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Abstract

Inspired by the protective armors in nature, composites with asymmetric 3D articulated tiles
attached to a soft layer are designed and fabricated via a multi-material 3D printer. The bending
resistance of the new designs are characterized via three-point bending experiments. Bending
rigidity, strength, and final deflection of the designs are quantified and compared when loaded in
two different in-plane and two different out-of-plane directions. It is found that in general, the
designs with articulated tiles show direction-dependent bending behaviors with significantly
increased bending rigidity, strength, and deflection to final failure in certain loading directions, as
is attributed to the asymmetric tile articulation (asymmetric about the mid-plane of tiles) and an
interesting sliding-induced auxetic effect. Analytical, numerical, and experimental analyses are

conducted to unveil the underlying mechanisms.

1. Introduction

Many natural armors are composed of articulated
building blocks bonded on a soft deformable layer to
provide both protection and flexibility to accommod-
ate various functions in everchanging environment
[1-5]. Examples of these tiled composites in nature
include the suture tessellation on the seedcoats of
common millets [6, 7], the shell of the red-eared slider
turtle [8], various fish armors, such as the alligator
gar [9], the striped bass [10], salmon and many more
[11-13]. They have been found to have increased stiff-
ness, toughness, and durability under different types
of loadings [14-16].

Bending resistance is an important mechanical
property for both protection, flexibility, and other
functionalities. For example, the seedcoat of por-
tulaca and common millet are composed of jigsaw
puzzle-like epidermis cells attaching to a soft cellu-
lar layer [17, 18] to protect the seed and to facilit-
ate germination as well. The out-of-plane loads can
come from either outside, such as the predator, or
inside, such as the germinating seed. Also due to
the tessellation, the seedcoat often shows in-plane

© 2024 The Author(s). Published by IOP Publishing Ltd

anisotropy [6]. All these will cause the direction-
dependent bending resistance of the corresponding
bio-inspired designs.

In this study, inspired by natural tiled compos-
ites, we took the approach of designing periodic
mechanical metamaterials to design the bio-inspired
tiled composites. Then we explore the direction-
dependent bending resistance of the periodic dual-
layer designs and the mechanisms behind it. Various
bioinspired layered composites have been designed
to mimic the excellent properties observed in nature
such as mimicking the behavior of tissue [19, 20],
while some have been designed to improve proper-
ties, such as dissipating energy while both increas-
ing strength and diffusing damage under bending
[21, 22], both strain to failure and toughness [23],
puncture resistance [24], and peel strength [25].
Many engineered metamaterials have been designed
to achieve specific and unique properties that usu-
ally are not found in nature [26-32]. They can also
have enhanced strength, stiffness, toughness, auxetic
behavior, and be light weight [33—43]. These mater-
ials have geometric or structural geometric proper-
ties that can be tuned to obtain the desired set of
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mechanical properties [44—51]. A typical approach is
to explore the mechanisms through periodic designs.

In this paper, for comparison, both articulated
and non-articulated periodic dual-layer tiled com-
posites are designed. The designs are fabricated
via a multi-material 3D printer (Stratasys, Objet
Connex3). First, uniaxial tension experiments are
performed on 3D printed samples to obtain an ini-
tial understanding of the direction-dependent stress-
strain behaviors of the designs. Then, an analyt-
ical model was developed to explore the relationship
between the local interacting forces and the degree
of articulation, and therefore to unveil the mechan-
ism of increased bending strength for the articulated
designs. Finally, three-point bending experiments are
performed on the 3D printed designs in two different
in-plane directions and two out-of-plane directions.
The results are compared to unveil the mechanisms
for direction-dependent bending behaviors observed.

