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� Bioinspired nanofibrous gelatin scaf-
folds featuring fiber density gradients
were fabricated via an electro-
spinning process.

� A finite element model was devel-
oped to examine inhomogeneous
stress distribution of graded fibrous
networks at a notch root.

� Microstructural gradients resulted in
corresponding gradual changes of
properties over the thickness of the
scaffold.

� Gradients in both network density
and fiber alignment increased the
toughness of the graded fibrous
scaffolds in simulations.
a r t i c l e i n f o

Article history:
Received 18 June 2019
Received in revised form
2 September 2019
Accepted 3 September 2019
Available online 4 September 2019

Keywords:
Functionally graded materials
Multilayer fibrous scaffolds
Electrospinning
Tissue engineering
Finite element analysis
Mechanical properties
a b s t r a c t

Multilayer nanofibrous scaffolds that mimic the microstructure gradient of connective tissues have
shown promising results in tissue regeneration, but the effect of these gradients on the mechanical
performance of fiber meshes is poorly understood. In this study, trilayer nanofibrous gelatin scaffolds
with gradually increasing fiber diameters (227e679 nm) and pore sizes (1.14e4.93 mm2) were fabricated
using a sequential electrospinning process, producing a fiber density gradient over the scaffold thickness.
The mechanical properties of the fibrous scaffolds were evaluated using uniaxial tensile and fracture
tests. Deformation of microscopic crack tip openings was simulated using finite element analysis. Results
from uniaxial and fracture tensile tests showed that the mechanical properties of fibrous scaffolds were
governed by network architectures. The microstructure gradient yielded corresponding changes of
material properties over the scaffold thickness. Simulation results showed different stress distribution
and energy dissipation at each layer of the graded scaffolds. Finite element analysis also revealed that a
combination of network density and alignment gradients can improve fracture toughness of graded
scaffolds. This study provides guidelines and methodologies for designing tailored gradient fibrous
scaffolds to more closely mimic the structural and mechanical properties of native interfacial tissues.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
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1. Introduction

Multilayered fibrous structures have a variety of functions in
multiple applications, ranging from filtration, to textiles, to tissue
engineering. In filtration, multilayer structures affect pressure drop
and dust holding efficiency [1,2]. Multilayer fibers in textiles can act
as an acoustic absorption material to reduce noise [3]. Further,
multilayer fibrousmaterials are used as tissue engineering scaffolds
to provide suitable microenvironments for cells to support the
repair and regeneration of injured tissues.

Microstructural and compositional gradients have been found in
several interface tissues, such as ligament-to-bone [4], tendon-to-
bone [5] and cartilage-to-bone [6]. These gradients play impor-
tant roles in transmitting loads from soft to hard tissues [7e9].
Variations in extracellular matrix composition and microstructural
architecture were also found in connective tissues, including
cartilage [10]. In cartilage, this variation leads to directional stiff-
ness characteristics and inhomogeneous distribution of strain
[11,12].

Due to their importance in the performance of biomechanical
functions, gradient structures have inspired design of biomimetic
tissue engineered scaffolds. Methods to produce scaffolds with
gradient structures include additive manufacturing/3D printing
[13], iterative layered freeze-drying processes [14], and electro-
spinning [15,16]. Gradients are achieved through the development
of microstructural architectures, which vary across the scaffold
thickness. This includes varying pore sizes [17], fiber alignment and
orientation, chemical composition [18] and combinations of these
properties [19].

Functionally graded scaffolds with thickness-dependent
microstructural architectures mimic the native microenvironment
and provide instructive cues for cell growth and regeneration.
Implementation of these biomimetic graded scaffolds in both
in vitro and in vivo studies indicated promising results for directing
cell fate and tissue regeneration. Graded scaffolds were found to
improve cell differentiation [20], seeding efficiency, and cell dis-
tribution [21] as compared to homogeneous scaffolds. Gradient
microstructures were also used as a template to guide cell organi-
zation [22] and transportation of both nutrients and cells [16].

