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3D Printed Tubular Scaffolds with Massively Tailorable

Mechanical Behavior

Edmund Pickering,* Naomi C. Paxton, Arixin Bo, Bridget O’Connell, Mitchell King,

and Maria A Woodruff

Melt electrowriting (MEW) is a promising additive manufacturing technique for
tissue scaffold biofabrication. Successful application of MEW scaffolds requires
strictly controlled mechanical behavior. This requires scaffold geometry be opti-
mized to match native tissue properties while simultaneously supporting cell
attachment and proliferation. The objective of this work is to investigate how
geometric properties can be exploited to massively tailor the mechanical behavior of
tubular crosshatch scaffolds. An experimentally validated finite element (FE) model
is developed and 441 scaffold geometries are investigated under tension, com-
pression, bending, and radial loading. A range of pore areas (4-150 mm?) and pore
angles (11°-134°) are investigated. It is found that scaffold mechanical behavior is
massively tunable through the control of these simple geometric parameters. Across
the ranges investigated, scaffold stiffness varies by a factor of 294x for tension,
204 x for compression, 231 x for bending, and 124 x for radial loading. Further, it is
discussed how these geometric parameters can be simultaneously tuned for dif-
ferent biomimetic material applications. This work provides critical insights into

microfiber is deposited onto a collector,
layer by layer, in a precisely controlled pat-
tern. Often, low melting temperature,
semicrystalline thermoplastics, like poly-
caprolactone (PCL), are preferred due to
their low melt temperature, viscosity con-
ducive to extrusion using low-cost air pres-
sure regulation or syringe pumps, rapid
solidification, and biocompatibility.?=!
MEW benefits from being an open-source
technology, enabling versatility in machine
design. This enables optimization for
different collector surfaces (e.g., flat or
cylindrical), material extrusion modalities
(e.g., syringe pumps or air pressure
driven), heating configurations, and high
voltage configurations.®”! Together, this
enables the fabrication of MEW scaffolds

scaffold design to achieve biomimetic mechanical behavior and provides an
important tool in the development of biomimetic tissue engineered constructs.

1. Introduction

Melt electrowriting (MEW) is a novel additive manufacturing (3D
printing) technology widely explored in biofabrication and tissue
engineering for manufacturing of microfiber scaffolds.” Using
an electrohydrodynamic jet of molten material, a continuous
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with complex morphologies and with
precisely controlled 3D fiber networks.
These 3D fiber networks have been
explored for their highly tunable mechani-
cal properties and subsequent influence
on cell attachment, proliferation, and tissue regeneration for a
range of applications.["®*!

The ability to fabricate tubular MEW scaffolds using a rotating
mandrel is of growing interest and has been demonstrated in
various works,”% with proposed tissue engineering applica-
tions including vascular,®*1723 bone,'*”! kidney,'? and heart
valve.!') Tubular scaffolds with aligned fiber meshes!"®!”! and
crosshatch (or “diamond”) patterns'®! are most often reported.
The close relationship between MEW fiber patterning and scaf-
fold mechanics is of significant interest in many studies where
the mechanical behavior can influence the biomechanical
suitability for the selected tissue engineering application, for
example, in replicating the mechanics of tissues like heart
valves®?* or kidney tubules."” Further, scaffold geometry
can influence the biological response of seeded cells, including
attachment,** alignment,’** and tissue maturation.?>*”! While
emerging research is expanding the range of patterns printable
on rotating mandrels to include stentlike geometries,
multilayered tubular structures,'®?”) as well as expandable aux-
etic structures,”>”® crosshatch patterns remain the most widely
studied in the MEW literature, primarily due to the low burden in
print path programming®’ and infancy of MEW hardware to
enable more complex patterning.

The capacity to vary tubular scaffold mechanical behavior
through geometric variables has been demonstrated;!***?

