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ABSTRACT: Bioresorbable tissue scaffolds are a promising potential treatment for
soft-tissue injuries, such as tendon and ligament rupture. These materials provide
temporary support to the injured tissues and provide biological cues that promote
healing. Previous work has shown that fiber alignment, diameter, and spacing affect cell
morphology and migration, which impact healing of the target tissue. However, previous
work has not fully characterized the isolated effects of fiber alignment, diameter, and
spacing on cell morphology and migration, nor has it revealed the ideal combinations of
diameter and spacing to promote cell migration and elongation on fibrous scaffolds. To
clarify these effects, a mesoscale model was formulated to describe cell movement on a fibrous scaffold and analyze the isolated
effects of fiber alignment, diameter, and spacing. After analyzing the isolated effects, an optimization was performed to find
combinations of fiber diameter and spacing that maximized cell elongation and migration, which may lead to improved healing of the
target tissue. This analysis may ultimately aid the design of scaffold materials to improve outcomes after tendon or ligament rupture.

1. INTRODUCTION
Biodegradable tissue scaffolds are a promising technology in
regenerative medicine.1,2 This technology may become a viable
treatment option for soft-tissue injuries, such as tendon and
ligament rupture, which typically do not fully heal because of
the disorganized nature of the newly formed tissue.
Disorganized tissue structure may lead to pain and loss of
function for patients, reducing quality of life. To obtain a more
organized structure and improve healing, cell-seeded fibrous
scaffolds can be used to direct tissue formation.3−5 The
resulting tissue is stronger and may eventually lead to better
outcomes and improved quality of life after an injury.
To generate an organized structure and distribute tissue,

cells must take on an elongated phenotype and migrate
through the scaffold.1 The elongation promotes a tenogenic
cell phenotype that produces aligned collagen fibers to mimic
the highly aligned collagen structures in healthy ligament and
tendon,6−8 and the migration promotes distribution of the new
tissue throughout the scaffold. Both elongation and migration
can be affected by scaffold geometry, which has been studied
extensively in vitro and in animal models.1,4,9,10 Specifically, cell
elongation and migration are affected by fiber diameter, fiber
spacing (sometimes described as porosity), and fiber align-
ment, among other factors.1

Fiber alignment affects both the elongation and migration of
mesenchymal stem cells (MSCs),6−8 a common choice of cells
for scaffold applications. Aligned scaffold fibers lead the cells to
elongate and produce aligned collagen fibers that mimic
healthy tissue with adequate strength,1 while randomly
oriented fibers do not allow the cells to elongate, leading to
weaker tissue structures.11 Aligned fibers also lead to increased
migration of the cells,12 which is often quantified by measuring

velocity.1 Cells move with higher velocities on aligned fibers
compared to randomly oriented fibers, allowing them to better
distribute new tissue on the scaffold structure.
Fiber diameter and fiber spacing appear to affect cell

migration within a scaffold,1,13−15 but few studies have shown
the isolated influences of these two variables. One study
showed that cell velocity increased as fiber diameter increased
when the effect of fiber spacing was removed by placing cells
on individual fibers,13 and other studies have shown that cells
migrate further into scaffolds when fiber diameter and spacing
increase simultaneously.16,17 However, some studies have
shown a nonmonotonic relationship between fiber diameter
and velocity with a peak velocity on fiber diameters of around
400 nm.12,18 The studies that showed a nonmonotonic
relationship did not explicitly report spacing, so the isolated
effects of diameter are difficult to determine from those
experiments. Due to the varied findings on the effects of fiber
diameter and spacing on cell migration, further work is
required to determine the isolated effects of fiber diameter and
spacing on cell migration.
Fiber spacing and diameter also appear to affect cell

elongation, though the independent effects of diameter and
spacing have not been well studied. One study demonstrated
that cell elongation decreases with increasing fiber width and
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constant spacing on a micropatterned substrate.14 However,
other studies show that simultaneously increasing fiber width
and spacing may lead to increases in aspect ratio,1,15

particularly when nanogrooves are compared to micro-
grooves.15 Furthermore, another study showed that fiber
diameter had no effect on aspect ratio,18 though this study did
not report the spacing of fibers and the spacing may interact
with fiber diameter to affect aspect ratio.1 The discrepancies
between these studies could be due to a lack of information on
the isolated effects of fiber spacing and diameter, and further
analysis is needed to elucidate the effects of fiber diameter and
spacing on cell elongation.
To clarify the effects of fiber alignment, diameter, and

spacing on cell elongation and migration, a computational
model can be developed. Experimental work has begun to
reveal these relationships, but the isolated and combined
effects of fiber alignment, diameter, and fiber spacing on cell
migration and elongation have not been fully assessed. A
computational model can tease apart the isolated effects of
individual geometric parameters and may be used to identify
optimal combinations of geometric parameters to promote
appropriate cell migration and elongation within fibrous
scaffolds.
Computational models have been used to assess the

properties of scaffolds using traditional mechanical and
multiphysics simulations. For example, one study used finite
element modeling (FEM) to relate the macroscopic stiffness of
a material to the microscopic “cell-effective” stiffness,19 and
another used FEM to quantify the poroelastic characteristics of
fibrous scaffolds under cyclic loading.20 The FEM approach
was also used to construct a “chemo-bio-mechanical model”
that combined scaffold microstructure, mechanical properties,
cytokine signaling, and cells to predict outcomes for wound
healing.21 Other approaches have been used to study scaffolds,
such as diffusion-reaction frameworks that model scaffold
degradation.22 However, none of these models explicitly
included the influences of fiber alignment, diameter, and
spacing on cell elongation and migration, which appear to
influence scaffold efficacy.1

