Impact statement

Additive manufacturing (AM) continues to push the
boundary of manufacturable structures and enhance
the ability to robustly design for specific properties and
behaviors. The more we understand the design space of
a novel AM microstructure, the greater its application
range. In this article, we describe the mechanical behav-
ior of helicoidal, elastomeric lattices and introduce path
length metrics to help explain their stress response. We
show that these structures can exhibit a large range
of mechanical behaviors in compression, making them

well suited for applications such as stress mitigation
and impact absorption. Additionally, the path length
metrics could become useful design tools and may be
applicable to a larger set of cellular structures. These
findings expand our ability to rapidly design materials
with highly specific and customizable properfies to meet
the needs of modern engineering challenges.
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Compressive properties of silicone
Bouligand structures
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This article presents an examination of silicone, Bouligand lattices in compression.
Appearing frequently in biological organisms and manufacturing design, Bouligand
structures comprise layers of parallel strands or fibers oriented in a helical fashion.
They can exhibit exceptional fracture resistance when composed of rigid or
composite materials. The behavior of elastomeric Bouligand structures, however,
is less well understood. Additively manufactured (AM) elastomeric lattices have
applications in stress mitigation, medical devices, and soft robotics. This article
demonstrates that Bouligand structures are a useful addition to the design space
of AM elastomers. By adjusting the layer-rotation parameters, lattice stress
can increase by more than 300% without altering the porosity. Additionally, we
introduce path length metrics that help explain the observed relationship between
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layer rotation and compression response.

Introduction

Direct-ink-writing is an additive manu-
facturing (AM) technique that enables the
fabrication of complex three-dimensional
shapes that traditional manufacturing
methods cannot achieve.! Researchers have
direct written many materials, including
elastomers,>> metals,* ceramics,” and their
composites.® The resultant novel structures
have advanced fields such as soft robotics,’
stretchable electronics,® biomedical engi-
neering,” optics,'® and stress mitigation,
where precise deposition of elastomeric,
cellular microstructures enables tunable
mechanical properties and superior aging
performance than stochastic foams.'!

Two common direct-ink-write (DIW)
structures, “simple cubic,” and “face-
centered tetragonal,” exhibit a range of
mechanical behaviors with changes in
porosity;>'>!3 however, alternative micro-
structures exist that can further expand

the application space of DIW.!4'¢ In this
work, we add to this expansion by mod-
eling and characterizing elastomeric, Bou-
ligand structures, which comprise layers of
straight, evenly spaced filaments that are
rotated by a fixed angle relative to each
other. Many organisms employ these archi-
tectures—typically with rigid materials—to
achieve superior fracture toughness.'’ 2!
Inspired by these organisms’ capabili-
ties, engineering researchers have aimed
to reproduce their structures and proper-
ties.?? 2% The mechanical properties of elas-
tomeric, Bouligand structures, however, are
not well researched. We aim to fill this gap
in knowledge.

Cushioning and stress mitigation appli-
cations often employ elastomeric cellular
materials for their ability to endure com-
pressive loads; therefore, we aimed to
understand how elastomeric Bouligand
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structures respond in compression. We performed parametric
analyses in simulation, focusing on the parameters that define
rotation between layers: the angle of rotation and the position
of the point about which all filaments are rotated. To compare
the nonlinear stress—strain behavior of the different param-
eters, we report the lattice stress at multiple strains. (We define
lattice stress to be the reaction force divided by the cross-
sectional area.) We validated the simulation results by printing
and mechanically testing a subset of the simulated structures.

To help explain the observed relationship between com-
pression response and the rotation parameters, we defined
path length metrics representative of the structure and found
a strong correlation with lattice stress. Future work will
involve performing dimensional analysis to seek an ana-
lytical or reduced order model relating lattice parameters to
stress—strain response, which could enable more rapid design
of DIW microstructures.

Results
Simulation parameter sweeps S ‘ ‘
A fully defined Bouligand lattice requires six parameters: d: rotation center
strand diameter (d), horizontal strand spacing (), vertical N R RN ‘

&

offset between layers (vo), rotation angle between layers (pitch
i iti rc*s/2:

angle, 0), rotation center position (rc), and number of layers

(n) (Figure 1). Using theoretical porosity calculations based

on simulated geometry data, we found that porosity increased

significantly with increases in vo/d and s/d, while changes in o] \ \

rc and 0 affected the porosity by less than 4% (Supplementary
Figure 1). Because the effect of structure porosity on lattice S S‘\ X S s a]

stress is well understood,'? we focused our parametric analy- L T N . ] /
ses on the porosity-independent parameters: rotation center \ ™
position and pitch angle.

