
menisci, the algorithm was accurate in its simulation of the posterior width. This is especially significant in that the posterior region
of the meniscus typically faces the greatest stresses [49,50], and is
MAY 2020, Vol. 142 / 051008-9

Fig. 9 Contact pressure distributions. Representative Tekscan images of native, meniscectomy, autograft, and
scaffold conditions at the three angles of flexion (0 deg, 30 deg, 60 deg). Color bar ranges from 0 to 6 MPa. CM
and CC depicted in top left figure as cartilage–meniscus and cartilage–cartilage contact, respectively.

often thought to be more important to meniscal function. Further
optimization with node–pattern combinations reduced these differences to less than 0.5 mm, displaying the ability of the weighting algorithm to recapitulate this difference in regional widths in
addition to meniscal length (AP) and width (ML). While not performed in this study, this weighting factor optimization could be
extended to determine the overlapping area between the predicted
fiber weave and the actual meniscal shape, and this might potentially be utilized to achieve even greater anatomical accuracy. In
addition, the calculation and implementation of root attachment
locations, to our knowledge, have never been performed. With the
high variability (almost 20 deg) in these coordinates, and the
importance of meniscal roots in hoop stress generation, fabricating scaffolds with these locations under consideration may be crucial to their success.
To better match the subtissue dimensions and properties of
native meniscal tissue, researchers have developed systems that
utilize MRI reconstruction to either injection mold [46] or
3D-print scaffolds [19,51]. While this may allow for anatomical
accuracy, injection molding results in constructs with isotropic
properties, and 3D-printing personalization is typically performed
on only two axes. Therefore, these scaffolds often do not contain
continuous circumferential fibers that generate hoop stresses, and
often lack the tensile properties required of meniscal tissue [52].
The fiber-reinforced technology in this study allows for the incorporation of polymer fibers that are continuous from one root
attachment to the other, and through tails, which allow for hoop
stress generation through bony insertions. While not used here,
MRI reconstructions could easily be used to input desired meniscal dimensions and root locations into the algorithm, for optimization of weight factor and node assembly.
051008-10 / Vol. 142, MAY 2020

The algorithm optimization was then successfully translated to
fabrication of entire scaffolds, obtaining a wedge-shaped crosssectional profile with a height consistent with obtained human
cadaveric menisci.
Finally, to evaluate our human-sized meniscus devices, we performed a contact pressure analysis. Several studies have quantified
pressure distributions in knees with meniscus tears [53], meniscectomy [53,54], or allografts [38], but to our knowledge, only
two previous studies [12,46] quantified the load-distributing capabilities of a meniscus replacement scaffold. In this study, total
meniscectomy resulted in a 56% decrease in contact area and
126% increase in mean contact stress, similar to results of Lee and
colleagues (54% and 134%, respectively, [5]). Implantation of our
scaffold provided substantial improvement in the pressure distribution, specifically with regard to increasing the contact area and
decreasing mean contact stress. Vrancken and colleagues also
showed improvement over meniscectomy [46], but unlike the
present study, did not observe better contact stress values than
graft replacement. Surprisingly, autograft replacement, which can
be considered a perfectly sized graft, did not restore load distribution as allografts typically do. This is likely attributed to the use
of suture fixation [38] for the autograft, which can allow the graft
to extrude during loading and reduce its load-bearing potential. In
contrast, allografts display better load-bearing with bone plug or
bone trough fixation, which are relatively comparable to the rigid
boney fixation of our graft. The personalized scaffolds in our
study provided substantial reduction of stress on the exposed
cartilage surfaces, potentially delaying or eliminating the onset of
arthritic changes in clinical use. Overall, our scaffold provided an
80% reduction in the contact stress measured following meniscectomy, indicating its joint-protecting capacity. These load-sharing
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abilities are likely attributed to the anatomically accurate, fiberreinforcement network that closely mimics the tensile mechanics
of the native meniscus, providing hoop stress generation that
isotropic scaffolds do not provide [55].
This study did have a few limitations. First, the human cadaveric samples, including menisci for optimization and knees for
contact stress evaluation, were limited, as donors without signs of
previous joint degeneration were difficult to obtain. Nonetheless,
this study still demonstrated the ability of patient-specific scaffolds to be optimized and fabricated, and their successful distribution of stress in cadaveric knees. A second limitation was that
MRI was not performed of cadaveric knees to personalize
scaffolds for load distribution studies, as this was outside of our
laboratory capabilities, yet these techniques could certainly be
used upon translation to the clinic. Third, we did not evaluate
anterior–posterior laxity or meniscal translation [46], as we were
primarily focused on the pressure distribution. Also, of significance is that the scaffold is resorbable; polymer fiber mechanics
decrease after 16 weeks [56], potentially impacting hoop stress
generation. It is important to note, however, that significant tissue
deposition and organization occurred over these 16 weeks in an
ovine model [29], and compressive properties of the scaffold
improved with time postimplantation [30]. Moreover, the fiberreinforced scaffold displayed chondro-protection relative to
meniscectomy in those implantation studies, consistent with
results of this study, suggesting that meniscal hoop stress generation in the scaffold plays a role in mitigating damage to the joint,
in sheep knees in vivo as well as in human knees in situ.

5

Conclusions

In this study, we demonstrated the ability to optimize and fabricate personalized fiber-reinforcement networks for meniscus tissue engineering. By using tissue properties beyond conventional
length and width, the morphology of the native meniscus can be
better recapitulated. The properties and concepts utilized
through this optimization can conceivably be implemented in
other fabrication approaches (3D printing, weaving, electrospinning) in order to customize scaffolds to maximize outcomes in
each patient. Additionally, a similar approach could be utilized for
other load bearing tissues, especially fibrocartilage tissues like the
annulus fibrosis and temporomandibular joint disk. Furthermore,
this is the first study to show a total meniscus replacement scaffold with superior mechanical functionality to both meniscectomy
and meniscal graft transplantation. The results demonstrate the
scaffold’s ability to distribute loads in the joint, potentially delaying or eliminating the onset of joint degeneration if used clinically
following meniscal injury, degeneration, or meniscectomy.
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