Two previous models were developed to assess cell
migration on collagen during cancer metastasis, though
changes in cell elongation were not included in either model.
One of the models used a lattice Monte Carlo (MC) approach
to simulate the migration of the cells.23 The other model used
the forces between the cells and the collagen fibers due to
ligand binding to compute the velocity of the cell.24 Both
models incorporated a variety of mechanical and chemical
factors to account for their effects on cell mobility within
collagen constructs, though cell elongation was not incorpo-
rated.
To include cell elongation in a computational model, the

underlying mechanism of elongation must be addressed. Cells
elongate due to actin flows within the cell and focal adhesions
between the cell and the underlying substrate.25 The focal
adhesions bind to the substrate as the cell moves and
eventually unbind as the cell continues to migrate.25 Similar
molecular binding and migration processes have been modeled
using MC approaches.26 For example, the migration of matrix
metalloproteinases on collagen has been modeled with MC
schemes.27,28 Since MC has been used to model cell motion23

and to model molecular motion, binding, and unbinding,26−28

the MC approach appears to be a suitable choice for modeling
binding between cell focal adhesions and the scaffold fibers.

The MC approach seems to be a suitable foundation for a
computational model to capture the elongation of a cell as it
migrates in fibrous scaffolds with varied fiber alignment,
diameter, and spacing.
Coupled with a model of cell migration and elongation on

fibrous scaffolds, multiobjective optimization can be used to
find optimal combinations of fiber diameter and spacing that
maximize cell velocity and elongation. Multiobjective opti-
mization has been used to solve complex design optimization
problems for implantable scaffolds.29−32 Multiobjective opti-
mization is the process of optimizing multiple competing
objectives, such as cell velocity and elongation, by varying
input parameters, such as scaffold fiber diameter and spacing.33

Because the objectives are competing, a single solution
typically does not maximize all objectives. As such, instead of
finding the maximum solution, a subset of the solutions is
found composed of nondominated solutions such that, for each
solution, the value of one objective cannot be increased
without decreasing the value of one of the others. This set of
nondominated solutions is known as the Pareto front. Though
the Pareto front can eventually be found from random
sampling, random sampling can become computationally
infeasible for complex models. Guided optimization methods
become important in reducing computation time in the
discovery of optimal scaffold geometries.
Thus, in this work, a mesoscale model was developed to

assess the independent effects of fiber orientation, diameter,
and spacing on cell aspect ratio and migration velocity. Overall,
the model results appeared to capture experimental results.
The model showed reduced cell velocity and aspect ratio on
randomly oriented scaffolds compared to aligned scaffolds and
increased velocity and aspect ratio on microfibers compared to
nanofibers, in agreement with experimental findings. Fur-
thermore, the model showed the independent effect of fiber
spacing on cell aspect ratio and velocity for fibrous scaffolds.
After verifying that the model captured experimental findings,
multiobjective optimization was set up and performed on the
model to obtain a set of optimal geometries that maximized
cell velocity and elongation. This analysis revealed optimal
combinations of fiber diameter and spacing to promote cell
migration and elongation in a fibrous scaffold.

2. METHODOLOGY
2.1. Cell−Fiber Model. 2.1.1. Model Overview. Figure 1

depicts the inputs, basic features, and outputs of the model.
The fiber diameter, spacing, and alignment were specified as
inputs prior to the start of each simulation (Figure 1A). The
simulations consisted of a single cell moving along cylindrical
fibers in a cubic simulation box with edges of 75 μm and
periodic boundary conditions (Figure 1B). During the
simulations, the outputs (cell migration and elongation) were
recorded at each time step (Figure 1C).

2.1.2. Coordinate Systems. To assess cell−fiber inter-
actions, coordinate systems were constructed for each fiber, the
cell, and the entire scaffold. The scaffold coordinate system, or
reference coordinate system, was located at the center of the
simulation box, with orthogonal axes parallel to the edges of
the simulation box, as depicted in Figure 2 with the subscript s.
The cell coordinate system was placed at the geometric
centroid of the cell, and its orientation is described in the
Supporting Information. The cell coordinate system is denoted
with a subscript c in Figure 2. Each fiber was rotated and
translated in the simulation box, resulting in a unique

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c05234
ACS Omega 2022, 7, 41449−41460

41450

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05234/suppl_file/ao2c05234_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05234?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


coordinate system for every fiber. An example of a fiber
coordinate system is shown in Figure 2, and the construction
of the fiber coordinate systems is described in the Supporting
Information.

2.1.3. Fiber Geometry. The fibers were constructed by
generating discretized points on a cylindrical surface,
sequentially rotating those points about their three coordinate
axes, and translating the points in space. Each fiber filled a
cylindrical volume with five attachment points evenly spaced
around its circumference and repeated vertically with a spacing
equal to half the circumference of the fiber. Each cylinder had a
length equal to the length of the simulation box along the z-
axis of the scaffold coordinate frame, resulting in infinitely long
fibers when the periodic boundary condition was implemented
and the fibers were aligned. Each cylinder was rotated by a
random amount about its vertical axis (aligned with the long
axis of the fiber) to randomize the positioning of the radial

attachment points. For simulations of randomly oriented fibers,
the fiber was further rotated by random amounts between zero
and π about its other two axes. The Supporting Information
contains additional details about the rotations of the fibers.
Finally, the rotated fiber was translated along each axis of the
scaffold coordinate system such that the centers of the fibers
were hexagonally packed with the specified spacing between
each fiber. In the aligned state, this arrangement resulted in the
hexagonal packing of the fibers in the xy-plane of the scaffold
coordinate system. In the randomly oriented state, the centers
of the fibers were still hexagonally packed in the xy-plane, but a
random vertical translation ensured that the rotation occurred
about different points in space, leading to a configuration
where any given cross section was not organized into a
discernible packing arrangement. The translations are further
described in the Supporting Information. After placement of
the fibers, the size of the simulation box was adjusted to
maintain hexagonal packing and consistent spacing across the
periodic boundary.