2. Materials and methods

2.1. Bio-inspiration

Common millet is a crop found worldwide. The key to
a crop’s survivability is its reproduction. Here we take
a closer look at the seeds of this crop, more specific-
ally the seedcoat. The seedcoat needs to provide dif-
ferent levels of protection under external and internal
loadings. For example, the seedcoat needs to provide
excellent protection when subjected to external load-
ing such as insect or bird biting and crushing, while it
only needs to provide a low level of resistance under
loading from the germination and growth of the seed
from inside (figure 1(a)). By removing the seed from
the seedcoat, shown in figure 1(b), and taking a closer
look at the microstructure of the seedcoat under an
optical microscope, it is found that the exterior sur-
face of the seedcoat consists of a layer of epidermal
cells in a rectangular tile like morphology intertwined
via a network of sutural interfaces. However, examin-
ing the inner surface of the seedcoats shows that the
rectangular tile like morphology is still present, but
with the absence of the sutural interfaces, indicating
the complicated asymmetric 3D articulation of the
epidermal cells with articulation complexity increases
from interior surface to exterior surface. This is differ-
ent from the 2D suture tessellations [6, 15, 52] which
have symmetric 2D articulations about the tile mid-
plane, i.e. extruding through the thickness direction.

2.2. Specimen design

The tiled composites designed include two layers:
the layer comprised of hard tiles (Tile Layer), and
the Soft Layer. The two coordinate systems defined,
as shown in figure 2(a), are the x—y local coordin-
ate system aligned with the tile edges, and the X-Y
global coordinate system aligned with the edges of the

RJ Nashand Y Li

specimens. Figure 2(a) shows that one side of the Tile
Layer is fixed to the Soft Layer. There are two types
of tile geometries, square base tile (BT) and tiles with
suture teeth (ST). The suture tile can be considered as
BT plus 3D teeth and channels. The teeth and chan-
nels have 3D matching geometries (figure 2(b)), and
each tooth-channel pair can have relative sliding after
contact. The tiles are arranged with an initial separa-
tion g to facilitate 3D printing.

Figure 2(b) shows the suture tile of the ST design
and the important geometric parameters, consisting
of the tile edge length L, the tooth base length b, the
height of the tooth h, and the tile thickness H. Each
tooth and channel pair is perpendicular to the tile
edge. The tiles used in this study have a thickness
H=4mmandan edgelength L =7.07 mm. The tooth
base length b is L/4 (1.77 mm) and the height of the
tooth his L/2.2 (3.12 mm). The Soft Layer has a thick-
ness of 1 mm, resulting in a total composite thickness
of 5 mm.

Figure 2(c) shows the two bending directions that
we will explore: bending direction 1 (D1) and bend-
ing direction 2 (D2), having an angle of 45 degrees
between them. The bending resistance is desired for
all combinations of tile geometry (BT or ST), in-
plane bending direction (D1 or D2), and out-of-plane
bending set-up (Soft-UP, SU, defined as the indenter
is in contact with the soft layer of the specimen; and
Soft-Down, SD, defined as the indenter is in contact
with the tile layer of the specimen). This results in a
total of eight different cases in bending utilizing four
unique specimens as summarized in table 1.

Figure 2(d) shows portions of each tile design and
direction with their cross-sections exposed. The tiles
along the cross-section are highlighted with alternat-
ing colors, and one tile from each is hidden to further
depict the arrangement of the tiles and their depend-
ence on their neighbors.

The specimens are fabricated via a multi-material
3D printer (Stratasys, Connex3). As shown in
figure 2(e), the overall dimensions of each sample
are 100 mm x 35 mm x 5 mm. The tiles are prin-
ted with a hard polymeric material Vero White (with
Young’s modulus of ~2 GPa), while the soft layer is
printed with a soft rubbery material TangoPlus (with
Young’s modulus of less than ~1 MPa).

2.3. Bending under self-weight

The unique arrangement of the Tile Layer and how it
is fixed to the Soft Layer results in a material that has
different amounts of flexibility in different directions.
For all eight cases, due to gravity alone, the deform-
ation of the specimens about a cylindrical surface of
radius r = 21.5 mm is shown from the side view and
from the top view in figures 3(a) and (b) respectively.
It can be seen that under the self-weight the BT and ST
designs show similar level of flexibility for each direc-
tion (D1 and D2) and orientation (with the cylinder
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Figure 1. (a) Schematics of external versus internal loading on the common millet seedcoat, (b) removal of the seed from the
seedcoat along with imaging of the exterior and interior surfaces of the seedcoat under an optical microscope.