While in vitro and in vivo applications of functionally graded
scaffolds have been extensively studied, there is still an incomplete
understanding of the mechanical behavior of graded scaffolds.
Bilayer electrospun membranes have been shown to possess a
larger modulus and improved fracture properties compared to
single layered membranes [23]. Multilayered electrospun scaffolds
with gradient structures eliminated anisotropic strain properties
and resulted in a mechanically integrated unified fracture [24].
Most studies on the mechanical evaluation of fibrous scaffolds have
been based on homogeneous systems [25,26]. Finite element
simulation of two dimensional micromechanical fibrous networks
on short fibers [27] and long fibers [28,29] demonstrated that
elastic modulus of the networks was dependent on their micro-
structural architectures, including fiber diameter, density and inter-
fiber bonding. In addition to microstructural architecture, fiber
properties, including gel strength, also influence scaffold properties
[25,30e34].

This study investigates the effect of varying microstructural
morphologies, in particular fiber diameter, fiber density and fiber
alignment, on the mechanical properties of graded nanofibrous
scaffolds. We hypothesize that multilayer graded scaffolds will
exhibit improved fracture behavior as compared to homogeneous
materials, which can then be used to prevent mechanical mismatch
and discontinuity at tissue interfaces. Ultimately, our aim is to
better understand the design and fracture behavior of graded
scaffolds using experimental and computational methods to inform
rational design of scaffolds for interfacial and connective tissue
engineering.

Functionally graded trilayer scaffolds with gradually increasing
fiber diameter (~200 to ~700 nm) were produced by varying pro-
cess parameters in a sequential electrospinning technique. Homo-
geneous scaffolds, featuring similar microstructural architectures
to individual layers of the graded scaffold, were fabricated to serve
as a basis of comparison for morphological characterization and for
mechanical testing. Uniaxial tensile and fracture tests were con-
ducted and fracture mechanisms of the homogeneous and graded
scaffolds were observed. Computational finite element analysis of
the microscopic fracture at the crack tip of three dimensional
graded fibrous scaffolds was performed. Microstructural architec-
ture variations, including gradients in network density and fiber
alignment, were also simulated to provide future design guidelines
for functionally graded scaffolds.

2. Materials and methods

2.1. Experimental section

2.1.1. Sample preparation
A 25wt% solution of cold water fish skin gelatin with a molec-

ular weight of 60 kDa (Sigma Aldrich, USA) in a mixture of 90wt%
glacial acetic acid (Merck, Germany) and 10wt% water was pre-
pared. The gelatin solution was stirred overnight at room temper-
ature before loading into a 50mL plastic syringe (Terumo, UK) in
our bespoke electrospinning apparatus. The solution was pumped
through a blunt 23 gauge needle (Terumo, UK) at a constant feed
rate by a syringe pump (KD Scientific, USA). A voltage was supplied
between the needle and a grounded metal collector using a high
voltage power supply (Glassman, UK) to produce nanofibers.

A sequential electrospinning process was used to produce
functionally graded scaffolds consisting of distinct trilayer micro-
structures. For each layer, electrospinning process parameters of
voltage, feed pump rate, working distance, and deposition time
were varied. In the first step, operating parameters were set to
voltage V¼ 9 kV, pump rate f¼ 0.15ml/h and distance d¼ 20 cm.
After 30 h of electrospinning, the machine parameters were then
adjusted to V¼ 15 kV, f¼ 0.3ml/h and d¼ 20 cm for the second
step. After 6 h of the electrospinning process, the machine pa-
rameters were finally adjusted to V¼ 15 kV, f¼ 0.45ml/h and
d¼ 15 cm for the third step. The process was completed after
45min of electrospinning.

In order to compare mechanical properties of the individual
layers, three homogeneous scaffolds were also fabricated. Homo-
geneous scaffolds with densely packed fibers (DH) were fabricated
using the parameters of the first step of the sequential process.
Homogeneous scaffolds with moderately packed fibers (MH) were
fabricated using the second step process parameters. Homoge-
neous scaffolds with sparsely packed fibers (SH) were fabricated
using the third step parameters for 2 h, rather than 45min. Eight to
twelve samples were prepared from each type of scaffold for tensile
and fracture tests. The thickness for each sample was measured
three times using digital calipers (Facom, France). The thicknesses
of graded, DH, MH and SH scaffolds were 0.56 ± 0.13, 0.16± 0.04,
0.34± 0.05 and 0.33± 0.06mm, respectively.