2.1.4. Cell Representation. The cell was represented as a
tetrahedron, whose vertices connected to attachment points on
the fibers. At each time step in the simulation, the four cell
vertices (or attachment points) attempted to move to a new
position coincident with attachment points on the fibers. One
of the points on the cell was randomly selected to move first at
every time step in a given simulation, while the other three
points moved in a random order at each time step, since cells
are capable of polarizing and move in a persistent direction.25

2.1.5. Cell−Fiber Interactions. Each time a cell attachment
point attempted to move, the algorithm identified all fiber
attachment points within a sphere of radius, rreach, defined as

r f 2.25 mreach adjust= (1)

where 2.25 is the maximum value of rreach in μm and fadjust is an
adjustment factor on the interval [0,1] that can reduce the
maximum reach of the cell. fadjust is defined as

f
d d

d

0.4 0.52, 1.2

1, 1.2adjust =
+

>

l
moo
noo (2)

Figure 1. Schematic of input and output parameters for a model of
cell−fiber interactions. (A) The geometric parameters serve as the
inputs to the model and include fiber diameter (d), fiber spacing (s),
and fiber alignment (θ). (B) The model simulates interactions
between the cell and the fibers, such as cell adhesion (indicated by
white circles) and cell confinement within the scaffold. (C) Cell
migration and morphology are outputs of the model. The migration is
represented by the velocity of the cell (v), and the elongation of the
cell is quantified by the aspect ratio, which can be computed from dxc
and dzc and the depth of the cell (dyc, not pictured).

Figure 2. Scaffold (reference) coordinate system, cell coordinate
system, and an example of a fiber coordinate system. The scaffold
system is denoted with the subscript s, placed at the center of the
simulation box, and the axes are parallel to the orthogonal edges of
the simulation box. The cell coordinate system is denoted with
subscript c, placed at the centroid of the cell, and oriented as
described in the Supporting Information. Each fiber has its own
coordinate system that is denoted by the subscript f, i, placed at the
fiber center, and is oriented as described in the Supporting
Information. The fibers and the cell are not to scale in this schematic.
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where d is the fiber diameter and each constant is a scaling
factor that linearly reduces the reach of the cell as the fiber
diameter decreases.13 The spherical search area and the nearby
fiber attachment points are depicted in Figure 3A. The
maximum search radius of 2.25 μm was selected to allow the
cell to move between different fibers without excessive
computational cost.

Simultaneously, the algorithm shifted the current attachment
point along the direction of the current fiber by a distance

l f 4.5 mshift adjust= (3)

and identified points within a radius of rreach from the extended
point, as depicted in Figure 3B. The maximum shift of 4.5 μm
was selected to ensure that the points identified in the
extended position would not overlap the fiber points identified
in the nonextended configuration of the cell described above.
The purple spheres in Figure 3 represent the volumes where
the top attachment point of the cell can move to a new fiber
attachment point. The possible new fiber attachment points
are shown in red, and each of them leads to a different cell
configuration.
After identifying potential fiber attachment points (shown in

red in Figure 3), each possible cell configuration was assessed
to determine whether the cell would maintain an acceptable
volume. The volume was determined in the cell coordinate
system, whose axes aligned with the cell (further described in
the Supporting Information), by constructing a box that
bounded the cell (Figure 4A) and computing the volume of an
ellipsoid with the same dimensions as the bounding box
(Figure 4B). The ellipsoid volume (V) was computed using the
equation

V
x y zd
2

d

2
d
2

c c c=
(4)

where dxc is the distance between the maximum and minimum
x-positions of the cell attachment points, dyc is the distance

between the maximum and minimum y-positions, and dzc is
the distance between the maximum and minimum z-positions
of the cell in the cell coordinate frame.
The nominal volume of the cell was 4000 μm3, and the cell

volume was allowed to vary between 50 and 100% of the
nominal volume, consistent with experimental observations.34

After determining the volume for each potential configuration
of the cell, the configurations with a volume outside of the
specified bounds were removed from consideration.
The remaining configurations were assessed to determine

whether the cell would fold in on itself. To do so, a plane was
constructed from the three points (points A, B, and C in Figure
5A) on the cell tetrahedron other than the moving attachment
point. The plane was constructed by defining two vectors
originating at point B and pointing toward A and C (Figure
5A), then taking their cross product to generate a vector
perpendicular to the plane (vector N in Figure 5A). Next, a
vector was constructed from point B to the moving cell
attachment point (point D in Figure 5A), and vector BD was
dotted with the normal vector

N NBD BD cos( )· = | || | (5)

where α is the angle between vectors BD and N, and |BD| and |
N| are the magnitudes of the vectors. If the sign of the dot
product was positive, α was less than 90°, indicating that vector
BD pointed toward the same side of the plane as the normal
vector in the initial configuration (Figure 5A). If the sign was
negative, α was greater than 90°, indicating that vector BD
pointed toward the opposite side of the plane from the normal
vector in the initial configuration. Next, vectors were
constructed between point B on the plane and every possible
new position for point D, a subset of the red points in Figure 3
that maintained the cell volume. Each new vector was dotted
with the normal vector, N, and the sign of the result was

Figure 3. Depiction of nearby attachment points (A) without and (B)
with the extension of an attachment point parallel to the direction of
the nearest fiber.