Exterior

Interior

in contact with the soft layer, and with the cylinder in
contact with the tile layer).

In general, the D1 specimens (with both BT and
ST designs) with the Soft Layer in contact with the cyl-
indrical surface results in a larger curvature than the
corresponding D2 specimens, as shown in figures 3(a)
and (b). Also, for each design with the tile side in con-
tact with the cylindrical surface, the specimens show
much smaller curvature and do not conform to the
cylindrical surface. For the case in which the cylinder
is in contact with the tiles, it is seen that the samples
have a slight curvature to them and that all tiles are
currently contacting each other (a result of their self
weight). This results in a stiffening behavior discussed
in detail later on, but it should be noted that if the
sample is initially flat with the tiles not initially in con-
tact, the samples will be more flexible and display sim-
ilar properties to that of the soft layer.

2.4. Three-point bending mechanical experiments
of 3D-printed samples

Three-point bending experiments are performed on
one sample for each combination of tile geometry,
bending direction and bending set-up, with each of
the eight cases summarized in table 1. The two bottom
supports are spaced 60 mm from each other with the
top indenter tip centered between them. The samples
are centered on the supports leaving 20 mm of over-
hang on each end. The experiments are conducted by
using the Instron 6800 Series Universal Testing System
and are performed at a quasi-static testing rate of
1 mm min~!. Images are taken at even intervals to
observe the deformation and failure of the samples.
Deflections of zero represent the initial configuration

of the sample at rest, not necessarily coinciding with
a flat sample configuration. Samples are loaded until
failure, until constant sliding of the sample between
the supports is observed, or until the sample slides off
the supports (for the extremely flexible sample cases).
The bending rigidity of each case will be quanti-
fied experimentally by calculating the materials flex-
ural modulus, Ef, using equation (1), where L; is the
support span, w is the sample width, d is the sample
thickness, m is the slope of the load deflection curve.

Lim

Er= .
BT wd?

(1)

The bending strength of each case will be quan-
tified via the maximum force obtained during the
three-point bending experiments, Fp,y.

2.5. Additional methods of analysis

To both explain and verify the results observed in the
three-point bending experiments, additional meth-
ods of analysis are performed and detailed in the sup-
plementary document. An analytical analysis aimed
at quantifying the influence that the tooth channel
pairs have on the overall strength and deflection at
failure for the soft-down D1 loading case is shown in
section SA of the supplementary document.

As it is well known that bending behavior
induces local tension and compression, the behavior
of the sample under uniaxial tension are explored.
VeroWhite grips are added, and samples are 3D-
printed for experiments, again using the Instron 6800
Series Universal Testing System at a quasi-static load-
ing rate of 1 mm min~"! until failure. FE models of
the RVEs of all designs are created in ABAQUS/CAE,
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Figure 2. Specimen designs. (a) the Soft-Down and Soft-Up views of the design, (b) 3D suture tile geometry, (c) outlines of
sample with two bending directions D1 and D2, (d) cross section views of each tile geometry and each bending direction, (e) the

Suture Tiles (ST): D.

Base Tiles (BT): D, Suture Tiles (ST): D,

Table 1. Summary of the eight cases of three-point bending experiments.

Case number 1 2 3 4 5 6 7 8

Tile geometry BT ST BT ST BT ST BT ST
Direction D1 D1 D2 D2 D1 D1 D2 D2
Bending set-up SU SU SU SU SD SD SD SD

and are subjected to periodic boundary conditions for
comparison with the uniaxial tension experimental
results. These methods and results are detailed in
section SB of the supplementary document.

Finally, an analysis on the rotation and sliding
of the three-point bending samples about the sup-
ports is performed in which both the experimental
data and image analysis of the experiments are used
in tandem to verify the end of test modes for each
sample, described in section SC of the supplementary
document.