2.1.2. Morphology characterization and quantification
Cross-sectional and top-view morphologies of the graded scaf-

folds were observed via scanning electron microscopy (SEM, Hita-
chi, USA). To observe the morphology of each layer, samples were
prepared by cutting squares of approximately 10mm� 10mm
from the scaffold after each step of the electrospinning process. To
observe the cross-sectional morphology, following the completion



W. Khoo et al. / Materials & Design 184 (2019) 108184 3
of the sequential electrospinning process, the graded scaffold was
cut across its thickness using a scalpel and visualized using SEM.

All samples were gold coated before SEM observation at an
accelerating voltage of 10 kV. The network morphology, including
fiber diameters, pore sizes and fiber orientation of each layer, were
quantified using image analysis software ImageJ (NIH, Bethesda,
MD, USA) [35]. For pore size measurement, the SEM images were
first converted to black and white. The area of the void space be-
tween fibers wasmeasured as pore size, using themeasuring tool in
ImageJ. The average fiber diameters and pore sizes were deter-
mined by measuring and averaging the diameters of ten randomly
chosen fibers and pore sizes respectively from one SEM image for
each type of scaffold.

2.1.3. Uniaxial and fracture tests
Uniaxial tensile and fracture tests were performed on both

functionally graded scaffolds and homogeneous scaffolds using a
universal testing machine (Lloyd Instruments Ltd., UK). A 10 N load
cell was used for homogeneous scaffolds, which experienced forces
up to 8.5 N. Functionally graded scaffolds experienced forces up to
46 N, necessitating the use of a 500 N load cell. Scaffolds for both
tests were cut into a rectangular shape of 24mm in width and
3mm in height. For fracture test samples, a notch with 8mm length
was introduced at the center of the sample, perpendicular to the
loading direction. The test samples were gripped along their width
and separated at constant speed of 3mm/min until failure. Four to
six samples were tested for each tensile and fracture test.

The tensile strength sf, fracture strain εf, and elastic modulus E
were measured from the uniaxial test. The tensile strength, sf, was
the maximum stress value in the stress-strain response. The frac-
ture strain, εf, was the strain corresponding to the tensile strength.
The elastic modulus, E, was determined from the slope of the linear
region of the stress-strain curves, between ε¼ 0.1 and ε¼ 0.15. The
fracture toughness, Gc, was determined following the method
described by Rivlin and Thomas [36]. Gc was calculated using Eq.
(1):

Gc ¼ Wolo (1)

The elastically stored energy per unit volume, Wo, was deter-
mined from the area under the stress-strain curve of the uniaxial
test sample, up to the fracture strain, εf, of fracture samples. The
initial distance between the clamps, lo, is the height of uniaxial test
samples.

The fracture surface of the crack tip was examined following the
method developed by Koh et al. [37]. The samples were stretched
on the universal testing machine to the assigned engineering
strains of ε1¼0.11, ε2¼ 0.29, and ε3¼ 0.33, which were informed by
the results of the fracture testing. The sections of the deformed
samples containing the crack tips were then affixed to adhesive
tape and visualized by SEM.

2.1.4. Statistical analysis
Results are expressed as mean± standard deviation. Statistical

analysis was conducting using one-way ANOVA analysis and
Fisher’s test. A p value of <0.05 was considered to be statistically
significant.

2.2. Computational analysis

2.2.1. Finite element modeling
Meshes were generated using MATLAB (Version 2017, Math-

Works, Natick, MA, USA). Finite element analysis was performed
with Abaqus (Version 2017, SIMULIA, Providence, RI, USA). Models
were constructed by depositing fibers in separate x-y planes in a
three-dimensional circular unit model. These fibers were placed at
random locations, with a slopem following the user-defined angles
Ɵ (Fig. 1). The defined angle Ɵ represents the alignment of the fi-
bers and generates random lines inclined from negative to positive
slopes (Eq. (2)).

tanð� qÞ<m< tanðqÞ (2)

The models had the first layer (i¼ 1) placed at z1¼0. Consecu-
tive layers were placed in a separate plane at ziþ1¼ ziþ Δz, with
offset distance Δz from the previous layer. The offset distance was
determined from the sum of fiber radii of both adjacent layers.