Figure 4. Depiction for cell volume calculation. (A) Cell position was
transformed into the cell coordinate system. (B) Dimensions of the
bounding box in the cell coordinate frame were used to construct an
ellipsoid with the same dimensions and compute the approximate
volume of the cell. These dimensions were also used to compute the
aspect ratio of the cell.
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compared to the sign of BD·N in the initial configuration. If
the resulting sign for a potential configuration was the same as
the sign of the dot product in the initial configuration, the
potential configuration was acceptable because the new vector
was on the same side of the plane as the initial configuration. If
the resulting sign differed for a potential configuration
compared to the initial, the configuration was removed from
consideration because it would cause the cell to fold in on
itself; point D would move from one side of plane ABC to the
opposite side. Figure 5B shows an example of a valid new
configuration, and Figure 5C shows an example of an invalid
new configuration.
After removing configurations with invalid volumes and

configurations where the cell would fold in on itself, the
probability of accepting each remaining configuration was
determined based on how many fibers the cell would intersect
in a new configuration. Figure 6 shows the process used to
determine the number of fibers that a cell would intersect in

two dimensions. First, the centers of nearby fibers were
identified within two fiber radii of the maximum and minimum
positions of the cell attachment points along each axis in the
scaffold coordinate frame (Figure 6A). Next, the positions of
the cell attachment points were transformed (rotated and
translated) from the scaffold coordinate frame into the
coordinate frame of each fiber identified in the previous step.
Once the cell was transformed into a fiber’s coordinate system,
analysis could be performed in two dimensions (the xy-plane),
since the vertical axis of the fiber coordinate system pointed
perpendicular to the fiber cross section.
In each of the fiber coordinate frames, cell−fiber

intersections were identified by determining whether any
faces of the cell tetrahedron encompassed either the fiber
center or fiber attachment points in the xy-plane of the fiber
coordinate system. To do so, the algorithm isolated the xy-
coordinates of the vertices for each face of the cell tetrahedron
(two faces are shown in red in Figure 6B) and created vectors
around the outer edge of the face (AB, BC, and CA in Figure
6C). Next, the algorithm created vectors from each vertex to a
fiber attachment point (AP, BP, and CP in Figure 6C) or the
center of the current fiber and then took the cross products of
the vectors that originated from the same vertex. In Figure 6,

Figure 5. Depiction of vectors used to determine whether or not a cell
folds in on itself. (A) Normal vector, N, is constructed by crossing
vectors BA and BC. The dot product of N and BD is computed in the
initial configuration to determine whether BD points to the same side
of plane ABC as N. (B) Example of a valid move for point D. The dot
product of BDV and N would have the same sign as the dot product in
the initial configuration. (C) Example of an invalid move for point D.
The dot product of BDi and N would take on the opposite sign of the
dot product in the initial configuration.

Figure 6. (A) Identification of fibers that the cell might intersect. (B)
Depictions of two (red) faces of the tetrahedron used to determine
whether the cell intersects a fiber. (C) Depiction of the vectors used
to determine whether the faces of the tetrahedron intersect the fiber.
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vector AB would be crossed with vector AP (both shown in
blue and originating at point A), vectors BC and BP would be
crossed (shown in red), and vectors CA and CP would be
crossed (shown in green). The fiber attachment point (point
P) is inside the triangular face if the z-components of the three
cross products all have the same sign. If the signs of the z-
components differ, the point is not inside the triangle. The
cross products were repeated for all four triangular faces of the
tetrahedron and repeated for all fiber attachment points and
the center of the current fiber. If any of the triangular faces
encompassed two fiber attachment points or the fiber center,
the cell intersected that fiber. This process was repeated for all
of the nearby fibers in a potential cell configuration, and the
number of cell−fiber intersections was tallied for each possible
cell configuration.
The number of intersections was used to determine the

probability of accepting a configuration. Every additional
intersection reduced the relative probability of accepting a
configuration (pi) by a factor of two, as described by the
equations

n
n p1

1

i

k

i i
0

=
= (6)

and

p p2i
k i

k= (7)

where i is the number of fibers intersected in a particular
configuration, k is the maximum number of fibers intersected
for a group of possible configurations, n is the number of
possible cell configurations, ni is the number of cell
configurations where i fibers are intersected, pi is the relative
probability of accepting a configuration with i intersections,
and pk is the probability of accepting a cell configuration with k
intersections. Eq 6 was implemented to ensure that the
probabilities of all possible configurations sum to one, and eq 7
was implemented to reduce the acceptance probability by a
factor of two for every additional fiber that the cell would
intersect in a particular configuration. pk was determined for
each set of possible cell configurations by substituting eq 7 into
6 to obtain

n
n p1

1
2

i

k

i
k i

k
0

=
= (8)

n n p/ 2
i

k

i
k i

k
0

=
= (9)

The value of pk could then be used to determine the
probabilities of accepting configurations with ni intersections.
Once the probabilities were determined, a particular
configuration was randomly selected using those probabilities
and a Monte Carlo approach with a uniform random number
generator.