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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however, little effort has been expended on the mechanical tun-
ability of such scaffolds. To overcome this challenge, this study
aims to develop an automated model to predict the mechanical
properties of crosshatch MEW. A robust finite element (FE)
model, based upon beam elements, was developed to model
the mechanical deformation of scaffolds under tension, compres-
sion, bending, and radial loading, corresponding to the four most
widely studied mechanical loading conditions experienced by tis-
sue engineered constructs in development for musculoskeletal,
cardiovascular, and renal applications.'**1%3% As beam ele-
ments are significantly less computationally expensive than
the more common brick elements, this enables rapid modeling
of scaffold geometries. Using this, we undertook the first com-
prehensive study of crosshatch tubular scaffold geometric
parameters and their effect on scaffold mechanics. This consol-
idates findings from experimental characterization of different
fiber laydown angles,['®! pore sizes and fiber spacing,? into a
continuous model to predict scaffold mechanical behavior and
reverse engineer scaffold design parameters for ideal biomimetic
performance. Further, this study reveals the massive tailorability
of this scaffold design.

2. Results

2.1. Scaffold Geometry and Nomenclature

Nomenclature of the tubular scaffolds is detailed in Figure 1a.

The geometry of each scaffold is defined by its length (), radius

(r), number of circumferential junctions (N.), number of longi-

tudinal junctions (N}), pore area (Apore = %%ﬁ), and pore
N 2zr

conditions investigated in this work.

The following terms are further defined. A fiber refers to a
single strand of material produced using MEW. A thread consists
of multiple MEW fibers stacked on top of each other, resulting in
multiple bonded fibers (see Figure 2a). A junction refers to the
intersection of two threads. A strut refers to the segment of a
thread between two junctions.

angle (ﬁ = & — 2atan (i &)> Figure 1b—f indicates the loading
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Figure 1. a) Geometric variables and nomenclature of the MEW scaffolds.
b—f) Loading types investigated in this study.
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2.2. Mechanical Testing of Single MEW Threads

To determine the mechanical properties of MEW polycaprolac-
tone (PCL) threads, 12 threads were fabricated, and subsequently
tested under uniaxial tension. Each thread is 120 mm in length
and consists of ten fibers.

Under scanning electron microscope (SEM) observation
individual fibers appeared to be neatly stacked and well bonded,
with no apparent defects (Figure 2a). At the junction, some fiber
separation is observed; this is a common phenomenon in MEW
scaffolds.*"! Each fiber had a roughly circular cross section with a
mean diameter of 21.6 pm, resulting in a total thread height of
216 pm. Idealizing the thread cross section as a rectangle,
the idealized thread area was 4666 pm?® (see Section S1,
Supporting Information).

An indicative stress—strain curve of a single thread is shown in
Figure 2b. This curve is typical of PCL fibers reported in the
literature, >4 although some variance can be expected due
to variance in molecular length and printing conditions.
In general, the threads undergo linear-elastic deformation with
an elastic modulus of 448 £33 MPa up to a yield stress of
22.0 £ 1.7 MPa at 7.77 £ 1.27% strain, followed by the stress pla-
teaus at 17.7 + 1.6 MPa, before increasing to an ultimate strength
of 30.1 £ 3.5 MPa and failure at 738 £ 91% strain (results pre-
sented are mean + standard deviation).

2.3. Experimental Validation of FE Scaffold Model

A FE model was developed to predict the behavior of MEW tubular
crosshatch scaffolds. To validate the model, crosshatch tubular scaf-
folds were fabricated with pore angles of 21.8°, 53.8°, and 95.4°
(diameter of 16 mm, length of 40 mm, target pore area of 0.5 mm?,
ten fibers per thread). Under SEM inspection, the fabricated scaf-
folds were found to be of high quality, with neatly stacked fibers.

The fabricated scaffolds were tested under uniaxial tension,
and likewise simulated via the FE model. The FE model accu-
rately predicted the tensile behavior and deformed shape of
the MEW scaffolds. Figure 3 shows the validation study, compar-
ing FE predictions against experimental results. Depending on
the scaffold nature, the force—displacement curve under tensile
loading can be separated into two or three distinct sections (see
Figure 3a). The 53.8° and 95.4° scaffolds first exhibit a low-
stiffness toe region, followed by a transition (heel) to high-
stiffness linear region, before eventual plastic deformation.
The 21.8° scaffold did not exhibit a toe region, rather only exhibits
high-stiffness linear-elastic deformation and plastic deformation.