Random fibers were crosslinked by assigning the same nodes at
the intersection points. Two types of crosslinking modeled in this
work include intralayer crosslinking, where 15% of the intersection
points on each layer were randomly crosslinked, and interlayer
crosslinking, where 15% of the intersection points of fibers located
on two adjacent layers were randomly crosslinked. Fiber density, rf,
was defined as the sum of fiber length per unit area, and was
calculated using MATLAB.

Both density and alignment gradient models were studied in
this paper, involving the construction of three types of graded
networks: density graded (DG), alignment graded (AG), and density
and alignment graded (DAG) networks. Homogeneous multilayer
networks were also modeled. The DG networks have density
gradually reduced over the network thickness. The density gradient
was quantified as the percentage fiber density change between
fibrous networks located on two consecutive layers. The AG net-
works had fiber orientation gradually changed over the network
thickness. The DAG networks had both density and alignment
changed over the thickness.

Fibrous network models were constructed with two levels of
fiber density (Table 1). The number of fiber N was assigned to
randomly generate fibers in a circular unit of fibrous network. The
value of fiber density rf was then determined from the networks in
MATLAB. The first level of fiber density ranged from 6.6 to 6.8 mm�1

while the second level ranged from 67 to 68 mm�1. The DG net-
works were constructed with gradients ranging from 10% to 58%.
Alignment angles were assigned from 15� to 90� at each layer in AG
and DAG networks. All case studies were repeated three times to
account for the stochastic nature of the fibrous networks.

Meshes generated from MATLAB were imported into the finite
element software, Abaqus. Fibers were modeled with Timoshenko
beam (B31) and were analyzed using nonlinear finite element
analysis, which considers large strain and rotation. All fibers were
definedwith diameterØ of 300 nm, Young’s modulus, E, of 100MPa
and fracture strength, sf, of 30± 4MPa.
2.2.2. Fracture analysis
Detailed deformation of the fibrous microstructure around the

crack tip was modeled by constructing fibrous networks in a cir-
cular unit (radii ranging from 5 to 75 mm) with a notch length
corresponding to the unit radius. All nodes located on the perim-
eter of the circle were assigned with displacements u1 and u2 (Eqs.
(3) and (4)), which are associated with the macroscopic crack tip
field for homogeneous and isotropic materials. The applied dis-
placements were calculated from the classical equations of linear
elastic fracture mechanics [38]:

u1 ¼ 1
2
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Fig. 1. Schematic illustration of (a) experimentally produced graded electrospun scaffolds and (b) finite element model for density graded fibrous networks.

Table 1
The network parameters of homogeneous (H), density graded (DG), alignment graded (AG) and density and alignment graded (DAG) networks.

Network name Fiber density, rf (1st layer) (mm�1) Density gradient, G (%) Fiber alignment, Ɵ (�) Model size, r (mm) Fiber number, N(1st layer)

H1 6.8± 0.1 0 90 75 1170
H2 68.5± 0.9 0 90 5 800
DG1 6.7± 0.1 10± 2 90 75 1170

6.7± 0.1 18± 2 90 75 1170
6.7± 0.2 29± 1 90 75 1170
6.6± 0.2 42± 2 90 75 1170
6.6± 0.1 50± 2 90 75 1170
6.6± 0.2 58± 2 90 75 1170

DG2 68.0± 0.9 20± 3 90 5 800
67.6± 0.3 49± 1 90 5 800

AG 67.6± 0.9 0 15, 52.5, 90 5 800
DAG 68.0± 0.5 13± 2 15, 52.5, 90 5 800

68.3± 0.2 29± 2 15, 52.5, 90 5 800
68.0± 0.5 50± 1 15, 52.5, 90 10 1600
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The originwas assigned at the notch root in polar coordinates (r,
q). K1 is the stress intensity factor for mode I. The shear modulus, G,
was assigned to be 4MPa, with a Poisson’s ratio, v, of 0.3, where
k¼ (3� n)/(1þ n). The fracture points presented in this paper refer
to the crack opening when the first fiber element exceeds its frac-
ture strength.

