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Abstract

Surgical interventions of the rotator cuff (RC) tendons are failing at unacceptably
high rates. This is primarily due to clinical strategies failing to regenerate the
biomechanical junction between bone and tendon (enthesis). Tissue engineering
approaches for RC repair involve attempts at increasing the acute strength of the
repair and directing the healing cascade to regenerate the enthesis. Advances
in bioprinting, specifically melt electrowriting (MEW), allow precise fabrication
of microarchitectures. Our group has utilized the functionality MEW offers to
create a novel, single-material, gradient scaffold that approaches the mechanical
gradients presentin the RC. To characterize this novel geometry, high-throughput,
parametric finite element analysis (FEA) models were generated: (1) to determine
how tunable print parameters such as the radius of curvature of fibers, the
fiber diameter, and the fiber spacing alter the gradient present in the scaffold’s
architecture; and (2) to predict, at the cellular level, what strain the scaffold
generates regionally to ““instruct” the local cell milieu to produce healthy tissues
(e.g., bone and tendon). FEA models predicted that mechanical gradients in the
scaffold approached gradient levels seen in the RC (=2 orders of magnitude), in
which global strain gradients were driven by the radius of curvature of fibers.
Additionally, our novel architecture significantly affected regional mechanics,
which could be optimized for tenocyte and osteoblastic bioactivity. The data
presented demonstrate a novel, tunable architecture capable of approaching
biologically relevant gradients observed in the RC with potential to address the
clinical problems associated with tendon-bone repairs in other regions of the
body using only a single material.

Keywords: Melt electrowriting; Gradient tissue engineering scaffolds;
Cellular microenvironment; Finite element analysis; Rotator cuff repair
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1. Introduction

In the United States, over 250,000 rotator cuff (RC) repair
surgeries occur annually. These repairs are currently
failing at unacceptable rates, around 20-94%."* Clinical
approaches in RC repair generally employ “scaffolds”
that attempt first to augment the acute strength of the
repair to prevent tendon retraction from the bone and
second to encourage the regeneration of the bone-tendon
junction following healing.* However, examinations of
repaired tissues that have re-failed indicate that the native
biomechanical transition between bone and tendon, the
enthesis, is not regenerated for many scaffold designs.*
The enthesis repair site instead is replaced by unorganized,
weaker scar tissue,* which retears due to the abnormal stress
concentrations caused by the large disparities in mechanical
properties formed across the bone-scar-tendon junction.
The suboptimal clinical efficacy of existing scaffolds is
partially attributable to their failure to deliver appropriate
biomechanical and physiochemical cues to resident and
infiltrating cell populations to regenerate enthesis tissues.>*

These limitations have spawned interest in developing
“instructive  scaffolds,;”  mainly through additive
manufacturing (AM) techniques that attempt to replicate
the native mechanical gradient of the enthesis. Additive
manufacturing has given researchers the ability to develop
complex scaffolds with tunable physical and mechanical
properties (i.e., strength,” porosity, and surface roughness®),
and has the potential to deliver clinicians the ability to
implant patient specific implants.”!

“Mechanically instructive” scaffolds are designed to
provide mechanobiological cues to the relevant matrix-
producing cell types (tenocytes, chondrocytes, and
osteoblasts) to regenerate the native tissues and the
extracellular matrix (ECM) characteristic of the enthesis,
mitigating aberrant stress concentrations at the bone-
tendon interface.* An “instructive” scaffold requires that it
exposes each cell type to a mechanical microenvironment
(encompassing aspects such as stiffness, pressure, strain,
and shear) that mirrors the conditions of its corresponding
healthy tissue, creating a pro-regenerative environment.

For example, tenocytes and osteoblasts differ largely in
the mechanical stimuli they prefer. Osteoblast growth is
typically optimized in rough,'*low-strain environments,'*'®
and tenocyte growth is promoted in aligned,'>'**' higher-
strain microenvironments.”>** Therefore, creating a
scaffold to facilitate the successful regeneration of the
enthesis requires spatially dependent biomechanical and
biophysical properties. Thus, developing stiffness gradients
for RC repair involves the use of multimaterial scaffolds
(MMS)*% with a limited number of single-material
scaffolds (SMSs).28-30

However, most SMSs do not recreate the changes in
mechanics observed across the bone-to-tendon interface,
a change of =2 orders of magnitude in stiffness. In the
attempt at reducing the stress concentrations observed
in both MMSs and SMSs, our group has utilized melt
electrowriting (MEW) to generate a novel functionally
gradient material scaffold using a single material, which
is dubbed Arc-S. The Arc-S uses offsetting arced paths
(paths with a defined radius of curvature) to continuously
change the fiber intersection angle across the length of the
scaffold, generating continuous gradients of mechanical
properties with an overall alignment of the fibers in the
physiologic loading direction (Figure 1). To facilitate cell
infiltration, the Arc-S would be embedded in a hydrogel
allowing for the mechanical tailoring of the interstitial
spaces.’ The Arc-S scaffolds are generated with a single
radius of curvature (R), which differs from previous
gradient scaffolds developed using MEW by causing a
tailorable mechanical gradient throughout the length of
the scaffold rather than the more typical gradient through
the layers (i.e., thickness) of the scaffold.?***

