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Bio-inspired selective nodal decoupling for
ultra-compliant interwoven lattices
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Architected materials such as lattices are capable of demonstrating extraordinary mechanical
performance. Lattices are often used for their stretch-dominated behavior, which gives them
a high degree of stiffness at low-volume fractions. At the other end of the stiffness spectrum,
bending-dominated lattices tend to be more compliant and are of interest for their energy
absorption performance. Here, we report a class of ultra-compliant interwoven lattices that
demonstrate up to an order of magnitude improvement in compliance over their traditional
counterparts at similar volume fractions. This is achieved by selectively decoupling nodes and
interweaving struts in bending-dominated lattices, inspired by observations of this structural
principle in the lattice-like arrangement of the Venus flower basket sea sponge. By decoupling
nodes in this manner, we demonstrate a simple and near-universal design strategy for
modulating stiffness in lattice structures and achieve among the most compliant lattices
reported in the literature.
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ellular materials such as honeycombs, foams, and lattices

have expanded the range of high-performance materials

available to engineers by their use of negative space and
design to achieve properties that cannot be otherwise obtained!-2.
The concurrent maturation of computational design tools and
additive manufacturing processes has given rise to a new gen-
eration of architected cellular materials with extraordinary
properties>. The design of architected cellular materials is often
inspired by biological, crystallographic, or mathematically gen-
erated structures*. With regard to biologically derived, or bio-
inspired cellular materials, the design principle that is typically
abstracted from the natural structure is the topology of the unit
cell itself>. However, closer examination of the features that
constitute the unit cell often reveals finer details that are also
worthy of abstraction. For example, a deeper study of the hex-
agonal cells of the honeybee’s nest has revealed that secondary
meso-structural features such as wall coping and corner radius
have the functional benefits of increasing specific flexural rigidity
and minimizing corner stress, respectively®’.

While a wide variety of cellular material topologies have been
proposed and evaluated for several applications, there are many
unresolved questions® with regard to the optimality of their
design in real-world applications. Additionally, most of the
functional interest for beam-based lattices, one of the most
common forms of cellular materials, has been in regard to their
ability to provide high stiffness-to-weight performance, where
topology optimization approaches have been very successfull®. A
functional domain that has been less studied is compliance of
lattice structures, which forms the focus of this work.

For this study, design inspiration was drawn from the Venus
flower basket (Euplectella aspergillum), a deep-sea glass sponge
from the class Hexactinellida that has received significant interest
from the scientific and engineering communities over the past
two decades!!. Venus flower baskets are typically found in the
Pacific and Indian oceans, and are covered in a mat of soft, filter-
feeding tissue when alive. They usually grow at the depth of 100
to 1000 m where the temperature is between 2 and 11 °C and can
survive for hundreds of years in these conditions. At these depths,
the structure experiences lateral forces from water currents and is
also under risk of predation by starfish and vertebrates, while
having to manage the forces of swimming fish bumping into
them. Given the inherently brittle nature of the silica-based
material that the basket is mostly comprised of, it is remarkable
that this structure has thrived in these conditions. It is hypo-
thesized that this exceptional behavior is enabled by at least six
hierarchical levels of design strategies at length scales ranging
from nanometers to centimeters!2. At the lower end of that length
scale, the Venus flower basket is composed of needle-like struc-
tures called spicules, which in turn are made of concentric layers
of silica laminates separated by organic interlayers that have been
shown to arrest crack propagation!3. These bundles of spicules
are arranged to form a grid-like structure with a checkerboard
pattern spanning the entire structure of the basket!4, as shown in
Fig. 1a. This pattern is surrounded by helical ridges that have
been shown to provide mechanical reinforcement and hydro-
dynamic benefits!.

There are several design principles, such as the use of diagonal
and helical reinforcements, that are embedded within the struc-
ture of the Venus flower basket!6-18, and have been proposed for
bio-inspired design!3141920, However, these reinforcements
emerge at a later stage of maturity in the organism!2. A closer
inspection of the lattice structure of a not fully mature Venus
flower basket (Fig. 1b, c), reveals that the struts comprising the
lattice are not fully connected at each node (Fig. 1d), and are
decoupled selectively. X-ray microscopy (Methods—X-ray
Tomography) reveals that the Venus flower basket consists of
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Fig. 1 Decoupled nodes in Venus Flower Basket as inspiration for
designing interweaving lattices. The structure of the a Venus flower
basket, while initially appearing like b a fully connected lattice, reveals on
closer examination to have more of ¢ a woven nature, with d struts making
contact, but not fully connected to each other at every node, which inspired
e the selective nodal decoupling concept and was applied to three different
lattice shapes in this work.

independent lattice strut systems that are woven into each other,
as shown with different color markers in Fig. 1d. None of the
prior studies of the Venus flower basket’s structure have ade-
quately examined the benefits of this nodal decoupling.

This work abstracts!® the underlying design principle of
selective nodal decoupling to generate interwoven lattices from
the structure of the Venus flower basket. The isolation of this
design principle enables a more generalizable evaluation of its
benefits on a range of existing lattice topologies such as Diamond,
Fluorite and Body-Centered Cubic (BCC), as demonstrated in
Fig. le. Compression tests demonstrate remarkable properties
including an up to 20-fold increase in compliance when com-
pared to fully connected (traditional) lattice structures.