3. Results

3.1. Morphology of homogeneous and graded electrospun scaffolds

SEM images of graded electrospun scaffolds show the three
distinct layers produced by the sequential electrospinning process,
which result in changes in microstructural architecture over the
sample thickness (Fig. 2). The SEM images of the scaffold cross
section taken at high magnification illustrate the gradual decrease
in fiber packing density from the bottom to top layer. The micro-
structural morphology of the graded scaffold layers were compared
to the corresponding homogeneous scaffolds: top to SH layers,
middle to MH layers and bottom to SH layers. Quantitative image
analysis of the top view of the scaffold layers shows that all elec-
trospun fibers were randomly aligned in each layer (Fig. 3).

Further analysis of the top-view images of the graded scaffolds
shows that fiber diameter increased from 227± 23 nm at the bot-
tom layer, to 394± 62 nm at the middle layer and 679± 45 nm at
the top layer (Fig. 4a). Pore sizes also increased from 1.14± 0.28 mm2

at the bottom layer, to 2.60± 1.15 mm2 at the middle layer and
4.93± 2.09 mm2 at the top layer (Fig. 4b). Statistical analysis shows
significant differences in both fiber diameters and pore sizes for the
different layers of graded scaffolds. A similar trend was found in
homogeneous scaffolds. The fiber diameters of the three types of
homogeneous scaffolds were significantly different; fiber diameters
increased from 205± 15 nm in the DH layer, to 436± 70 nm in the
MH layer and 739± 110 nm in the SH layer (Fig. 4a). The pore size
also decreased from 0.74± 0.28 mm2 for DH, to 2.91± 1.38 mm2 for
MH and 7.40± 3.56 mm2 for SH (Fig. 4b).

Statistical analyses comparing morphological parameters of the
graded scaffold to the homogeneous layers shows that the SH and
MH layers were morphologically the same as the top and middle
layers of the graded scaffold, respectively. However, fiber diameter
and pore size of the DH layer were different from those of the
bottom layer of the graded scaffold.

3.2. Mechanical testing on homogeneous and graded electrospun
scaffolds

The analysis of the mechanical performance of homogeneous
and graded scaffolds is shown in Fig. 5. Graded scaffolds exhibited
the largest tensile strength with a mean of 2.80 ± 0.41MPa, which
was significantly different to that of the DH scaffolds. The tensile
strength of the SH scaffold was the lowest, with a mean strength
approximately half that of the other scaffolds. The graded scaffold
showed the largest strain at fracture with a mean of 0.77± 0.11,
followed by the DH scaffold (εf ¼ 0.32± 0.08), MH scaffold (εf ¼
0.19± 0.04) and SH scaffold (εf¼ 0.14± 0.01). In contrast to tensile
strength, the graded scaffolds had the smallest elastic modulus
with a mean of 9.44± 1.88MPa. The elastic moduli of the SH
(13.39± 3.02MPa) and MH scaffolds (14.46 ± 3.16MPa) were not
significantly different. As with tensile strength, the fracture
toughness of the graded scaffold (Gc¼ 1.16± 0.23 kJ/m2) was com-
parable to the DH scaffold (Gc¼ 1.50± 0.20 kJ/m2). SH scaffolds had
the least fracture toughness of 0.17± 0.03 kJ/m2.



Fig. 2. Microstructural architecture of graded scaffolds. (a) Cross section of graded scaffold. (b) High magnification of the cross section, showing the constituent layers of the graded
scaffold, enclosed by rectangular boxes in (a).

Fig. 3. Morphology and fiber orientation of (a) graded and (b) homogeneous scaffolds.

Fig. 4. Quantification of (a) fiber diameter and (b) pore size for homogeneous and each layer in the graded scaffolds. The groups marked with same Roman numerals (I, II, III and IV)
are not significantly different (p> 0.05).
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Fig. 5. Mechanical testing of homogeneous and graded scaffolds. (a) Tensile strength, sf, (b) fracture strain, εf, (c) elastic modulus, E, (d) fracture toughness, Gc of homogeneous and
graded scaffolds. The groups marked with same Roman numerals (I, II, III and IV) are not significantly different (p> 0.05).
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Fig. 6 shows the failure mechanism of graded scaffolds, which
was visualized using SEM. The crack of the top layer started to
propagate while the notch in the middle and bottom layers blunted
at strain ε1. As the scaffold was further stretched to strain ε2, the
crack of middle and bottom layers also started to propagate across
the scaffold. At strain ε3, the crack of all three layers propagated
across the scaffold.