Due to MEW’s adaptability, the printing parameters that
would contribute most to the Arc-S’s graded mechanical
properties remain uncharacterized. Computational models
of scaffolds have been a valuable resource to model the
mechanical behavior of scaffolds and to predict the cellular
response to the mechanics of the scaffold.'®*** Thus,
previous computational models have aimed to predict
how the scaffold mechanics affect the ECM production
of cells to inform and optimize scaffold design for a single
tissue type.'®*

To our knowledge, there are no studies that have
developed multitissue finite element analysis (FEA) models
to predict and optimize a scaffold for more than one tissue
type (e.g., enthesis). Because of the amount of data that
corroborates that different cell types respond positively
to different stimuli, we aim to use published strain levels
for osteoblasts and tenocytes that provide an anabolic
response as a predictor of tissue healing. This will allow
for the formation of a “tissue healing window” (THW) to
quantify and later optimize how Arc-S might provide the
correct mechanical loading stimulus to osteoblasts and
tenocytes to regenerate the enthesis. Furthermore, due
to the aligned nature of the tendon, we aim to investigate
and quantify the principal strain distribution in the Arc-
S’s modeled unit cells to predict potential collagen fiber
alignment of the naive ECM that would be formed/
embedded within the scaffold.

These works have three synergistic aims. First, we
characterized the ARC-Ss bulk gradient mechanical
behavior as a function of MEW print geometries via
modeling of the scaffold’s fibers’ regional mechanics. Next,
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Figure 1. Schematic breakdown of scaffold from conceptualization to printing and modeling. (A) Rendering of Arc-S arced toolpaths with an outline of
mechanical testing sample. (B) Scaffold in mechanical testing frame pre-loading and post-loading. The scaffold’s acute (green) and obtuse (orange) sections
are highlighted. (C) A representative image of the FEA model, with the MEW parameters of interest being highlighted. Abbreviations: FEA, finite element

analysis; MEW, melt electrowriting.

we utilized the local displacement field generated from
the bulk scaffold to predict how the scaffold’s interstitial
geometry’s unit cell (UC) mechanical environments would
facilitate potential bone and tendon healing, through
parametric computational modeling. Finally, we aimed
to determine how the scaffold geometry drives tissue
alignment through eigenvector analysis of the UC models
within the tendon healing regions of interest (ROIs).

Through these models, we hypothesize that we can
generate an Arc-S that has the same gradient of mechanical
properties present in bone and tendon across a length scale
of a human enthesis to improve clinical outcomes of RC
repair surgeries.

2. Materials and methods

2.1. Overview

MEW-printed scaffolds underwent uniaxial mechanical
testing to validate the FEA models (Abaqus/CAE 2021,
Dassault Systems, Vélizy-Villacoublay, France). The FEA
models were split into two sections: a fibrous model of the
scaffold and a representative UC that aimed to model the
biomechanics in the interstitial spaces (Figure 2). The aim
of the fibrous scaffold models was to create a structure that
mimicked the global gradient seen in the RC’s enthesis. UC
models were developed to predict cellular behavior based
on previously published THW: for specific cell types. These

UC models will also provide data on functional collagen
alignment based on the Arc-s’ geometry.

2.2. Scaffold fabrication

Arced toolpath where the central radius of curvature (R)
of the scaffold established the overall scaffold architecture
(Figure 1A). A series of offsetting arcs were printed; then, a
series of mirrored arcs were deposited directly on top of the
previous layer, creating an angle-ply bilayer. This resulted
in a gradient in fiber alignment across the length of the
scaffold, in which two regions at the ends of the scaffold
were selected to be analyzed, acute and obtuse, named after
the angles formed in each ROI (Figure 1B).

Scaffolds (N = 5) were printed for model validation
with a custom-built (MEW) printer using M_ = 45 kDa
polycaprolactone (PCL; Polysciences, Inc., Warrington,
PA, United States). MEW printer input settings were kept
constant for all samples with an extrusion nozzle size of
20 g, pressure of 3.4 psi, 6.7 kV, collector distance of 3 mm,
and a fiber spacing of 250 pum, while the radius was the
print parameter altered with radius (R) = 50, 75, 100,
125, 150 mm. PCL was selected as it is a biocompatible
polymer that prints well through MEW and has been used
for both bone and tendon scaffolds.””*® After printing,
fiber diameter (2 pixels/um resolution) was measured by
brightfield microscopy at 10x magnification (Nikon E800;
Image-Pro Plus 10 [RRID:SCR_007369]).
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2.3. Mechanical testing 2.4.FEA fiber model generation
MEW-printed scaffolds were trimmed with a surgical
scalpel to a rectangular shape with a width of 15 mm and
a length of 40 mm. Scaffolds were tested using a custom-
built uniaxial tester, in which they were preloaded to
0.05 N and then loaded in tension to a 4% global strain
at 0.1% strain per second (Figure 1B). Load data were
collected at 100 Hz (Futek LCM300), and a digital camera
(Grasshopper 3 Pt Gray) captured localized displacements
at 200 fps. Images were used for digital image correlation
and then synchronized with load data. Stress calculations
were based on bulk area measurements taken with calipers
(£0.1 mm) before testing. Moduli were calculated based on
the slope in the linear region of the stress—strain curves.
Regional moduli data were analyzed using paired ¢-tests to
compare means of acute and obtuse moduli in the same
scaffold radius group. Normality in groups was tested used
the Shapiro-Wilk tests. Comparisons between acute and
obtuse moduli, with p-values of <0.05, were considered