Comparison of the force—displacement curves for the experi-
mental and FE tests (Figure 3a) demonstrates the validity of the
FE model in predicting the behavior of MEW scaffolds.
Specifically, under tensile loading, the FE model predicted the
elastic deformation of the scaffolds (i.e., toe region, transition
(heel), and linear region). As a linear-elastic material model
was employed, the limit of the FE model’s validity is at the tran-
sition from elastic to plastic deformation in the experimental
data. This is observed by a distinct deviation between the two data
sets. Within the valid region, the maximum deviation is 0.33,
0.42, and 0.24 N for the 21.8°, 53.8°, and 95.4° cases, respectively
(see Section S2, Supporting Information).

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 2. a) SEM micrograph of scaffold junction showing intersecting threads. b) Example tensile test of a single thread with an elastic modulus of

436 MPa.
(a)
25
—>*—21.8%exp
~ 20 21.8° num
Z —+—53.8%exp
T 15 53.8° num
2 e —%—954%exp
= 7 95.4° num
z 1071/
S I
e |
5¢t] / 1%
/ 14 I ¢
oxSE— HEROIV S VA VR 2
0 2 4 6 8

Displacement (mm)

(b)

20 mm

Figure 3. Experimental validation showing, a) load—displacement data from the experimental and numerical studies, and b) comparison of the experi-
mental and numerical deformed scaffolds. For each case, the upper image is numerical and the lower image is experimental. Points | and Il represent

approximate midpoints on the toe and linear regions.

In addition, the FE model also accurately predicted the
deformed shapes of the scaffolds. Figure 3b compares the
deformed shape from the experimental and FE tests for points
(I) and (II) (as shown in Figure 3a). In this, the deformed shape
predicted by the FE model closely matches that observed experi-
mentally, during the elastic deformation stages.

These results demonstrate the validity of the FE model in pre-
dicting elastic deformation behaviors of the studied scaffolds
under tensile loading. It is important to note that the scaffolds
tensile deformation behavior is complex, encompassing large
deformation, shape change, and nonaxial fiber motion. The
deformation mechanism presented here is the deformation of
individual struts. By extension, the model is thus considered
valid under compression, bending, and radial loading, which
embody these same deformation mechanisms, and are com-
monly considered loading regimes for tubular scaffolds and
are thus of interest in this study. This is in line with other studies
of similar constructs, which have validated under one loading
condition and then extended to other conditions.?*>*%

2.4. FE Predictions of Deformation Behavior

Using the experimentally validated FE model, the mechanical
behavior of crosshatch tubular scaffolds under tension,

Adv. Eng. Mater. 2022, 24, 2200479 2200479 (3 of 11)

compression, bending, and radial loading was investigated.
First, the impact of pore angle was explored (maintaining con-
stant pore area). Second, the impact of varying pore angle and
area was investigated. To better replicate the geometry of vascular
stents, scaffolds simulated in this section were 20 mm in length
and 3 mm in diameter.>”!

2.4.1. Tensile

The FE model revealed the complex tensile behavior of cross-
hatch tubular scaffolds (see Figure 4). When considering the
impact of pore angle (with constant pore area), the force—
deformation behavior varied dramatically across the range of
pore angles investigated (see Figure 4a—c).

For scaffolds with a large pore angle, a clear bilinear behavior
was observed, with an initial low-stiffness toe region, followed by
transition to a high-stiffness linear region (matching experimen-
tal observation). As the pore angle reduced, the toe region
became less prominent, and for scaffolds with a pore angle below
approximately 20°, the toe region was not observed.