Note: To calculate the theoretical porosity (@), we used the 30° 90°
following equation:

{0))
' ~—
@
=}
D

P=1-7, 1
where V' is the volume of the lattice geometry, w equals the
geometry width, and th equals the geometry thickness: 60°
th=d+vo-(n—1). 2 .

To understand how pitch angle affects lattice stress, we
simulated compression processes for structures with rc = 1
and pitch angles 6 {20°, 25°, 30°, ..., 85°, 90°} and calcu-
lated lattice stress, F /wz, where F equals the reaction force
output. In general, as the pitch angle approached 90°, the
lattice stress increased; however, there were exceptions,
most notably at 60° and 45°. We also analyzed the relation-
ship between elastic modulus (for strains 0.07 to 0.12) and 30°
pitch angle and found that—for 15% strain—it was simi-
lar to the lattice stress versus pitch angle relationship (Fig-
ure 2a-b). For larger strains, however, the modulus versus
angle relationship deviated from the stress versus angle rela-

tionship due to the nonlinearity of the stress—strain curve Figure 1. (a) Lattice parameters and renderings of simple cubic,
face-centered tetragonal, and helicoidal lattices, (b) adjacent-layer
geometry for 30° and 90° rotation angles, (c) bird’s-eye view of
printed lattices.
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(Supplementary Figure 2). To fully capture this nonlinear
behavior, we focused our analyses on stresses at multiple
strains.

To analyze the effect of rotation center position on lattice
stress, we simulated all combinations of rc € {0.0, 0.25, 0.5,
0.75, 1.0} and 8 {20°, 25°, 30°, ..., 90°} and found that for
some pitch angles, the lattice stress varied by up to 220%,
whereas for others, the stress changed by less than 8% (Fig-
ure 2¢—d). This result reveals the importance of precisely defin-
ing the rotation center for certain pitch angles, which becomes
especially relevant when printing lattices on nonplanar sur-
faces, where the local rc values can deviate from the intended.

The increasing trends in lattice stress versus pitch angle may
be explained by inspecting the geometry of two adjacent layers
(Figure 1b). As the pitch angle approaches 90°, intersection
points are pushed closer together, increasing their frequency.
Therefore, lattices with pitch angles that are closer to 90° have
more intersection points in a given volume. Strands at intersec-
tion points experience more stretching than unsupported strand
segments (which can bend more), and research has shown that
stretch-dominated lattices exhibit higher lattice stresses.?”?®
Although the frequency of intersections helps us understand
why lattice stress increases as pitch angle increases, it does not
explain the spikes in stress at 45°, 60°, and 90°. To elucidate
the origin of these spikes, we introduce new lattice metrics (L,
and C,) in the “Lattice vertical path length” section.

Lattice vertical path length
We discussed in the “Simulation parameter sweeps” section
that intersection point frequency plays an important role in
lattice stress; however, relative intersection point position also
has a significant impact. Consider structures with a pitch angle
of 90°: when rc = 0, all intersection points align vertically,
vertical stress columns form in compression, and the structure
has a high stress response (Figure 3a). When rc = 0.5, how-
ever, the intersection points are maximally misaligned, and the
structure is among the softest of the structures we simulated.
To quantify the relative position of intersection points in
a structure, we defined a variable called “path length,” L, to
be the length of the minimum path needed to traverse along
filaments from an intersection point in the bottom layer, to the
top. To understand this metric, imagine an ant on the lattice.
To take the shortest path from bottom to top, it would traverse
a filament in the first layer until it reached an intersecting fila-
ment in the second layer. It would climb up to that layer and
repeat this process until it reached the top. Movie 1 in the
supplements is a visual representation of an L, calculation.
We calculated L), for all intersection points between the bot-
tom two layers in a six-strand-wide, square boundary and defined
a variable called “path length coefficient,” C,,, which equals the
mean of all L, values divided by the geometry thickness (Sup-
plementary Figure 3). The equation for C, is as follows:

Figure 2. Simulation lattice stress (a) stress versus strain, rc = 1
(b) stress versus angle, rc = 1, (c) stress mean and range over all
rc = 1values, (d) stress versus angle, rc € {0,0.5,1}.
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Figure 3. (a) Distribution of von Mises stress within two nominal-
thickness lattices at 25% strain, with 3D images of lattice struc-
tures with top 50% of nodal stresses plotted, (b) Cp versus pitch
angle, with renderings of structures and paths for 30°, 60°, and
90° pitch angles, (c) lattice stress at 15% strain versus pitch
angle.