3. Three-point bending results and
discussions

3.1. Soft-up cases (cases 1-4)

Figure 4(a) shows a schematic of the experimental
setup while figures 4(b)—(e) show the experimental
results for the Soft-Up cases for D1 and D2 specimens,
respectively. As shown in figure 4(b), when loaded
Soft-Up, both BT-D1 and ST-D1 specimens are
highly flexible and share similar peak loads and final
displacements. The samples are so flexible that they
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a) Contact with the Soft Layer
D,

only, (a) the side view and (b) the top view.

Figure 3. The deformation of the specimens about a cylindrical surface of radius r = 21.5 mm for all eight cases under self-weight

Contact with the tiles

are being held up in place the friction between the
supports and the tiles. When the load drops to zero
the samples have deflected enough through the sup-
ports that the friction is not enough to support them
and they collapse under their own weight without
failure.

As shown in figure 4(d), for Soft-Up D2 speci-
mens, ST-D2 reaches a 3.79 times higher force than
that of BT-D2, and both end up sliding. Similar
to the uniaxial tensile results in section SB of the
supplementary document, there is an initial region
where both ST and BT share the same bending rigid-
ity, that of only the soft layer, but after enough
deformation has occurred in the ST design, the tooth-
channel pair come in contact, forcing the negative
Poisson’s ratio and causing an increase in bending
rigidity for ST. Figures 4(c) and (e) show the images
during the last point in testing along with post—
experimental images of the samples. For all cases 1—
4, the samples were not damaged after the bending
tests.

3.2. Soft-Down cases (cases 5-6)

The ST-D1 and BT-D1 show similar bending rigid-
ity but ST-D1 reaches a 1.31 times larger force and
a 1.72 times larger displacement at failure than the
BT-D1 design. The images of the last point of exper-
imentation and the post-experimental images of the
samples in figures 5(c) and (d), show that soft layer
failure occurs for the Soft-Down cases in D1 direction
for both BT and ST. No change in bending rigidity

is observed between BT and ST after the tiles con-
tact each other and this correlates well with the tensile
experimental results for this direction, as no differ-
ence in stiffness is seen there and no auxetic behavior
is measured in the direction either.

The increase in strength and deflection from the
BT design to the ST can be quantitatively explained
via the analytical analysis in which the interacting
forces of two neighboring tiles and the thein layer
connecting them are analyzed as a function of the
tile’s articulation angle, O (full derivation in section
SA of the supplementary document). Figure 6(a)
shows the cross section of the BT and ST tiles depict-
ing the articulation angle © = 0 for BT and © = 38.8°
for ST. Figure 6(b) shows how the articulation angle of
the tile can increase the designs deflection compared
to that of © = 0, for the same interacting forces in the
soft layer. This means that when this interacting force
reaches a critical level to cause failure for each case,
the articulated tiles will experience the shown scalar
increase in deflection compared to that of the ® = 0
case.

The analytical results show that the ST design
should see a 1.62 times larger deflection than the BT
design. Assuming the critical load occurs at the peak
force experimentally, the analytical model matches
closely with the experimental results that show the ST
design reaches a 1.68 times larger deflection than BT
at the initiation of failure.

For the case of linear elastic material properties,
the deflection will be linearly related to the overall
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Figure 4. Three-Point bending experimental results (Soft-UP, Cases 1-4). (a) The Soft-Up three-point bending experimental set
up. (b) Load-displacement curves, and (c) images at the final deflection during the experiment and images of the post-experiment
samples of the D1 specimens with BT and ST. (d) Load-displacement curves, and (e) images at the final deflection during the
experiment and images of the post-experiment samples of the D2 specimens with BT and ST.
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Figure 5. Three-Point bending experimental results (Soft-Down, Cases 5-6). (a) The Soft-Down three-point bending
experimental set up. (b) Load-displacement curves, and (c) images at the final deflection during the experiment and images of the

post-experiment samples of the D1 specimens with BT and ST.

load and bending moment, meaning both would also
see this 1.62 times increase from BT to ST, however
only a 1.31 times increase is observed experimentally
due to the hyperelastic material properties of the soft
layer.