Simultaneously, the tensile stiffness varies dramatically with
respect to pore angle (see Figure 4b), which can be used to effec-
tively tune scaffold stiffness. Over the pore angles investigated
here, the initial stiffness varied by afactor of 294x (from 2.91

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 4. Tensile behavior of scaffolds predicted by FE model. a) Force—displacement curve of the indicative scaffolds, showing typical behavior. b) Initial
and secondary stiffness of the scaffolds as a function of pore angle. c) Transition point from initial stiffness to secondary stiffness as a function of varying
pore angle. d—f) Color maps of (d) initial stiffness, (e) secondary stiffness, and (f) transition point as a function of pore angle and pore area (or cir-
cumferential and longitudinal nodes). g—i) Deformation behavior of the indicative scaffolds from (a) showing the scaffold morphology in their unde-
formed (UD) state, partially deformed state (I) and maximally deformed state (I1). For the 53.8° and 94.5° scaffolds, state (1) is at the transition point. For

the 21.8° scaffold, state (I) is at half the maximum deformation.

to 857 N'm™"). Likewise, the secondary stiffness varied by a factor
of 5.24x (from 939 to 4920 Nm™).

The mechanism for this massive variance can be found in the

structure and deformed morphologies of the scaffolds (shown in

Adv. Eng. Mater. 2022, 24, 2200479

2200479 (4 of 11)

©

Figure 4g—i). For low pore angle, the MEW threads are aligned to
the tensile direction of load, running predominantly along the
longitudinal axis. As tensile load is applied to the scaffold, the
threads can effectively carry the load. This is shown in

2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 4g, where little deformation is observed in the 21.8° scaf-
fold during loading. However, as the pore angle increases, the
threads are aligned more circumferentially, making them inef-
fective at resisting tensile load. When load is applied to these
scaffolds, the fibers must first reorient, enabling them to better
carry the tensile load. This results in a “Chinese finger trap” mor-
phology, as shown in Figure 4h-i. The toe region of these scaf-
folds is associated with morphology change of the scaffolds, into
a shape better suited to resisting tensile load.

Figure 4d—f shows a map of the initial stiffness, secondary
stiffness, and transition point for both varying pore angle and
area (or varying circumferential and longitudinal nodes).
Studying the isolines of these further elucidates the mechanical
behavior of these scaffolds. For example, in Figure 4f, isolines of
constant transition point are highly correlated to the pore angle,
suggesting an effective means of tailoring transition point. This
matches the analysis in the previous paragraph on morphological
realignment. Further, the secondary stiffness (Figure 4e) is pre-
dominantly controlled by the number of circumferential nodes
(more circumferential nodes mean more threads). Finally, for
low pore angle, the initial stiffness (Figure 4d) is predominantly
controlled by pore angle; however, for larger pore angle, initial
stiffness is predominantly controlled by circumferential nodes.

www.aem-journal.com

2.4.2. Compression

Similar to tensile loading, the compressive behavior varies dra-
matically with respect to pore area and angle (see Figure 5).
Figure 5a shows the load—deformation behavior of three indica-
tive scaffolds with different pore angles. Like tensile loading, the
initial deformation of the scaffolds is linear. However, under
compression the scaffolds are susceptible to buckling, which
can occur in a gradual or spontaneous manner.

For example, the 21.8° scaffold, with threads aligned longitu-
dinally, has the greatest compressive stiffness. However, because
of this, the scaffold has limited capacity to deform leading to
spontaneous buckling (Figure 5a, point II). In the FE model,
buckling is exhibited by a reduction in the reaction force causing
the FE model to fail to converge; as such, no data are collected
postbuckling. Comparatively, the 95.4° scaffold has a lower com-
pressive stiffness enabling it to exhibit large deformation.

Compressive stiffness of the scaffolds as a function of pore
angle is shown in Figure 5b. Like tensile loading, compressive
stiffness is highly dependent on pore angle, varying by a factor
of 204x over the investigated range (from 2.91 to 594 Nm™’,
with low pore angle scaffolds being significantly stiffer than their
high pore angle counterparts.
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Figure 5. Compressive behavior of scaffolds predicted by FE model. a) Force—displacement curve of the indicative scaffolds, showing typical behavior.
b) Compressive stiffness of the scaffolds as a function of pore angle. c) Color map of compressive initial stiffness as a function of pore angle and pore area
(or circumferential and longitudinal nodes). d—f) Deformation behavior of the indicative scaffolds from (a) showing the scaffold morphology in their UD

state, partially deformed state (I) and maximally deformed state (I1).
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Finally, a map of compressive stiffness is shown in Figure 5e
for varying pore angle and pore area (or number of longitudinal
and circumferential nodes). As both compression and tension
are forms of uniaxial loading, the stiffness behaviors of these
are intrinsically linked and cannot be independently tuned.
This is demonstrated in Figure 4d and 5c where the initial stiff-
ness of the scaffolds under tension and compression shows
strong alignment (this is further explored in Section 2.6).