2.4.1. Geometric modeling

Through-thickness mechanics were deemed homogenous
within the scaffold, and thus, scaffold geometry was
simplified to a single bilayer, 2D wire model. Wire models
have shown high predictive fidelity with sub-micro resolution
for modeling microfibers previously and have the added
advantage of limiting the computational burden of meshing
with 3D elements.” Offsetting arcs were generated using
a sweep path (Figure 2), and these arcs then underwent a
duplication mirroring, which were merged with the original
arc pattern. Perfect bonding between the two layers of the
scaffold was applied. The part was then assigned a beam
section with specific fiber diameters, recreating the 40 mm
x 15 mm scaffold tested experimentally. These models were
meshed using linear beam elements (B21) with a seed size of
0.15 mm. PCL was modeled as a linear elastic material with
the properties E = 265 MPa and v = 0.3.%

statistically significant. Statistical tests were completed 2.4.2. Boundary conditions
using GraphPad Prism 10.3.0 (GraphPad Software, Boston, Nodes at the acute edge of the scaffold were fixed in all
MA, United States). three degrees of freedom (Ul = U2 = UR3 = 0). Nodes at
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Figure 2. Breakdown of unit cell (UC) workflow and predictive modeling. (A) Graphical representative of unit cell (UC) generation, with middle/outer
and acute/obtuse regions highlighted. (B) Part models of the representative acute and obtuse UCs are expanded to illustrate geometric differences and
are bound by geometric differences and their respective boundary conditions. UC boundary conditions were matched by displacements found in the
corresponding scaffold geometry. (C) Plot of tissue healing window (THW) for bone and tendon based on previously published data for optimization for
bone and tendon healing. Bounds set for bone (osteoblasts) were —=5% < €1 < 3.2%, —0.15 MPa < op < 0.15 MPa.. Bounds set for tendon (tenocytes) were
0 MPa < op and 4% < €1 < 8%.

Volume 11 Issue 1 (2025) 350 doi: 10.36922/ijb.5125


https://doi.org/10.36922/ijb.5125

International Journal of Bioprinting

Parametric modeling of MEW fibers

the obtuse edge of the scaffold were loaded to 4% global
strain along its primary axis while being constrained in all
other directions (U2 = 1.6 mm, Ul = UR3 = 0).

2.4.3. Mesh convergence and validation

A mesh convergence was conducted by increasing the
number of elements by 50% until the total strain energy of
the model was reduced by less than 3%.***! The FEA models
were validated by comparing FEA prediction strains to strains
measured in the mechanical testing experiments in both
acute and obtuse regions of each specific scaffold geometry.

2.4.4. Parametric study design

To investigate how different print parameters alter the
gradient properties of the scaffold, parametric FEA models
were generated with varying fiber diameter (FD), fiber
spacing (FS), and radius of curvature (R) (Figure 1C) for
a total of 810 simulations. These parameters were selected
because they are controllable during the MEW printing
process and were deemed the architectural parameters
most responsible for the graded mechanical effects in
these scaffolds. Specifically, R = 38.5 mm was the smallest
printable radius having enough fibers to fit the mechanical
testing geometry, FD = 10 pm was the smallest diameter
printable on our MEW machine, and 70 pm as an upper
bound is well within MEW printability.*> Smaller resolution
increments were examined on the lower end of the diameter
parametric table for two reasons: (1) it was predicted that
smaller diameters would induce larger changes to the
gradient behavior. Due to the curvature of the fibers, the
obtuse region is placed in bending, allowing for the bending
stiffness of the fibers to become more sensitive to loads as
the diameter decreases. (2) Literature primarily focuses on
printing MEW fibers on the lower parametric range since
smaller fibers have been shown to be cellularly instructive
for tissue healing.?’***> An FS = 200 pm was chosen as a
minimum fiber spacing to curb fiber bridging that could be
present when moving forward with MEW prints of these
scaffolds.* A known phenomenon where the accumulated
charge in layer alignment of previously deposited fibers
influences the placement of fibers that are being jetted
(Table 1).

2.4.5. FEA analysis

Table 1. Parametric table for fibrous model of scaffold

Parameter Start value  End value Increment
Radius 38.5 mm 150 mm 12.5mm

Fiber 10 pm 70 pm 5 um from 10-30 pm
diameter 10 pm from 30-70pm
Fiber spacing 200 um 600 um 50 pum

For each scaffold geometry, displacement data was taken
from a set of nodes down the middle and middle-outside
length of the scaffold. These displacements were used
to calculate finite strain using a numerical derivative
(Equation I).