Here, n,, equals the total number of paths. As C,, increased,
lattice stress decreased (Figure 3b—c, Supplementary Fig-
ure 4). This correlation can be understood by considering that
C, is a surrogate for the extent to which compressive stresses
are distributed within the structure. For example, at a 90°
pitch angle with rc € {0,1}—where intersection points are
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laterally aligned and C,, is low—stresses are concentrated to
the columns of aligned intersection points, resulting in a stiffer
response. Conversely in structures where intersection point
alignment is poor and C,, is high, the stress is more distributed,
and the overall lattice stress is low.

The correlation between C, and lattice stress helps to
explain why some structures with pitch angles of 45°, 60°,
or 90° exhibited dramatically different stress responses than
others. These pitch angles are large factors of 180°, and there-
fore their structures form short helicoidal periods (four, three,
and two layers, respectively). When helicoidal periods are
short, the lateral positions of intersection points repeat often,
increasing the frequency of their alignment or misalignment,
which can minimize or maximize C,, pushing the mechanical
response to the extremes of the design space. This observation
is consistent with research that has shown that structures with
short helicoidal periods can exhibit unique responses when
compared to structures with longer helicoidal periods.'®

Having observed that lattice stress decreases with an
increase in both C, and intersection point spacing (~1sin0,
Figure 1b), we combined the variables into one expression,
sint/C,,, and plotted those values as a function of pitch angle
(Figure 3c, dashed line, Supplementary Figure 5). This curve,
plotted on a separate y-axis, overlaps well with the simulation
stress curve. Future work will seek an analytical expression
relating structure parameters to lattice stress by deriving a
scaling factor for this expression.

Experimental validation of models

We printed and mechanically tested a subset of the simulated
architectures (Supplementary Table I) and found that, in gen-
eral, the experimental stresses were higher (Figure 4a). To
understand why the experimental stresses exceeded the simu-
lations, we observed that the printed lattices experienced sag-
ging, and therefore, their measured thicknesses were below
the commanded value (Supplementary Figure 6). As a result,
the printed samples had lower porosities than their simulated
counterparts, and we know that lower porosity structures have
higher stresses in compression.'?

To determine if the disagreement could be fully explained
by the thickness mismatch, we ran updated simulations using
new vertical offset values, which we calculated by applying
the measured thickness values to Equation 2. (For instance,
to compute the new vo for the lattice with rc = 0, 6 = 50°,
and a printed thickness of 1.5 mm, we used the expression
1.5 mm=0.2 mm+vo- 9 and found that vo=0.14 mm.) The
updated simulation results matched the experiments much more
closely (Figure 4b); however, agreement remained less good at
higher strains. Lattices with pitch angles 45°, 60°, and 90° had
the largest error, where the simulation stresses exceeded the
experiments for strains above ~20 percent. These are structures
with short helicoidal periods, and we hypothesize that frequent,
repeated layers might experience more buckling, which—being
a high-acceleration, short time-scale process—cannot be
captured by the implicit computational approaches we used.
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Figure 4. Experimental lattice stress versus simulation lattice stress (a) idealized geometries, (b) experiment-informed geometries. The simula-
tions matched the experiments best when they accounted for sag in the experiments.

Comparing stress—strain curves supports this hypothesis (Sup-
plementary Figure 7). For the 60° and 90° lattices, deviation
between simulation and experiment increased dramatically at
the strains where the experimental curves began to plateau, and
plateaus of this kind often indicate buckling.?%

To improve the simulation accuracy, we could employ a
computational model that captures buckling, such as explicit
modeling. Another possible source of error is that the simu-
lations were modeled as confined compression, whereas the
experiments were unconfined. We assumed that larger struc-
tures (such as the ones we mechanically tested) would experi-
ence negligible lateral movement in a six-strand-wide region;
however, this assumption might not hold for larger strains.
Additionally, some aspects of the simulation geometries were
idealized: the strands were modeled as perfect cylinders, while
the printed parts sagged, the bottom layers’ strands flattened
against the print surface, and the models omitted the excess
material that exists at the intersections of the printed parts

(Supplementary Figure 8). Each of these features could be
included in future models to reduce error.