2.4.3. Bending

The bending behavior of scaffolds as predicted by the FE model is
shown in Figure 6. Figure 6a shows the load—deformation behav-
ior of three indicative scaffolds with different pore angles. Like
tension and compression, the initial behavior of the scaffolds
under bending is linear. In fact, bending is a complex deforma-
tion in which one side of the scaffold experiences tension while
the other experiences compression. As such, the low pore angle
scaffolds are susceptible to buckling on their compressive side.
This is apparent in the 21.8° which exhibited high stiffness under

www.aem-jou rnal.com

bending but buckled at approximately 6° (Figure 6a, point II). In
comparison, the 95.4° scaffold was able to rotate the full 90° while
maintaining linear behavior and not exhibiting buckling. The
53.8° scaffold buckled at 86° of rotation.

The bending stiffness of the scaffolds as a function of pore
angle is shown in Figure 6b, while Figure 6c shows a map of
bending stiffness as a function of pore angle and pore area
(or longitudinal and circumferential node numbers). As bending
embodies both tensile and compressive loading, the trend for
these plots is like that for tension and compression. Over the
ranges investigated, for a constant pore area of 0.5 mm?, the
bending stiffness varied by a factor of 231x (from 6.18 x 1078
to 1.42 x 107> Nm deg ).

2.4.4. Radial

Radial loading encompasses both radial expansion (tension) and
compression, which for simplicity are shown together in
Figure 7. Load—deformation curves of three indicative scaffolds
are shown in Figure 7a. Unlike tension, compression, and
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Figure 6. Bending behavior of scaffolds predicted by FE model. a) Moment-rotation curve of the indicative scaffolds, showing typical behavior. b) Bending
stiffness of the scaffolds as a function of pore angle. c) Color map of bending initial stiffness as a function of pore angle and pore area (or circumferential
and longitudinal nodes). d—f) Deformation behavior of the indicative scaffolds from (a) showing the scaffold morphology in their UD state, partially
deformed state (l) and maximally deformed state (I1).
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Figure 7. Radial tension and compression behavior of scaffolds predicted by FE model. a) Load—displacement curves of the indicative scaffolds, showing
typical behavior. b) Radial stiffness of the scaffolds as a function of pore angle. ) Color map of radial initial stiffness as a function of pore angle and pore
area (or circumferential and longitudinal nodes). d—f) Deformation behavior of the indicative scaffolds from (a) showing the scaffold morphology in their

UD state, partially deformed state (1), and maximally deformed state (11).

bending, the stiffness nature of these scaffolds under radial load-
ing is the opposite with the low pore angle scaffold being the
softest and the high pore angle scaffold being the stiffest.
This is further reflected in Figure 7b which shows the radial stift-
ness as a function of pore angle. Here, radial stiffness is posi-
tively correlated with pore angle, varying by afactor of 124x
over the range investigated (4.12 to 511 Nm™).

Due to the geometry of the scaffolds, under radial loading, the
scaffolds experienced a change in their end-to-end length. Under
radial tension, the individual threads align more circumferen-
tially, shortening the scaffold length. While under radial com-
pression, the threads align more longitudinally, increasing
scaffold length. This length change is the most prominent for
the 95.4° scaffold which exhibits large length change
(Figure 7f). A special case is shown for this scaffold where at
approximately 0.5mm radial tension, fibers are almost
completely circumferentially aligned, indicated by a scaffold of
minimal length, and a dramatic increase in stiffness.
Conversely, this length change is the least for the 21.8°
scaffold, which offers the least resistance to radial loading
(Figure 7d).