__hu
A

@

»

where ‘‘u” represents displacement and ‘‘x” denotes
the nodes’ initial position along the scaffold’s length. The
gradient effects of each scaffold geometry were calculated
as a ratio of the acute and obtuse strains on the middle
path, dubbed the strain gradient factor (SGF). This metric
provided a nondimensional parameter to determine the
magnitude of the stiffness gradient generated for each
scaffold geometry, with larger SGFs being representative
of a larger magnitude of change in mechanics across the
length of the scaffold. Scaffolds with an SGF >50 could
be deemed to recapitulate the expected mechanical
gradient between bone and tendon observed in the RC.#*
Spearman’s correlations were calculated to quantify each
parameter’s effect on the SGE

2.5. Hydrogel model generation

2.5.1. Geometric modeling

To assess how the scaffold’s geometry affected cellular
response, four sub-regions of each scaffold geometry were
taken and loaded with the displacements calculated from
the corresponding whole scaffold ROI. The UCs generated
were modeled as the resultant quadrilateral formed in the
space between the MEW scaffold fibers. UCs representing
each sub-region of one scaffold geometry were named after
their respective positions within the scaffold: “outer acute,”
“middle acute,” “outer obtuse,” and “middle obtuse” Outer
and inner UCs were analyzed to determine the effects that
changes in the local strains subsequently drive differences
in cellular behavior with respect to the cell’s transverse
position on the scaffold. The total number of simulations
of the UC was 3240.

2.5.2. Meshing and materials

UCs were meshed at a seed size of 20 pum with 2D plane stress
linear elements (CPS3). The interstitial hydrogel, modeled
as GELMA, was assumed to be a linear elastic material
with the following properties E = 50 kPa and v = 0.3. The
loading condition was displacement-controlled biaxial
load with no unloading effects considered. Each UC vertex
was subjected to the corresponding vertex’s displacement
calculated from the fibrous scaffold relative to the top
vertex, such that the top vertex was fixed (Figure 2B).
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2.5.3. Tissue healing window generation

To analyze how acute and obtuse regions of each scaffold
would affectbone and tendon healing,a THW for osteoblast
and tenocytes was developed. This window was created
from published stress and strain data that showed anabolic
responses to osteoblasts and tenocytes. Bounds for the
bone and tendon healing window were —5% < ¢, < 3.2%,
—-0.15 MPa < 0 < 0.15 for osteoblast (bone) and 0 MPa < o,
and 4% < g, < 8% (Figure 2C) with no hydrostatic pressure
bounds for tenocytes (tendon).'*!'52# It should be noted
that the biomechanical bounds for tenocyte bioactivity are
not as defined as that for osteoblasts, and thus, the tenocyte
bounds herein represent a conservative THW.

The hydrostatic pressure and maximum principal
strain were reported for each element within the UC and
plotted against the THW. This enabled the calculation of
the percentage (%) of elements within the THW for each
scaffold geometry and ROI, giving insight into how the
local mechanics of the scaffolds’ gel-loaded interstitial
spaces could potentially influence cell behavior. Obtuse and
acute UCs were plotted against the tendon and bone THW,
respectively (Figure 2C). Spearman’s correlation coefficients
were then calculated on each region to observe general
trends in how print parameters affect predicted cellular
activity. Optimal scaffold geometries were determined by
taking the average between the middle and outer regions
to identify the corresponding scaffold geometry with the
maximum average percentage for each cell type.

2.5.4. Eigenvector analysis of obtuse regions

to determine cell alignment

As a result of UC loading, a significant transverse
compression was placed on the vertices of the UC, shifting
in the principal alignment of the resultant eigenvector
loads. This is of interest as cells are sensitive to eigenvector
alignment, because they preferentially deposit ECM parallel
to this axis in vivo.>**' To quantify potential shifts in the
principal axis, distributions of elements’ first eigenvectors
were plotted in a histogram to visually examine the
distribution of angles in the UC. Visual inspection of
the data distribution revealed a non-uniform angular
distribution, leading to the use of a von Mises distribution
to quantify distribution coefficients, and using Maximum
Likelihood Estimation (MLE) (Python, SciPy), where and
represent a predictor of how well aligned the produced
ECM would be and a validation that the location angle is
in line with the loading direction, respectively.

3. Results

3.1. Mesh convergence and validation

Convergence was achieved at 24,000 elements. FEA
predictions of regional strain fell within one standard
deviation of 9 of 10 experimental scaffold groups
(Figure 3A and B) with only the acute region of R = 100
mm group showing disagreement between experimental
and FEA groups. At R = 100 mm, experimental data began
to converge towards acute and obtuse regions having
statistically the same modulus, indicating an inflection
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Figure 3. Finite element model validation data. (A) Strain measurements in acute region of scaffold for varying radii in experimental and FEA groups. Data
of experimental group are plotted as mean + SD. (B) Strain measurements in obtuse region of scaffold for varying radii in experimental and FEA groups.