3.3. Design of graded fibrous networks using FEA

Fig. 7 shows the fracture of DG andDAG networks corresponding
to various gradients. The network fracture is described by stress
intensity factor K, which corresponds to the K-dominant strain field
assigned at the boundaries when the first fiber element exceeds its
tensile strength. The DG networks have consistent fracture points
corresponding to an increase of network density gradient. The
stress intensity factor of both H1 and DG1 networks with low fiber
Fig. 6. SEM images of the failure mechanism of graded scaffolds following fracture tests. T
density of 6.6e7.8 mm�1 increased tomore than twice that of the H1
and DG1 networks with 67.6e68.5 mm�1 density. In addition to a
network density gradient, fiber alignment gradients were incorpo-
rated in AG and DAG networks. The AG network had similar fracture
behavior to the homogeneous networks with equivalent fiber
densities. The DAG networks showed a larger stress intensity as
compared to DG networks with similar fiber densities.

The deformation and stress distribution at the crack tip were
examined during fracture of homogeneous and graded networks
(Fig. 8). The fracture of DG networks occurred at the crack tip of the
densest network, which had the largest stress concentration. The
fracture point of AG networks, which had similar network density
for all layers, was located at the layer comprised of randomly ori-
ented fibers. The fibers in AG networks aligned parallel to the notch
dissipate energy by rearranging and realigning fibers perpendicular
to the crack tip during crack tip opening. In contrast to DG net-
works, the fracture of DAG networks occurred at the layer with
he scaffold was deformed by strain (a, d) ε1¼0.11, (b, d) ε2¼ 0.29 and (c, f) ε3¼ 0.33.



Fig. 7. Stress intensity factor for homogeneous networks, DG networks, AG networks
and DAG networks.
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sparse fiber density and randomly oriented fibers. In order to
encourage more fiber rearrangement and realignment to dissipate
energy, aligned fibers were associated with the densest layer of the
DAG scaffolds.

4. Discussion

In this paper, we present both experimental and computational
methods for producing functionally graded multilayer nanofibrous
scaffolds and evaluating their mechanical properties and fracture
behaviors. Gelatin was chosen as the scaffold material due to its
biodegradability, biocompatibility and ready availability at lowcost.
Moreover, in vitro studies have shown that gelatin promotes cell
proliferation [39], adhesion, and infiltration [40].
Fig. 8. Comparison of the critical crack opening of homogeneous and graded fibrous netwo
networks and (jel) DAG networks.
Trilayer gelatin nanofibrous scaffolds featuring fiber density
gradients across their thicknesses were fabricated using a
sequential electrospinning method. Shifts from dense to sparse fi-
ber packing and fiber diameter were achieved by altering the
electrospinning process parameters. These process parameters
included solution feed rate (0.15ml/h to 0.45ml/h), needle-to-plate
distance (15 cm to 20 cm) and applied voltage (9 kV to 15 kV).
However, the chemical composition of the polymer solution (e.g.
molecular weight and concentration) was maintained throughout
the fabrication process to avoid inconsistencies in fiber properties
across layers associated with compositional changes [16,24].

Besides fiber diameter and packing density, pore size is another
critical parameter in tissue engineering; modulating pore size is
important for encouraging cell growth and migration or alterna-
tively, limiting cell motility [41]. Further, pore size is always related
to porosity, which contributes to scaffold permeability, enabling
transport of nutrients, oxygen and waste [16,42]. Scaffolds con-
structed with pore size gradient architectures were shown to pro-
mote anisotropic cell distribution within the scaffold, similarly to
native tissues such as cartilage [43]. Our results also demonstrated
a pore size gradient within the scaffolds; we believe such archi-
tecture will impact in vitro cellular response. However, further
studies are needed to investigate the potential of these graded
scaffolds in guiding zonal cell and matrix composition.