A full map of radial stiffness as a function of scaffold pore
angle and pore area (or number of longitudinal and circumfer-
ential nodes) is shown in Figure 7c. Over this range of
investigated parameters, stiffness varies by afactor of 2690x

Adv. Eng. Mater. 2022, 24, 2200479 2200479 (7 of 11)

(from 0.425 to 1140 Nm™"). For radial stiffness, this is most
influenced by the number of longitudinal nodes.

2.5. Independence of Loading Stiffness

The nature of tension, compression, and bending loading is sim-
ilar, as each involves axial loading of the scaffold. In the case of
bending, one side of the scaffold experiences axial tension, while
the other experiences axial compression. This similar nature
intrinsically links the stiffness of the scaffold under these loading
regimes. Conversely, radial loading is unique, as it does not
involve an axial component.

As tension, compression, and bending stiffness are intrinsi-
cally linked, they cannot be independently tuned. This is shown
in Figure 8a,b, which shows a linear relationship between the
initial tensile stiffness and that of compression and bending.
Conversely, radial stiffness can be tuned independently of tensile
stiffness, as shown in Figure 8c.

3. Discussion

Tissue engineered structures must exhibit favorable mechanical
behaviors specific to their applications. To this end, research has
largely focused on employing biomimetic design strategies with

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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tensile stiffness, only the initial tensile stiffness is considered.

the aim of replicating the mechanical properties of native
tissues.?®*? Factors such a strut or fiber size, pore size or fiber
spacing, and pattern are routinely tuned to achieve specific
mechanical responses to match that of native tissues.!*®*!!
Compared to traditional manufacturing techniques, 3D printing
adds the capacity to tune the geometric structure of a scaffold,
adding unparalleled capacity to tailor mechanical behavior.
However, the ability to tune the mechanical properties of tubular
MEW scaffolds remains in its infancy, and papers which dem-
onstrate tunability only do so over a small range."*! In compari-
son, in this study we demonstrate massive tunability to the factor
of 294 x for tension, 204x for compression, 231x for bending,
and 124 x for radial loading.

The bilinear, “j-shaped,” force—deformation curve is com-
monly found in biological tissue such as ligaments and
tendons,*>~** vascular tissues,'*” and is observed in collagen at
the molecular scale.[*®! For this reason, tissue engineered struc-
tures have sought to replicate this behavior.?**>*”) Our work
leapfrogs current research efforts by not only demonstrating that
the “j-shape” curve is readily achieved with MEW crosshatch scaf-
folds but also exploring in detail how geometric parameters can
Dbe selected to effectively tune the individual stages of the curve.
Through large-scale simulation of 421 different scaffold geome-
tries, we have shown that the transition point is predominantly
controlled by the scaffold pore angle, while the pore angle and
pore area can be tuned to select the stiffness of each region.

Furthermore, this model provides an automated method for
predicting the bending deformation behavior of tubular MEW
scaffolds previously not achieved in the literature. The results
from this model provide both predictions of stress—strain behav-
ior, consistent with previously published experimental studies

Adv. Eng. Mater. 2022, 24, 2200479 2200479 (8 of 11)

investigating the bending behavior of MEW tubes,***# in addi-
tion to visualization of the bending deformation and its influence
on unit cell geometry.

This work also highlights some limitations of the crosshatch
scaffold design. It is demonstrated that tension, compression,
and bending stiffness of these scaffolds are inherently coupled,
such that the impact of pore angle and pore area control the stiff-
ness of these in a similar way. This is because all three of these
loading modes involve uniaxial loading, with bending being a
special case where one side of the scaffold is in tension, while
the other is in compression. In areas where these stiffnesses
must be independently controlled, the crosshatch design is
limited. For example, in trachea tissue engineering, to mimic
the properties of native tissue, scaffolds must be longitudinally
stiff while allowing flexibility under bending.*® This cannot be
effectively achieved with a crosshatch design, motivating the
exploration of alternative tubular MEW designs.