Data of experimental group are plotted as mean + SD.
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point in experimental results. The discrepancy in FEA and
experimental data might be due to FEA predicting this
inflection point early due to increased stiffness in the model
that is persistently present in FEA modeling. This disparity
was considered negligible since the behavior in the FEA
models did agree with experimental results across the other
groups, and it was assumed that the FEA models were
successfully predicting experimental results, validating the
models. Because the fibers were orders of magnitude stiffer
than the hydrogel filler used for this study, it was assumed
that since the fiber model was fully validated, mechanics

of the hydrogel filler would be valid as the fibers would
dominate the mechanical behavior of the construct.

3.2. Mechanical testing of fibrous scaffolds

Average regional moduli ranged from 206 + 45.1 to 24.2
+ 3.4 kPa, 219 + 117.7 to 22.4 + 6.8 kPa, 250 + 39.4 to
55.1 + 12.1 kPa, 396 + 150 to 208 + 43.5 kPa, and 255 *
84.7 to 207 + 58 kPa, for R = 50, 75, 100, 125, and 150
mm, respectively (Figure 4). All sample groups passed
the Shapiro-Wilk normality tests. Paired t-tests revealed
statistical differences in scaffold groups, R = 50, 75, and

800-
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2 20011 :
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Figure 4. Box and whisker plots of regional moduli of different radii scaffolds with all other parameters being constant. p-values for R = 50, 75, and
100 mm were 0.0018, 0.009, and 0.0003, respectively. Average moduli for acute and obtuse regions were 206 + 45.1 to 24.2 + 3.4 kPa, 219 + 117.7 to
22.4 + 6.8 kPa, 250 + 39.4 to 55.1 + 12.1 kPa, 396 + 150 to 208 + 43.5 kPa, and 255 kPa + 84.7 to 207 + 58 kPa for R = 50, 75, 100, 125, and 150 mm.

Significance set at a < 0.05.

Volume 11 Issue 1 (2025)

353

doi: 10.36922/ijb.5125


https://doi.org/10.36922/ijb.5125

International Journal of Bioprinting

Parametric modeling of MEW fibers

Figure 5. Representative 3D surface plot of FEA predictions (N = 90) with strain gradient factor (SGF) plotted against FD and R at the same fiber spacing
(FS): 250 um. Peak SGF = 83 was reached at R = 38 mm and FD = 30 pum, approaching the gradient present in human rotator cuff. Spearman’s correlation

coefficients for R, FD, and FS were —0.93, —0.068, and —0.048, respectively.

100 mm (p = 0.0018, 0.009, and 0.0003, respectively).
Qualitatively, the convergence of obtuse and acute region
moduli was noted as the radius of the scaffold increased.
Scaffolds with a higher radius represent structures that
have less curvature in the fibers. Less curvature reduces the
difference in fiber angle between obtuse and acute regions,
resulting in a homogeneous structure with little gradient
in mechanical properties. No significant differences were
found between the acute regional moduli of varying radii,
suggesting that altering R only changes the obtuse moduli
of the scaffold if FD and FS are held constant.

3.3. Parametric analysis of fibrous scaffold

SGF peaked at 83.5 with R = 38.5 mm, FD = 30 pm, and
FS = 250 pm (Figure 5). SGF was minimized at 1 when
R =125 mm, FD = 10 ym, and FS = 60 pm. Out of the
810 simulated geometries, 41 parametric combinations
demonstrated SGF > 50, indicating the potential
appropriateness of mechanical behavior for enthesis repair.
Of these scaffolds, N = 31 had R = 38.5 mm, N = 9 had
R =50 mm, and one had R = 62.5 mm. Scaffolds with R >
112 mm had the SGFs constrained to around 2. Spearman’s
rank correlation coeflicients of SFG with R, FD, and FS
were calculated as —0.93, —0.068, and —0.048, respectively,

indicating a strong negative correlation between SGF and R,
and a minor correlation with FS and FD. These correlations
make sense as low R scaffolds result in the largest change
in fiber angle across the scaffold’s length (19°-80° for R =
38 mm vs. 3°-29° for R = 150 mm), confirming previous
findings in which fiber angle strongly affects mechanical
properties regionally.”** So, it does follow that because
scaffolds with low R have scaffolds vary the fiber angle the
most, they would have the largest change in mechanics
compared to scaffolds with higher R. This phenomenon
was also observed in the experimental data (Figure 4). On
the contrary, higher-R scaffolds, with less variation in their
fiber angles, do not alter regional mechanics and instead
approach an SGF of 1. Complete analyses are shown in
Supplemental 1 (see Supplementary File).

3.4. Unit cell modeling to optimize
tissue regeneration

3.4.1. Acute unit cells-bone THW regions

Much like the fiber models, the UC THW percentages in
the acute region for bone had a clear inverse relationship
with R, FD, and FS (Figure 6). Spearman coefficients for
the middle acute region were —0.34, 0.21, and —0.44 for
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Figure 6. Representative plots of bone tissue healing window percentages in the outer acute region (A) and in the middle acute region (B) at a single fiber
spacing (FS) = 250 pm. Both acute regions trended lower as radius (R) increased, with little difference in fiber diameter (FD). Spearman’s correlation
coefficients for all R, D, and FS in the outer acute region were —0.81, 0.081, and —0.31, respectively. Spearman’s correlation coefficients for all R, D, and FS
in the middle acute region were —0.34, 0.21, and —0.44, respectively.