In short, the increase in articulation angle results
in a decrease in the interacting forces acting on the
tile, which both increases the deflection and bending

N

strength, and it is expected that both can be fur-
ther increased when the articulation angle © increases
further.

3.3. Soft-down cases (cases 7-8)

Figure 7 shows the Soft-Down three point bending
experimental results for D2 specimens. When loaded
with Soft-Down, ST-D2 shows a 2.22 times higher
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Figure 6. Analytical analysis on the influence of the articulation angle of the designs bending strength and deflection at failure. (a)
Schematics of the tile’s cross section depicting the articulation angel for the BT and ST designs (b) the scalar increase in the
designs overall deflection compared to © = 0 as a function of the articulation angle.
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Figure 7. Three-point bending experimental results (Soft-Down, Cases 7-8). (a) The Soft-Down three-point bending
experimental set up. (b) Load-displacement curves, and (c) images at the final deflection during the experiment and images of the

Suture Tile

force than that of BT-D2. The soft layer for ST-D2
damages but does not experience total failure, thus
the designs and end up sliding, while the soft layer in
BT-D2 ends up fractured, shown in the post exper-
imentation images. ST and BT specimens show a
similar bending rigidity early on but once contact
between tiles occur, the ST design quickly increases
its bending rigidity compared to the BT design. The
tooth-channel contact and the negative Poisson’s ratio
in the ST design provide a mechanism to increase the
interaction between tiles and in turn the soft layer
while neither is present in the BT design. The tensile
result for this direction highlights this effect with the
increase in stiffness and strength, and the introduc-
tion of negative Poisson’s ratio observed for the ST
design once contact has been made.

Although an analytical analysis on bending in the
D2 direction is not conducted (due to the complexity
introduced by no longer being able to approximate it
asa 2D problem), the concepts are still applicable. The
introduction of teeth-channel pairs allows for more of
the load to be distributed from the soft layer into the
tile layer. The negative Poisson’s ratio activates more
of the surrounding tiles to resist the load. The com-
bination of the two enable the ST design to distribute
even more of the indentation load from the soft layer
to the tiles, resulting in a significant increase in not
only bending rigidity, but also the bending strength
and deformation for final failure/sliding. The absence
of total failure in the soft layer for the ST design fur-
ther exemplifies the benefits of the negative Poisson’s
ratio and articulated tooth-channels.
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Figure 8. Comparison of flexural modulus and maximum force for the eight cases. (a) A bar plot of the flexural modulus for each
of the eight cases, (b) a bar plot of the ratio of SD flexural modulus to SU flexural modulus for each tile geometry and bending
direction, (c) a bar plot of the maximum force for each of the eight cases, (d) a bar plot of the ratio of SD maximum force to SU

maximum force for each tile geometry and bending direction.

Table 2. Summary of the final modes of all three-point bending experiments.

Case number 1 2 3 4 5 6 7 8
Tile geometry BT ST BT ST BT ST BT ST
Direction D1 D1 D2 D2 D1 D1 D2 D2
Bending set-up SU SU SU SU SD SD SD SD
End of test S-O0 S-O S S F F F S

3.4. Design comparisons

Figure 8 contains comparative bar plots of both the
flexural moduli and maximum force for the eight
cases of three-point bending experiments. Figure 8(a)
shows the flexural modulus and for all designs and
directions, the SD bending orientation shows much
larger bending rigidity than the SU bending orienta-
tion, with the ST-D2 case being the stiffest. The ratio
of SD to SU is shown in figure 8(b), where the ST
design holds both the largest ratio (for D1) and the
smallest ratio (for D2).