2.1.6. Time-Step Calibration. To determine the duration of
each simulation step, 12 simulations were run to compute the
average displacement (l) of the cell centroid per simulation
step with a fiber diameter of 1.2 μm and fiber spacing of 2 μm
over 150 simulation steps. The average displacement and a
known cell velocity were used to compute the time increment
with the formula

v
l
t

=
(10)

where v is the cell velocity on a single fiber with a diameter of
1.2 μm (experimentally reported)13 and t is the duration of
each simulation time step. Subsequent analyses were
performed using the time step computed from this calibration.

2.1.7. Aspect Ratio Calculation. Aspect ratio was computed
using a procedure similar to the one used to compute the
volume. The cell position was transformed into the cell
coordinate system, a bounding box was constructed around the
cell, and the dimensions of the bounding box were used to
compute the aspect ratio (AR) using the equation

AR
length of longest edge

average length of other edges
=

(11)

In Figure 4, the aspect ratio would be

z
x y

AR
2 d

d d
c

c c

=
+ (12)

2.2. Analysis of Intersection Penalty and Cell
Extension Algorithm. Two modeling features were assessed
to determine whether they would reduce cell velocity and
aspect ratio on randomly oriented scaffolds. The first feature
was the statistical penalty for intersecting fibers, and the second
feature was the extension of a cell pseudopod along the
direction of the nearest fiber. Four combinations of these
features were tested: 1) no penalty with no extension, 2)
penalty with no extension, 3) no penalty with extension, and 4)
penalty with extension. For every combination, six replicate
simulations were performed on aligned scaffolds and randomly
oriented scaffolds with fiber diameters of 1.2 μm, spacing of 2
μm, and 14 h of simulation time. Student’s t tests were used to
determine whether scaffold orientation caused a significant
reduction in velocity or aspect ratio for each combination of
model features with a significance level of 0.05.
2.3. Scaffold Geometry Studies. 2.3.1. Orientation,

Diameter, and Spacing Analysis. To study the effects of fiber
orientation on cell velocity and aspect ratio, cell motion was
measured on scaffolds with aligned and randomly oriented
fibers. The rotation angle (θ) was set to zero in eqs S2 and S4
to obtain aligned fibers and set equal to π to obtain random
fiber orientations. In these simulations, fiber spacing was set
equal to 2 μm, fiber diameter was set to 1.2 μm, and 24 h of
cell motion were simulated. Twelve repetitions of each
condition were performed, each with a different random seed.
Fiber diameter was varied to study its effects on cell velocity

and aspect ratio over the course of 24 h. The diameter was set
to 0.4, 0.7, or 1.2 μm on aligned fibers with a constant spacing
of 2 μm. These diameters were chosen to match the diameters
in experimental literature.13 Twelve repetitions were per-
formed for each diameter with different random seeds, and the
means and standard deviations for each diameter were
computed.
Cell velocity and aspect ratio were also computed as

functions of fiber spacing at a constant diameter of 1.2 μm on
aligned fibers after 24 h of simulation time. Fiber spacing, s, as
depicted in Figure 7, was set to 1, 1.5, or 2 μm to obtain
scaffold volume fractions similar to experimentally reported
volume fractions.4 The relationship between spacing and
volume fraction is derived in the Supporting Information.
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Again, 12 repetitions were performed for each condition, and
the means and standard deviations were computed.

2.3.2. Statistics. One-way ANOVA and Tukey−Kramer
post hoc testing were used to identify significant differences in
cell velocity and aspect ratio due to changes in fiber diameter
and fiber spacing. Student’s t tests were used to determine
whether the fiber alignment resulted in significant differences
in velocity and aspect ratio.
2.4. Multiobjective Optimization of Aligned Scaffold

Geometry. Once the mesoscale model of cell motion on
scaffold fibers was verified, the next task was to explore various
scaffold geometries that maximized the cell velocity and
elongation. A multiobjective Bayesian optimization approach
was used to guide the input parameter selection to search for
Pareto solutions. Bayesian optimization works by building a
surrogate model from a current set of samples and solutions.
This surrogate was used in an acquisition function, which,
when maximized, recommended the next sample that was most
likely to produce an optimal solution.
In this implementation, a Gaussian process (GP) model with

a radial basis function kernel was used as the surrogate. The
implementation of the GP model was based on the design and
analysis of computer experiment toolkit for MATLAB.35 The
acquisition function was based on the expected improvement
method (EIM) by Zhan et al.36 Traditionally, the EIM
acquisition function is only used in single-objective optimiza-
tion. For the multiobjective optimization, a GP model was
built for each objective, and the acquisition function was the
Euclidean distance between the expected improvement values
for each objective.37

In the scaffold optimization problem, the goal was to
maximize the cell velocity and elongation, which vary based on
the scaffold geometry. The input parameters for the scaffold
geometry are set as fiber diameter (d) and fiber spacing (s).
The objectives ( f1 and f 2) are then defined as

f d s( , ) 1/ AR1 = (13)

and

f d s v( , ) 1/2 = (14)

and the optimization problem is formulated as

f d s f d smin ( , ), ( , )
d s, 1 2{ }

(15)

where d and s are bounded by 0.4 and 1.2 μm and 1 and 2 μm,
respectively, to be consistent with experimental reports as
described above.4,13

Each solution was computed by first creating six scaffolds
with the desired input parameters. Then, the cell motion
simulation was executed one time for each scaffold. The main
controller code and each cell motion simulation were run on
their own processor core.38 From the cell motion simulations,
the aspect ratio and velocity were extracted and averaged
across all simulations. Five initial samples spanning the design
space were selected using the Latin hypercube sampling
method.39,40 These five samples were then passed through the
simulation to calculate their corresponding solutions. The
algorithm then recommended the next sample, executed the
simulation to calculate the corresponding solution, and then
repeated it for a total of 105 solutions. This process is outlined
in Figure 8.