R, FD, and FS, respectively. In the outer region, spearman FD =70 um, and FS =250 um, at 86% of the elements within
coefficients were -0.81, 0.081, and -0.31 for R, FD, and FS, the bone healing windows. When directly comparing the
respectively. The maximum THW percentages were 87.5%
and 97.9% in the middle and outer regions; these occurred
in R = 38 mm and 50 mm, respectively. When averaging
the middle and outer acute percentages in each scaffold, the
scaffold with the highest THW percentage was R = 38 mm, shown in Supplemental 2, Supporting Information.

middle and outer acute regions against each other, there
were very few differences in the percentages and trends for

healing across scaffold geometries. Complete analyses are
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Figure 7. Representative plots of bone tissue healing window percentages in the outer obtuse region (A) and in the middle obtuse region (B) at a single
fiber spacing (FS) = 300 um. Both obtuse regions trended lower as radius (R) increased, with little difference in diameter (FD). Spearman’s correlation
coefficients for all R, D, and FS in the outer acute region were 0.2, 0.32, and —0.082, respectively. Spearman’s correlation coeflicients for all R, D, and FS in
the middle obtuse region were 0.66, 0.12, and —0.017, respectively.
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Figure 8. 3D plot of von Mises concentration coefficient (k) and effects of scaffold parameters (radius [R] and fiber diameter [FD]) on « for a single
fiber spacing (FS) = 450 um in the outer obtuse region (A) and middle obtuse region (B). Spearman’s correlation coefficients for all R, FD, and FS input

parameters were 0.86, —0.16, and —0.0073, respectively.

3.4.2. Obtuse unit cells-tendon THW regions

The THW UC percentages in the obtuse region for the
tendon ROI demonstrated clear maximization and tapering
off after the radius increased past R = 100 mm, indicating
that scaffolds with R = 100 mm have the ideal geometry
for tenocyte bioactivity and ECM production (Figure 7).
Spearman coefficients for the middle obtuse region were
0.66,0.12,and —0.017 for R, FD, and FS, respectively. In the
outer region, coefficients were 0.2, 0.32, and —0.082 for R,
FD, and FS, respectively. These data predict that radius and
diameter are key factors in optimizing scaffold geometry
for tendon regeneration by tenocytes. Meanwhile, the
effects of FS are predicted to be negligible. Averaging
the two region THW percentages found an optimal
scaffold geometry at R = 100 mm, FS = 600 pum, FD = 40
pm, at an average of 52.5% of elements in the tenocyte
THW. Complete analyses are shown in Supplemental 2,
Supporting Information.

3.4.3. Eigenvector assessment

Visual inspection of eigenvector histograms revealed that
the resultant primary axis angles followed the direction of
loading and did not fall into a uniform distribution across
ROIs. However, this distribution had very low variance, and
from the 1620 UC simulations, only a single simulation (R
=100 mm, D = 25 um, FS = 300 pum) fell outside 5% of the
loading line. These data indicate that this specific scaffold
geometry would not result in a preferred ECM production
alignment during physiologicloading of the tendon following
repairs. Comparing  values against print parameters
indicated that k values were highest in high-radius scaffold

(R >125 mm) (Figure 8) Spearman’s correlation coeflicients
for R, FS, and FD were 0.86, —0.16, and —0.0073, respectively.
This indicates again that R is the primary driver of the
outcome parameter of this test. Mechanistically, this can be
ascribed to the narrowing in the overall obtuse region shape
as radius increases. This leads to a shape that, under load,
has compliance in its obtuse region at the cost of transverse
compression, which alters the concentration of the first
eigenvector angle distribution. Complete analyses are shown
in Supplemental 3, Supporting Information.

4, Discussion

Mechanical stimuli are critical for the cellular fate of
repaired tissues.”>* The significant disparity of mechanics
in interfacial tissues remains a significant challenge
for tissue-engineering scaffolds. However, we have
successfully generated a novel, single-material scaffold
(SMS) with mechanical gradients, approaching the
mechanical gradation levels in the RC’s bulk properties.™
With this elegant geometry, we have what we believe to be
a more continuous mechanical gradient than those seen
in other single-material gradients”* or multimaterial
gradients.” SMSs fabricated with electrospun nanofibers
have demonstrated a stark contrast between “aligned” and
“unaligned” regions when examining ECM production
and cellular bioactivity.”” These SMSs have shown
benchtop success by displaying regional-specific elastic
moduli, as well as demonstrating the ability to modulate
the cellular response based on the region within the
scaffold.”®® SMS’s nanoscale fibers have also shown an
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enhanced ability to instruct cells to produce more tendon-
like matrix in vitro.”*> However, these scaffolds still result
in stress concentrations with their stark transition regions,
a shortcoming our scaffold can alleviate.