Discussion and conclusion

In this work, we analyzed two porosity-independent varia-
bles—ypitch angle and rotation center position—and found that
they affect the lattice compressive stress by up to 326 percent.
We also introduced path length metrics, L, and C,, that help to
explain these results. The correlation between the path length
coefficient, C,, and lattice stress suggests that it is possible
to derive an analytical or reduced order model that predicts
lattice stress at a given strain from structure parameters and
material properties. Because Bouligand structures are para-
metrically defined, it may be possible to derive an analytical
form for L, that could serve as a basis for the C,, expression.
Such a model would greatly improve the ability to rapidly
design structures for a given application, because it would
reduce or eliminate the need to run FEA simulations.
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To the best of our knowledge, this is the first examination
of how rotational structure parameters affect the compressive
properties of elastomeric Bouligand structures. These results
facilitate the design of additively manufactured, elastomeric
microarchitectures, and the methods could be transferable to
rigid materials. By elucidating the compressive responses of
these structures, this work enables additive manufacturing
design to access more mechanical behaviors, enabling a larger
application space.

Materials and methods

Compression simulations

The main goal of this work was to expand our knowledge of
the Bouligand structure design space for elastomers. Average
structure simulation time was 3.2 h, enabling us to gather data
for many different structures relatively quickly. By contrast,
mechanically testing one sample required 1 h to print, 17 h to
cure, and 10 min to test.

Simulation software

We chose Ansys as our finite element analysis (FEA) software
because it allowed us to automate the entire simulation pro-
cess, from generating the geometries, to gathering the desired
output variables. Moreover, the static structural algorithm
achieved higher compressive strains for DIW architectures
than other commercial or custom codes.

Geometry definition
We defined the outer boundary of the structure as a square
with width equal to 6 s. We chose this value by drawing
from research that shows that to minimize edge effects when
modeling lattice structures in compression, the width of the
boundaries must be at least as wide as six strands/cell units.*
We meshed the lattice geometries using linear-element
tetrahedrons with four degrees of freedom at each node
(displacement and hydrostatic pressure). The edge length
could be as large as 0.25 x d. To simulate the compression,
we defined two square plates directly above and below the
geometry and meshed them using hexahedrons. Their length
and width equaled those of the geometry, and their height
equaled d/2.

Material modeling

To model the silicone mechanical properties, we used a sec-
ond-order Ogden model of a custom DIW silicone whose
parameters we obtained through mechanical testing of the bulk
material. The effective Young’s modulus was 3 MPa and the
bulk modulus was 1 GPa. In tensile elongation-to-break exper-
iments, the material failed at 5 MPa. We used Ansys’ built-in
material model for structural steel for the plates’ material.

330 M MRSBULLETIN « VOLUME 48 o APRIL2023 o mrs.org/hulletin

Q\
“\JJ COMPRESSIVE PROPERTIES OF SILICONE BOULIGAND STRUCTURES

Compression setup

We used implicit mechanical models. For applications
where compression speeds are low (mm/min), the systems
can be described as quasi-static, making implicit modeling
a feasible choice. Because, in general, implicit models
take less time to converge on a solution, and we wanted
to simulate many structures, implicit models fit our pur-
poses well. However, some of the structures we simulated
experienced local buckling, where explicit modeling could
have worked better.

Because we used an implicit model, the results were
time-independent, meaning that we could use an arbitrary
time interval over which to simulate the compression. We
set the compression to ramp at a constant rate from 0 to 50%
strain over one second. As output, we gathered the reaction
force values on the moving plate and von Mises stresses at
the mesh nodes.

Experimental validation of models
Using a custom ink whose cured properties we applied to the
simulations, we printed circular samples 50 mm in diameter
with the lattice parameters outlined in Supplementary Table I.
The material was formulated as a two-part (A:B) thermal
cure Pt-catalyzed siloxane (10:1) having a vinyl terminated
poly(dimethylsiloxane)-co-(diphenylsiloxane), reinforcing
fumed silica, a thixotropic additive, a reaction inhibitor,
a vinyl MQ siloxane resin, and poly(dimethylsiloxane)-
co(methylhydrosiloxane) as cross-linker. The samples were
printed at room temperature using a custom DIW machine
built on a three-axis Aerotech platform and were cured at
150°C.

We performed compression tests using an Instron 5969 with
a 5 kN load cell. The upper platen was 50 mm in diameter with
a spherical seat, and the lower, fixed platen was 28.68 mm in
diameter. We performed compliance correction up to 1.5 kN
prior to running any tests. For each sample, we performed
three load—unload cycles up to 1.5 MPa with a compression
rate of 1.26 mm/min and an unload speed of 2.54 mm/min. We
collected displacement and reaction force data at 10-20 Hz.

To measure the printed lattice parameters and compare
them to the nominal values, we cut square-shaped sections
out of the printed samples (in a region that had not been
compressed during testing) and imaged them using a Key-
ence VHX-6000 microscope.
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