3. RESULTS
3.1. Time-Step Calibration. The calibration simulations

resulted in an average displacement of 1.042 μm per simulation
time step. This displacement and the average experimental
velocity of 38 μm per hour13 resulted in a duration of 0.027 h
per simulation step.
3.2. Analysis of Intersection Penalty and Cell

Extension Algorithm. The velocities on the random
scaffolds were significantly lower than the aligned scaffolds in
the conditions where the extension was implemented (Table
1). The aspect ratios on the random scaffolds were significantly
reduced compared to the aligned scaffolds in the conditions
where the penalty was implemented (Table 1).
3.3. Scaffold Geometry Studies. Scaffold geometric

parameters had significant effects on cell velocity and aspect
ratio. Velocity and aspect ratio were significantly reduced on
random scaffolds compared to aligned scaffolds (Figure 9).
Velocity and aspect ratio were significantly increased on fibers
with diameters of 1.2 μm compared to fiber diameters of 0.4
and 0.7 μm (Figure 10). Aspect ratio was not significantly

Figure 7. Depiction of fiber spacing (s). The arrows indicate the
spacing between fibers, which was defined as the distance between
two parallel tangent lines on the circular cross sections of adjacent
fibers.

Figure 8. Flowchart of the optimization algorithm used to target
optimal structure geometries (left). Flowchart of the simulation run
algorithm illustrating the inputs and outputs for each run (right).
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affected by fiber spacing, but velocity significantly decreased as
fiber spacing increased (Figure 11).
3.4. Optimization. The optimization algorithm took 24

days to obtain 105 solutions, including the initial 5 solutions,
with an average time for each model simulation run of
approximately 4.5 h. The resultant solutions are presented in
Figure 12. The Pareto solutions are organized by rank.41 Not
including the initial sampling, the current approximated Pareto
front took 68 samples to find, and the rank 2 solutions took 94
samples to find. A subset of the samples and solutions are
presented in Table 2.

4. DISCUSSION
4.1. Analysis of Intersection Penalty and Cell

Extension Algorithm. The results indicate that the model
can capture the effects of scaffold orientation on cell velocity
and aspect ratio by implementing a statistical penalty and an
algorithm to mimic pseudopod extension along fibers. The
effect of orientation on aspect ratio can be captured by a
penalty alone, and the effect of orientation on velocity can be
captured by implementing the extension algorithm alone.
However, to capture both effects, both features must be
implemented.

Previous studies have demonstrated that cells extend a
pseudopod, and actin flows cause the rest of the cell to follow
when they take on a mesenchymal phenotype.25 Additionally,
previous work has demonstrated that cells take on a
mesenchymal phenotype when they are unconfined, leading
to an increase in velocity and persistence.25 These results
appear to be consistent with the findings of this analysis. The
model results show a significant increase in velocity on aligned
scaffolds (low confinement) when the extension is imple-
mented (mimicking a mesenchymal phenotype) and show no
increase in velocity on random scaffolds (higher confinement,
leading to more of an amoeboid phenotype; Table 1). The
extension appears to allow the cell to move faster on aligned
fibers by extending a pseudopod further along the direction of
the nearest fiber at each time step.

Table 1. Effect of Scaffold Organization on Cell Velocity
and Aspect Ratio with Different Model Features

condition

velocity
(μm/h)
aligned

velocity
(μm/h)
random

aspect ratio
aligned

aspect ratio
random

no penalty,
no
extension

28.5 ± 0.7 29.9 ± 1.1 3.06 ± 0.96 3.06 ± 0.54

penalty, no
extension

28.5 ± 0.7 27.7 ± 0.7 6.02 ± 1.88 2.16 ± 0.25*

no penalty,
extension

69.3 ± 8.8 32.8 ± 5.8* 6.52 ± 4.50 6.21 ± 2.83

penalty,
extension

81.4 ± 2.6 25.9 ± 4.4* 7.50 ± 2.95 2.95 ± 0.58*

*Indicates a significant reduction (p < 0.05) compared to aligned
condition.

Figure 9. Effect of fiber alignment on cell aspect ratio and velocity.
Both aspect ratio and velocity are significantly reduced on randomly
oriented scaffolds compared to aligned scaffolds. * indicates p < 0.05
using an unpaired Student’s t test.

Figure 10. Effect of fiber diameter on cell aspect ratio and velocity.
Velocity and aspect ratio increase significantly at a diameter of 1.2 μm
compared to diameters of 0.4 and 0.7 μm. * indicates p < 0.05 using
ANOVA and the Tukey−Kramer post hoc correction.