The manufacturability and translatability of the Arc-S’s
geometry also lend credence to further functionalization
of biochemical gradients that have been shown to aid
repair in preclinical models.”>* We believe the Arc-Ss
design can function as a “mechanical backbone” that
can be improved with the addition of seeded cells,**”
drug functionalization,” or extracellular vesicles.” This
geometry’s elegance also gives translatability and tunability
to other interfacial tissues found in vivo (aortic arch,
ligaments, etc.) because the mechanical gradient can be
tuned with one parameter (i.e., 80-1.1 with changes in R)
to a high degree.

Additionally, we paired our bulk, tissue-engineering
scaffold modeling with cellular-level predictions based on
previously published in vitro data to optimize our scaffold
for multitissue healing, screening candidate scaffolds
for future work. Work in this field has been completed
before, such as Page et al.*® using FEA to model a UC of
a fiber-embedded gel scaffold to determine which scaffold
geometry best matches in vitro anabolic strain levels for
intervertebral disc repair, or Claes and Heigele'® pairing
histology with finite element to generate the accepted
hypothesis that stress and strain states lead toward specific
tissue differentiation with the specific goal of defining
the region that differentiate towards intramembranous
ossification. To our knowledge, however, this is the
first time multitissue behavior on one scaffold has been
predicted in silico.

4.1. Parametric fibrous model

Fiber diameter did have a notable inverse correlation with
SGF of scaffolds with a small R and a small FS. A lower R
causes obtuse region fibers to be placed in bending rather
than in tension. This shift causes a strong dependence on
the bending stiffness, driven by FD’s effect on moment of
inertia, leading to lower R and lower FD to have synergistic
increases on SGE

This is of particular interest in MEW, in which variations
in print speed can be optimized to change FD,* allowing
control over FD and, thus, the SGF by varying the print
speed across the scaffold’s length for an individual fiber.
Thus, creating a G-code with a continuously changing speed
while the fiber is being jetted could produce a scaffold with
thinner fibers in the obtuse region and thicker fibers in
the acute region, resulting in another factor of continuous
mechanical variation across the length of the scaffold,
enabling greater SGFs potentially surpassing those seen in
biological tissues. Though, challenges arise when printing

high thickness scaffolds due to charge accumulation in the
fibers, and with the nonuniform scaffold’s height change,
maintaining uniformity in the print across the layers would
be challenging in the current state of MEW.*

Contrastingly, this MEW scaffold geometry does not
follow the conventional pore morphologies of MEW bone
and tendon scaffolds. MEW bone scaffolds are usually
aligned with square pores, and tendon scaffolds are more
aligned with lower fiber angles or even parallel fibers.?*' On
this scaffold, the obtuse region’s (tendon region) pore shape
is closer to the typical bone scaffold than a tendon scaffold.

Generated from a single material with a continuous
sweeping geometry, there is reduced risk to delamination,
and high tunability in the gradient while only altering one
input parameter, R. The gradient response of the scaffold
novel geometry is material-independent, meaning that
graded mechanics are preserved across different materials.
This means that, while this analysis used PCL as the base
material, it would be visible to implement this geometry
in a spectrum of bioactive or natural biomaterials when
MEW technology reaches that stage.” With the increase of
material options in MEW and an introduction to filament-
driven MEW systems,*** there does exist the capacity for
multimaterial MEW prints as well. For the Arc-S, this has
broad implications for its implementation in surgery. Not
only could the mechanical gradient be further enhanced
by printing with a stiffer material on the acute side and
a compliant material on the obtuse side (assuming solid
bonding in the fibers), but the enthesis also has a stark
material composition gradient,* and introducing a
material gradient in addition to the mechanical gradients
present in the Arc-S would further recapitulate the native
enthesis. As an example, Abdal-hay et al.® has recently
loaded a PCL scaffold printed through MEW with up
to 40 wt% hydroxyapatite, a material well-known for its
osteogenic behavior.®® However, developing a multiphasic
Arc-S would require efforts to refine a multimaterial
filament feed system with high enough resolution.

In addition to its material independence, the ARC-S
can be scaled, opening the door to patient-specific implants
that are scaled to the patients humerus and repaired
tendon. Images from the patient’s injured RC could later
inform a patient-specific patch model built in FEA to then
be simulated, validated i silico, and then implanted. Thus,
creating a digital twin that would increase assurance of
positive clinical outcomes in patients and clinicians alike.

4.2. Parametric unit cell model

Notably, in low-R scaffolds, there were differences between
middle and outer obtuse regions for tendon healing
response, but much less noted difference between middle
and outer acute regions. All scaffolds underwent narrowing
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in the obtuse region of the scaffold, inherent in the loading
condition of the model, resulting in the translation towards
the middle for the outer UCs and a compression for the
middle UCs. Consequently, middle UCs had negative
hydrostatic pressure, leading to lower percentages within the
tendon THW in the middle region than in the outer region,
which translated in the transverse direction. Acute region
percentages were insensitive due to the definition of the bone
THW, which allowed for hydrostatic compression. Scaffolds
with lower R experienced this phenomenon because the
bulk transverse compression of the obtuse region is higher
than in scaffolds with higher R, making the percentage levels
more uniform across the width of the scaffold.