Efforts to optimize the mechanical response of scaffolds must
also consider how these factors simultaneously impact the bio-
logical response of seeded cells during in vitro studies and tissue
ingrowth when implanted in in vivo models. Research has shown
the influence of pore geometry and fiber size on the growth and
proliferation of cells.****%! Specific scaffold design elements
such as porosity, bending stiffness, and pore size are often com-
peting requirements to achieve both the desired mechanical and
biological properties. Requiring extensive experimental itera-
tions, design flexibility for optimized scaffolds for specific tissue
engineering contexts is limited and has motivated the use of
models to predict and optimize scaffold designs. In this space,
our work provides design guidance by unravelling how cross-
hatch pore geometry controls the mechanical behavior.

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Despite the known complex relationship between scaffold
design and tissue engineering functionality, crosshatch scaffolds
have been the preferred geometry for MEW tubular scaffolds due
to the ease of programming the required gcode using a continuous
path.”) “Written” crosshatch tubular scaffolds, as opposed to
meshes with aligned but nonstacked fibers, %! require the abil-
ity to program the ratio of mandrel rotation and transverse travel
speed to “stack” fibers on top of one another to create defined
crosshatch pores, as initially reported by McColl et all*®
However, these can still be readily fabricated using a constantly
rotating mandrel. While more complex designs are achievable
using a flat collector plate,!"! only recently MEW machines have
been upgraded to enable more complex tubular scaffold designs
using nonlinear rotation paths.”*% In this study, tubular scaffolds
with crosshatch architecture were therefore investigated, using this
well-studied geometry to explore the ability to predict microfiber
tubular scaffold mechanical behavior using an FE model.
The expansion of the model presented in this study to enable
the prediction of mechanical deformation of scaffolds with more
complex architectures is an exciting avenue for further research.

The model presented here was designed for elastic deforma-
tion, incorporated linear-elastic material properties, and was suc-
cessfully validated for these conditions. While the model does
exhibit buckling behavior, the model was not validated for this
due to the complexity of buckling and because buckling is out-
side of the desired operation of tissue scaffolds. The FE model
was based upon an idealized version of the MEW scaffold. This
includes idealizing the thread cross section as rectangular (see
Supporting Information, Section 1) and idealizing the complex
thread junctions (see Figure 2b). These idealizations are consid-
ered valid, demonstrated by successful model validation.
However, the complex geometry of the junction present in
MEW scaffolds raises this as an important area of investigation
in future research. In particular, the bond-separation effect at
junctions would be a valuable area of future research to under-
stand how this effects mechanics and failure.

4, Conclusion

MEW is a promising emerging technology for engineering tubu-
lar tissue scaffolds. The design and optimization of these scaf-
folds seek to mimic the mechanical behavior of native tissue
while considering pore geometry which impacts cell attachment
and proliferation. This work is the first to undergo a detailed
assessment of the impact of pore geometry on the mechanical
behavior of crosshatch MEW scaffolds. Through simulating
421 different crosshatch geometries, under multiple loading
environments, the massive tailorability of these scaffolds was
demonstrated. Over the parameters explored in this study, scaf-
fold stiffness could be modified by 294 for tension, 204x for
compression, 231x for bending, and 124x for radial loading.
The stiffness relations presented in this work act as a valuable
design tool for crosshatch MEW scaffolds.

5. Experimental Section

Thread and Scaffold Fabrication: MEW samples were fabricated using a
custom-built MEW device, described previously.l”? Prior to fabrication, PCL
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(CAPA 6430, Perstorp) was heated at 90 °C for 20 min in a 3 mL syringe
(Nordson EFD) fitted with a grounded 21 G needle (Nordson EFD).
Extrusion was performed under constant 0.05MPa air pressure, with
5 mm tip-to-collector distance, and 5.8 kV applied to a collector plate.

To measure the elastic modulus of MEW PCL threads, 12 threads were
manufactured on a flat collector plate, 120 mm in length, and consisting of
ten fibers.