Figure 11. Effect of fiber spacing on cell aspect ratio and velocity.
Aspect ratio did not significantly change as a function of fiber spacing.
Velocity significantly decreased as fiber spacing increased. * indicates
p < 0.05 using ANOVA and the Tukey−Kramer post hoc correction.
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At volume fractions reported for aligned scaffolds,4 cells
cannot fit between fibers and maintain a physiological
volume42 without deforming themselves, the surrounding
fibers, or both. To move through the scaffold, the cell must
do work to deform itself and/or the scaffold. The work to
deform the cell and/or the scaffold could be modeled using
finite element modeling (FEM), similar to a previous report.20

However, such an approach would greatly increase the
computational costs of simulating cell motion on scaffolds.
Instead of using a costly FEM approach, a statistical penalty
was used to represent the physical cost of deformation without
adding the computational cost required to model hyperelastic
materials and/or internal cellular processes that regulate cell
deformation.
The penalty in the model appears to cause an increase in

aspect ratio on aligned fibers compared to random fibers
(Table 1), suggesting that it creates a “preference” for cells to
“move” fewer fibers and spend less energy. The elongated
configuration allows the cell to intersect fewer fibers on aligned
scaffolds, since the cell can extend along a few fibers without

intersecting additional fibers. On random scaffolds, the penalty
does not produce elongated cells because elongation along one
or a few fibers does not consistently reduce the number of
fibers that a cell intersects.
4.2. Scaffold Geometry Studies. Effects of scaffold

orientation on aspect ratio and velocity have been well
documented. Experiments show that random fiber orientation
leads to reduced cell velocity and aspect ratio.1,18 The results
here capture these trends, showing a significant reduction in
both quantities on the randomly oriented scaffolds compared
to the aligned scaffolds.
Numerous experiments have demonstrated that fiber

diameter influences cell velocity, and the results of this study
appear to agree with experimental evidence. Cell velocity
increased with diameter in an experiment with cells suspended
on single fibers,13 consistent with the results of the present
study. Cells penetrated further into scaffolds when fiber
diameter and porosity were simultaneously increased in two
other studies.16,17 In other experiments, cell velocity varied
nonmonotonically with fiber diameter18 or decreased with fiber
diameter.43 However, in all but one of those studies,13 fiber
spacing was either covaried with diameter or not reported,
making the individual effects of fiber diameter difficult to assess
from the experimental evidence alone.
Fiber diameter also appeared to influence the aspect ratio of

cells in experiments and the simulations in the present study.
In two studies, cells appeared to elongate more on microfibers
compared to nanofibers,14,15 consistent with the findings in
this work. One of these studies also found that aspect ratio
decreases on fibers with widths of 15 μm compared to fibers
with widths of 2 μm.14 However, the present study did not
assess fiber diameters of 15 μm, and the model was not easily
modifiable to study larger diameters, so additional work would
be needed to determine whether the model captures this
nonmonotonic change in aspect ratio with fiber size. In
another study, aspect ratio was not significantly changed by
fiber diameter,18 though the study did not report the spacing
or porosity of the scaffolds. The effects of fiber diameter and
spacing have not been addressed separately in most
experimental studies, so their effects on aspect ratio are not
entirely clear from experiments alone, and the present work
may help clarify the isolated effects.
The maximum aspect ratios in this study are higher than

aspect ratios reported in previous works,18 though analysis
suggests that the maximum cell lengths are not unreasonably
large compared to experimentally reported cell lengths.13

Analysis of the simulated cell lengths is described in the
Supporting Information and suggests that cells may reach
maximal lengths between 102 and 129 μm at the maximum
aspect ratios reached during the optimization procedure.
Experimental measurements have shown cell lengths around
90 μm,13 so the simulated lengths appear to be in reasonably
close to published measurements.
The effects of fiber spacing have not been isolated in

previous works. Some studies have reported the volume
fraction of scaffolds without systematically varying it,4 others
have covaried spacing with fiber diameter,15−17 and others
have not included measures of fiber spacing or porosity.18,43

The present study found that aspect ratio was not significantly
influenced by fiber spacing alone and that velocity significantly
decreased as fiber spacing increased at a constant fiber
diameter. This result suggests that fiber spacing should be

Figure 12. This plot is composed of all 105 solutions from the
multiobjective Bayesian optimization algorithm. In general, as the
fiber diameter increased and the fiber spacing decreased, the aspect
ratio and velocity increased. However, in the red square, decreasing
the fiber diameter and increasing the fiber spacing increased the
aspect ratio. The red circle highlights the lowest rank solutions, which
had scaffold geometric parameters close to a 0.4 μm fiber diameter
and 2 μm fiber spacing, which is the minimum and maximum fiber
diameter and fiber spacing allowed per the optimization parameters.

Table 2. Subset of the 105 Samples and Their
Corresponding Solutions for the First Two Ranks and the
Last Rank

rank
fiber diameter

(μm)
fiber spacing
(μm)

aspect
ratio

velocity
(μm/h)

1 1.1997 1.0003 28.78 87.05
1 1.2000 1.1490 29.91 84.09
2 1.0167 1.0269 29.20 79.66
2 1.2000 1.0045 25.97 85.73
2 1.1983 1.0026 21.52 85.79
2 1.1977 1.0002 28.52 84.16
2 1.0920 1.0007 28.96 81.19
2 1.1998 1.1551 20.35 85.86
2 1.1965 1.0027 26.51 85.21
2 0.4801 1.0005 29.27 60.75
⋮
19 0.4000 2.0000 6.57 37.94
19 0.6869 2.0000 6.30 43.44
19 0.5153 1.9763 6.68 33.91
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quantified and controlled in experimental studies to prevent a
confounding influence on cell velocity.
While the results of the model appear to be consistent with