For the UC assessments, it is worth noting that the
scaffolds that were thought to demonstrate the largest SGF
do not match the scaffolds with the best strain levels for bone
and tendon ECM production. High-SGF scaffolds were
in the low R, low diameter region of the parametric study.
Contrastingly, the best scaffolds for tenocyte bioactivity were
in the medium R domain with a clear maximum reached at
around R = 87 and 100 mm. This does make sense based on
the definition of the THWSs with the difference between the
bone and tendon region matching a SGF of =2x, rather than
our target of 50x in the fiber models.

We are also constraining this cellular study to one bulk
loading condition of 4% strain across the whole scaffold,
when a distribution of strain levels would be present in
vivo, especially during the stabilization period in clinical
repair or during rehabilitation through physical therapy.”’
Assuming a linear proportion, altering the strain from 4%
to somewhere near 1% would result in large shifts in the
UC geometry that would be best for tendon regeneration.

Changes in mechanics due to changes in the elastic
modulus of the UC were neglected due to the assumption
that any hydrogel filler would be much more compliant than
the MEW fibers, the dominating mechanical feature of the
scaffold. This assumption also resulted in a displacement-
controlled motion for the UC analyses, resulting in strain
levels independent of the gel’s stiffness. However, previous
work suggests that MEW constructs stiffen during gel
embedding.®® This mechanism, though important, was
outside the scope of the current study on this novel scaffold
geometry. Another limitation in the UC study regarding the
elastic modulus was the exclusion of temporal changes in
mechanics due to ECM production in the UC altering strain
levels near cells. As cells produce ECM in the hydrogel,
spatial mechanics in the UC would alter and cause the
initial strain map of the UC to change, inducing another
change in the cellular response. The interplay between
ECM production and the scaffold’s change in mechanics
would develop into a dynamic feedback loop, which would

provide insights into enhancing long-term health of the
repaired tissue. These models did not investigate this
phenomenon; however, it should be considered for future
work in the computational framework offered paired with
benchtop validation studies to quantify and visualize the
production of ECM in the enthesis for the enhancement of
engineering scaffolds. Additional work would also aim to
research how strains outside THWs would induce changes
to the matrix production as the elements that are outside
of this region have been neglected on this study. Taken
together, these limitations indicate a need to generate
a temporal computational model that takes strain data,
maps to ECM deposition, and then stiffens or relaxes
regions in the UC appropriately. Models like this have
been developed for healing tendon, but, to our knowledge,
this idea has not been adapted for predicting a scaffold’s
long-term efficacy.®”

This work also only examined how normal stresses and
strains predict tissue healing in our scaffold, neglecting shear.
As one of the parameters of bone formation, fluid shear
strain’s effect has large implications for bone formation.”
Tenocytes’ response to shear, in contrast, is limited, and
the normal strains experienced on tendon are given major
emphasis because tendon primarily faces tensile loads.

4.3. Eigenvector assessment

Collagen alignment is a key marker of healthy tendons and
manufacturing a scaffold that mimics the strain magnitude
and the direction of the healthy tissue is vital to successful
long-term tissue regeneration. For these reasons, most
tendon scaffolds are highly aligned structures that allow
the cells to reorient along the tendon’s loading direction
to produce aligned collagen.”** This is because the
maximum principal strain has been thought to dominate
ECM production and cell alignment.”**" Therefore, when
subjected to physiological strains, these aligned scaffolds
produce a concentrated distribution of maximum principal
strain angles, which facilitates improved deposition of
aligned collagen, influenced by the scaffold geometry.
Scaffolds with the highest radius had the largest k values
(smallest dispersity in angles). This means that with the three
tissue healing outcome parameters (bone healing, tendon
healing, and eigenvector assessment), a different scaffold is
favorable for each outcome parameter. Displaying a need
for balance in the appropriate parameters to optimize this
scaffold’s clinical performance in RC repair. Scaffold groups
with the largest eigenvector correlation do morphologically
match many fibrous, tendon scaffold geometries, and have
data that suggest cells produce aligned collagen along the
scaffold fibers, validating our findings that these would
lead to the most aligned constructs.”** However, due to the
other factors in designing a scaffold for the enthesis, we do
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not believe these scaffolds would be well-suited for clinical
application, though their preliminary data necessitates
further investigation outside of the computational realm.
These scaffolds have limited graded effects, critical for acute
stage repair, and the lowest bone strains in the UC, critical
for long-term joining of the RC.

5. Conclusion

When combining the outcome parameters in these studies,
there is a limit to the ability to weight all parameters and
decide the best scaffold based on the metrics provided.
Computational data successfully characterized a novel
geometry for tissue-engineering scaffolds from print
parameters and predicted tissue healing from multiple
tissues on the same substrate. Future work will pair the UC
FEA findings with in vitro stretching of scaffolds seeded with
cells, as this work is currently devoid of benchtop analyses.

Our novel geometry can bridge the stiffness gap
seen in the RC and has applications in other interfacial
tissues and fields by virtue of its high degree of tunability
characterized in our high-throughput, single-material
models. The scaffold has the potential to be functionalized
with material gradients as a postprocess to enhance its
mimicry of the present complex gradient.
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