Compared with ST-D1 design, under Soft-
Down bending, ST-D2 design not only shows
increased bending rigidity but also show a signific-
antly increased bending strength, while for ST-D1
design, the bending rigidity is similar to that of BT-
D1 design. This indicates that tooth-channel pair
barely influence the bending rigidity in D1 direction,
but significantly influence the bending rigidity in D2
direction.

A very similar trend to the bending rigidity is
seen for the strength in terms of the samples max-
imum force and the maximum force ratio shown
in figures 8(c) and (d) respectively. Both bending

rigidity and maximum force are found to have above
an order of magnitude difference between the SU and
SD bending orientations. The bending rigidity is so
low for the SU cases that none experience damage
during the experiment. For the SD cases all except
ST-D2 experience fracture of the sample, despite it
having the largest bending rigidity and reaching the
greatest maximum force, it was able to efficiently
transfer the bending load from the soft layer to the
tiles.

The deflection at failure comparison is complex
as there are varying end of test criteria. In general,
all experiments are initially dominated by the bend-
ing deformation where the sample rotates about each
lower three-point bending support. If the samples
remain intact long enough this rotation phase is fol-
lowed by sliding of the sample on the lower supports.
Different combinations of these two processes during
the experiment result in three different final modes:
Sliding (S), Slide-Off (S-0), and Fracture (F), and a
detailed description of how they are determined can
be found in section SC of the supplementary docu-
ment. The final modes of each experimental case are
summarized in table 2.
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Table 2 shows that no specimens fracture for Soft-
Up bending. For Soft-Up bending, both BT and ST
designs end up with slide-off in D1 direction and
gradual sliding in D2 direction. For Soft-Down bend-
ing, BT designs fracture in both D1 and D2 directions,
while ST designs fracture in D1 direction but not in
D2 direction.

4, Conclusions

In summary, all the tiled composites explored show
direction dependent bending properties. Under
three-point bending, all designs have a much higher
bending rigidity and reach a much higher bending
strength when loaded Soft-Down than when loaded
Soft-Up. The difference in bending rigidity from SD
to SU is maximized for bending direction D1 with
ratios of over 30, and is minimized for bending dir-
ection D2 with ratios under 20, with the ST design
holding both the maximum and minimum ratio.

The lack of negative Poisson’s ratio in the D1
bending direction (as determined from the tensile
tests in section SB of the supplementary document)
result in no additional tiles activated in resisting the
bending load for ST compared to BT, resulting in very
similar bending rigidity. This means that the addi-
tion of 3D articulation in the tiles does not affect the
composite’s flexibility in this direction. It was also
shown for the D1 direction, both analytically and
experimentally, that this addition will increase the
deflection and bending strength at damage initiation
without sacrificing the bending rigidity. The analyt-
ical model shows that benefits can be enhanced in
designs with even larger articulation angles, ©, fur-
ther reducing local forces on the tiles and the local
internal forces in the soft layer connecting neighbor-
ing tiles.

In the D2 bending direction the negative Poisson’s
ratio in the ST design plays an important role of
activating more of the tile layer to resist the bending
load, effectively increasing the bending rigidity, and
reducing the load in the soft layer, effectively increas-
ing the deflection at damage initiation, and bending
strength. These effects are highlighted by the fracture
seen in the soft layer for all SD designs except the ST-
D2 design, where the soft layer damages, but remains
connected. For the SD case, deflection at failure is sig-
nificantly increased from bending directions D1 to D2
and again for BT to ST. The SU cases have such low
bending rigidities that they do not fail and the deflec-
tion at failure is not quantifiable.

The 3D articulated tiled composite provides an
excellent way to obtain variable bending behaviors
due to its direction-dependent properties. An order of
magnitude difference in bending rigidity and strength
are obtainable between the SU and SD bending ori-
entations, while finer tuning in these properties is
obtainable by rotation of the composite from bend-
ing direction D1 to D2, all within a single material.
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Altering the 3D articulation of the tiles can result in
custom negative Poisson’s ratio and custom articula-
tion angle, further enhancing the composite proper-
ties and merits additional studies.
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