available experimental data, further experimental work will be
required to fully validate the model results. This experimental
work would include fabricating scaffolds with the geometric
parameters described in this study, seeding the scaffolds with
cells, and measuring the velocity and aspect ratio of the cells on
the scaffolds using existing techniques. Scaffolds could be
fabricated using electrospinning or other techniques described
previously.1 The geometric parameters of the scaffolds could
be varied systematically to mimic the conditions tested with
the model in this work. These parameters could be controlled
by varying the inputs to the electrospinning device, and the
resulting scaffolds could be characterized using SEM imaging,
as described previously.4,18,43 Following fabrication, cells could
be seeded onto the scaffolds to allow them to migrate and
elongate. To quantify migration and elongation, bright field
and fluorescence microscopy could be used for time-lapse
images of the positions and morphologies of the cells.18,43 The
results of these studies could be used to further validate and
refine the model presented in this work.
4.3. Optimization. The optimization algorithm was set up

to target solutions that maximized velocity and aspect ratio.
Most of the solutions had high values for velocity and aspect
ratio, and only a few solutions had low values for velocity and
aspect ratio, as demonstrated in Figure 12 by the drastic
difference between the lowest three samples (circled in red)
and the rest of the samples. These results suggest that the
algorithm successfully targeted expected optimums that
maximized velocity and aspect ratio. In general, the expected
optimums were found by increasing fiber diameter and
decreasing fiber spacing, consistent with the results of the
isolated analyses of diameter and spacing. However, three of
the optimums (Pareto solutions) were found by slightly
decreasing diameter and slightly increasing spacing, which was
counterintuitive based on the overall pattern.
Though a systematic sweep of the inputs could be used to

locate optimal solutions, this approach would be computa-
tionally challenging due to the model execution time. A
systematic sweep becomes even more computationally
challenging as the model is improved over time and the
number of input variables increases. Additionally, small details
can be missed through a systematic sweep. For example, a
systematic sweep might miss the slight increase in aspect ratio
that occurs when diameter decreases and spacing increases.
Instead, by targeting optimums using optimization, the total
number of simulations necessary to discover the Pareto front
decreases. Overall, the optimization algorithm appears to
successfully target optimal solutions with a methodology that
can be expanded as the model develops.
As the model evolves to include more than two input

parameters for optimization, this optimization setup can be
expanded to capture the increasing design space. However, to
keep optimization computation time low as model computa-
tion time increases, the optimization approach may need to be
improved. To do so, the optimization approach could
incorporate better initial sampling, an acquisition function
that balances exploration and exploitation44 and batch
optimization. By improving the initial sampling and balancing
exploration and exploitation, the number of samples required
to find the Pareto front could be reduced. Batch optimization
is done by parallelizing the algorithm to suggest multiple

samples at a time and computing their corresponding solutions
in parallel. This method increases the computation time but
reduces optimization time, which can be valuable when the
computation time to calculate a single solution is high (as in
the present model), but the computational resources are
inexpensive.
4.4. Model Applications. This model could be used to

improve scaffold design by identifying scaffold geometric
parameters that promote cell migration and elongation. Cell
elongation is critical to scaffold success in ligaments and
tendons because elongation leads to a tenogenic phenotype
that produces aligned collagen fibers that restore the structure
of the damaged tissue.6−8 Cell migration is critical to scaffold
success because it allows the tissue to be distributed
throughout a scaffold. While many studies have noted that
migration and elongation are affected by the diameter, spacing,
and alignment of the fibers within a scaffold,1 the combined
influences of these parameters have not been assessed
systematically with experiments. In this study, the combined
influences of diameter and spacing were assessed and revealed
that migration and elongation are maximized when fibers are
closely packed, and their diameters are larger. These geometric
parameters could be used in the design of scaffolds to
maximize cell elongation and migration, which would promote
aligned tissue formation and distribution of tissue that would
restore the native structures of ligaments and tendons.
While this model was designed to study cell motion on

fibrous scaffolds, it could also be adapted to study other
biological phenomena where cells interact with fibrous
materials. For example, the model could be adapted to study
cell migration and elongation in healthy or damaged ligaments
and tendons, since ligaments and tendons have similar
structures to fibrous scaffolds.1,4,9 The model could also be
adapted to study how the organization of extracellular matrix
affects cell migration during cancer metastasis, similar to a
previous model.23 Indeed, the model could be adapted to study
the interactions between tissues and cells throughout the body
due to the similarities in fiber structure.
4.5. Limitations. The model presented in this work relies

on simplifications to both cell behavior and scaffold properties.
These simplifications helped isolate geometric effects but
prevented the model from being used to study how scaffold
mechanics affect the cell, how the internal cellular machinery
affects cell motion, or how chemical and biological factors
affect cell morphology and motion. However, previous studies
have addressed the mechanical properties of scaffolds,13,19,20

others have studied cellular responses to scaffold materi-
als,1,5−8,12−18,42 and numerous studies have assessed the effects
of biological and chemical signaling.1,11 While these studies
provide critical insights, previous work has not isolated the
effects of scaffold geometry. This work serves as a starting
point to address isolated effects of geometry on cell
morphology and migration and may be combined with other
approaches to gain further insights into the complex
interactions between cells and scaffolds.

5. CONCLUSIONS
In this work, a mesoscale model was developed to assess the
independent effects of fiber orientation, diameter, and spacing
on cell aspect ratio and migration velocity. Overall, the model
results appeared to capture experimental results and revealed
the independent effects of fiber spacing (porosity) on cell
aspect ratio and velocity, which have not been clearly reported
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previously. Additionally, a scalable multiobjective Bayesian
optimization schema was created and executed to perform
scaffold design optimization that maximizes cell aspect ratio
and velocity. This analysis may help reveal geometric scaffold
parameters that would promote a balance between cell
migration and elongation, guide design for experimental
production of ligament and tendon scaffolds, and, ultimately,
provide a better treatment option for patients with ligament
and tendon injuries.
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