Homogeneous scaffolds with comparable composition and
morphology to corresponding layers of the graded scaffolds were
produced and mechanically tested. Uniaxial tensile and fracture
tests on homogeneous scaffolds with sparse, moderate and dense
networks demonstrate statistically significantly distinctive me-
chanical properties, including tensile strength and fracture tough-
ness (Fig. 5). The graded scaffolds, constructed of three layers with
similarly sparse, moderate and dense networks, were likely to have
the local mechanical properties increased over the scaffold thick-
ness, resulting in the observation of layer-by-layer fracture (Fig. 6).
rks at first, second and third layers: (aec) H2 networks, (def) DG networks, (gei) AG
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The finite element analysis on the microscopic deformation near
the crack tip also shows that fibers at each layer rearranged and
realigned differently during crack tip opening according to the
network density.

Functionally graded fibrous scaffolds aim to replace sharp in-
terfaces with gradual changes at the interface to prevent discon-
tinuous material failure. Finite element analysis revealed that
fracture of functionally graded networks can be controlled by
tailoring the gradients of both network density and fiber alignment.
Networks with fiber density gradients (DG) exhibit failure starting
at the densest layer and show similar fracture toughness to ho-
mogeneous scaffolds. DAG networks featuring microstructural
gradients in both density and fiber orientation over their thick-
nesses had improved fracture toughness as compared to DG net-
works. The DAG networks, which have aligned fibers at the densest
network layer, postponed failure by rearranging and realigning the
orientation of fibers from parallel to perpendicular to the notch to
dissipate energy. The fiber rearrangement and realignment dis-
tributes stress instead of confining it within a small area [44]. This
mechanism improves the fracture toughness of multilayer graded
fibrous networks.

The current study has outlined experimental and computational
methodologies for generating biomimetic functionally graded
materials to recapitulate interface and connective tissues. In terms
ofmechanical properties, networks featuring both fiber density and
alignment gradients are promising scaffold designs for these native
tissues. One limitation in this work is that gelatin scaffolds require
further crosslinking prior to use in biomedical applications, in order
to prevent dissolution in aqueous media at physiological temper-
atures [45]. The degree of crosslinking and hydration of the
construct will influence the ultimate scaffold mechanical proper-
ties [46], requiring further study of these factors on fracture
behavior. In the future, we also plan to experimentally fabricate
DAG networks based upon the computational models and compare
their observed mechanical properties and fracture behavior to the
simulations. We will also assess biocompatibility of the graded
electrospun scaffolds, and observe how tailoring mechanical
properties of the graded electrospun scaffolds affects cellular
viability, ECM production and cell-scaffold interactions.

5. Conclusion

A trilayer scaffold with a microstructural architecture gradient
has been successfully produced using a sequential electrospinning
technique. The scaffold displayed a gradual increase in fiber diam-
eter and pore size corresponding with a decrease in fiber packing
densities from the bottom to top layer. Mechanical properties of
both the functionally graded scaffolds and homogeneous scaffolds
with fiber morphologies corresponding to that of each of the three
layers of the graded scaffold were measured using uniaxial tensile
and fracture tests. Mechanical properties of the homogeneous
scaffolds, including elastic modulus, tensile strength, and fracture
toughness, varied according to microstructural differences. This
indicated that the mechanical properties of functionally graded
electrospun scaffolds could be tailored by controlling the micro-
structure of the individual layers. This resulted in a gradual increase
in modulus over the thickness of the graded scaffold, which led to
the layer-by-layer crack propagation during fracture analysis. Finite
element analysis of density-graded scaffolds indicated that fibers
rearrange and deform differently at each network layer resulting in
inhomogeneous strain distribution over the network thickness.
Simulations of scaffolds combining gradients in both fiber density
and alignment had larger crack tip openings before fracture,
resulting in improved toughness. This work presents experimental
methods of fabrication and computationalmethods ofmodeling the
mechanical and fracture behavior of multilayer scaffolds. Consid-
eration of the type and degree of gradient is critical for tailoring
mechanical properties of the scaffold for specific applications. The
methods presented herein can be used for the rational design of
functionally graded multilayered fibrous scaffolds for interface and
connective tissue engineering applications.
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