To validate the FE model, crosshatch tubular scaffolds were fabricated
by printing onto a 16 mm diameter rotating mandrel using gcode gener-
ated using a previously published scaffold design tool.l” The scaffolds
were fabricated with a targeted pore area of 0.5 mm? and targeted pore
angles of 20°, 50°, and 90°. The pore size and angles were then automati-
cally adjusted to accommodate for the integer number of circumferential
and longitudinal junctions, resulting in scaffolds with angles of 21.8°,
53.8°, and 95.4°, respectively. All scaffolds were approximately 40 mm
in length, ten fiber layers high, and were printed in replicate for tensile
testing and imaging.

Thread and Scaffold Mechanical Testing: To determine the elastic mod-
ulus of individually fabricated MEW PCL threads, uniaxial tensile testing
was conducted on the individually fabricated threads and the elastic
modulus was calculated from the linear section of the stress—strain curve.
To determine the load—deformation behavior of the fabricated MEW scaf-
folds, uniaxial tensile testing was conducted on the fabricated scaffolds.
For this, the threads and scaffolds were mounted in a uniaxial tensile
testing machine (Tytron 250 Microforce Testing System, 250 N load cell,
calibrated at +25 and £2.5N with 2.5 mN resolution). Threads were
loaded to failure at a rate of 50 mm min™" while scaffolds were loaded
at 1.1% strains™".

SEM Imaging of Threads and Scaffolds: PCL threads and scaffolds were
imaged using SEM (MIRA3, Tescan, Czechia). Samples were initially sput-
ter coated with gold for 5 min to achieve ~20 nm gold coating. Imaging
was performed using 8.0 beam intensity and 3.0 kV voltage at 100x and
500x magnification. Fiber diameter was measured using the Image) mea-
surement tool in replicates (n=10).

FE Model: A FE model of the scaffolds was created in Ansys v20.1. In the
model, based upon beam elements, each strut of the scaffold was meshed
by five BEAM189 elements and mesh convergence was confirmed.
The cross section of each thread was idealized as a rectangle with dimen-
sions of 22 x 220 ym. This was based upon SEM measurement of the
MEW threads (see Section 2.3). The MEW PCL was assumed to behave
in a linear-elastic manner with an elastic modulus of 450 MPa (see
Section 2.3). The model was solved under large deformation conditions.

For uniaxial tension/compression and bending, a node was located at
the center of the base (referred to as the support node). Nodes at the
scaffold’s base were rigidly bonded to the support node using rigid beam
elements (MPC184) and the support node was fixed in all degrees of free-
dom. Likewise, a node was located at the center of the free end (referred to
as the load node). Nodes at the scaffold’s free end were rigidly bonded to
the load node using rigid beam elements (MPC184).

Loading in the FE model was performed under displacement control.
For uniaxial tension/compression, axial displacement was applied directly
to the load node, which was fixed from movement in the transverse direc-
tions. For bending load, a bending rotation was applied to the load node,
which was fixed from movement outside the plane of bending. The result-
ing reactions were measured at both the support node and load node.

For radial tension/compression, nodes of the scaffold base were fixed
from movement in the axial direction. For loading, a radial displacement
was applied to the nodes of each junction. Likewise, the reaction at each
junction was measured and summated to determine the total radial force.

FE Study Design: The FE component was separated into three studies.
The first study focused on validating the FE model. For this, FE models
were created of the fabricated MEW scaffolds and loaded in 100 load steps
to 2, 4, and 14 mm, respectively, for the 21.8°, 53.8°, and 95.4° scaffolds.

In the second study, the impact of varying pore angle, while maintain-
ing a constant pore area of 0.5 mm?, was investigated. Scaffold geometries
were created with pore angles of between 17.8° and 95.4°. As pore area is a
function of the radial and longitudinal junction number, it is often not pos-
sible to create scaffolds with a pore area of exactly 0.5 mm?; the true pore
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areas in this study varied between 0.476 and 0.524 mm? Table S2,
Supporting Information, lists the scaffold geometries investigated.

In the third study, the impact of varying both pore angle and pore area
was investigated. In this, all permutations, with circumferential and radial
junctions between 5 and 25, were investigated. Scaffolds simulated in the
second and third FE study were 20 mm in length and 3 mm in diameter;
this was chosen to better replicate the geometry of vascular stents.*”!

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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