Results

Three-dimensional (3D) woven materials have been studied
previously for their use in composites?!, and textile-inspired
approaches to 3D weaves are gaining increasing interest?2:23,
Woven structures have also been fabricated by three-dimensional
weaving of wires, typically by brazing stacks of two-dimensional
wire meshes?4#2>. In the context of additively manufactured
architected cellular materials, interpenetrating lattices have been
recently proposed, which demonstrate negative stiffness behavior,
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Fig. 2 Interwoven lattices designed by decoupling nodes in traditional
lattices. BCC shown here, transforming it into an interwoven, or i-BCC
lattice. The first step involves identifying the planes that contain struts
intersecting at nodes. The struts at these nodes are separated
perpendicular to the plane by a clearance distance, resulting in an
interwoven lattice.

and the potential for electromechanical coupling®®. Lattices with
braided rope-like woven members have also been shown to have
higher compliance than the ones with traditional beams, but these
structures are challenging to manufacture at scale?’. This work
differs from these prior efforts in proposing a simple and gen-
eralizable approach to generating woven 3D structures by selec-
tively decoupling nodes in traditional lattices, and in achieving
unsurpassed compliance values for cellular materials.

To evaluate the interwoven lattice design principle, the BCC
lattice was first selected as a baseline from which interwoven
lattices were developed. The BCC lattice is a bending-dominated
structure?8 (i.e. lattice deformation is primarily driven by beam
bending as opposed to beam stretching) and is commonly used in
studies of architected material behavior. To generate an inter-
woven structure, the BCC unit cell was split into two planes, each
containing two pairs of struts that intersect at a node located at
the centroid of the tessellated volume (Fig. 2, Supplementary
Figure 1). The struts were then decoupled in opposite directions
at the centroidal node, while keeping the newly created pair of
nodes in the same plane. After this step, both pairs of struts were
merged back to create an interwoven unit cell. The eight corner
nodes were retained to ensure periodicity. Unit cells of the tra-
ditional BCC and its interwoven counterpart (i-BCC) were
populated into 45 mm cubic specimens for compression testing
(Methods—Design, Grasshopper design scripts available2?).

Polyamide-12 (PA12) specimens were fabricated using a
Selective Laser Sintering (SLS) additive manufacturing process3’
(Fig. 3a) with three different strut diameters: 1.2, 1.5, and 1.8 mm,
and a unit cell size of 15mm in X, Y, and Z-directions, sand-
wiched between 4 mm thick platens (Supplementary Figure 2,
relative densities in Supplementary Table 1). Three replicates
were fabricated at each of the three thicknesses (Methods—
Manufacturing). These specimens were subjected to quasistatic
compression (Supplementary Movie 1). The load-displacement
curves for the BCC and i-BCC specimens are shown in Fig. 3b, c,
respectively, with three curves for each design shown representing
three replicates (Methods—Testing). The results show a sig-
nificant, 21.5-fold reduction in the effective stiffness for i-BCC
relative to traditional BCC lattices, even with similar relative
densities (Supplementary Table 1). Additionally, the undulations
in the plateau region of the BCC are significantly mitigated for the
i-BCC.

To gain insight into the deformation mechanisms, the
experiment was simulated using a numerical approach3! that
represents the struts as nonlinear, shear-deformable 3D beam
elements (Methods—Simulation) and with an elasto-visco-plastic
material model for PA12 (Supplementary Figure 3). The results
are shown in Fig. 3d, e for the BCC and i-BCC specimens

respectively, showing good agreement, particularly given the
existence of instabilities, contact, and inelastic material behavior.
The internal force contours shown in Fig. 3d, e at an applied
displacement of 13 mm (corresponding to 30% effective strain,
which was estimated as the displacement applied to the top of the
specimen divided by its initial height), reveal that the i-BCC has
greater homogeneity in the distribution of forces through the
lattice compared to the BCC (Supplementary Fig. 4). Addition-
ally, the simulation results also agree with the experimental
observation of greater localization of buckling in beams along
failure bands for the BCC relative to the i-BCC. Localization of
failure along these bands causes load drops and results in
undulations in the stress plateau during compression. The
absence of these bands for the i-BCC explains why it has a
smoother plateau (Fig. 3¢, Supplementary Fig. 5). Thus, the key
benefits to the compression response from decoupling nodes in a
BCC lattice are (i) a significant increase in its compliance, (ii) a
reduction in the undulations present in the compression plateau,
and (iii) a reduction in the internal forces generated within the
lattice struts.

To examine the generality of selectively decoupling nodes to
enhance compliance, three additional lattice structures, viz. dia-
mond, flourite, and a hybrid lattice comprised of BCC and FCC
(Face-Centered-Cubic) lattices were studied. These lattices had
the same strut diameters as before (relative densities in Supple-
mentary Table 1). In principle, any lattice structure with nodes in
the interior of the tessellation volume can be converted into an
interwoven lattice using the approach developed here. Nodes on
the tessellation surface including the corners and edges, if
decoupled, would violate boundary periodicity, an inherent
requirement for a unit cell if it is to be accurately tessellated into
3D volume. The diamond and the fluorite lattices do have nodes
in the interior of the tessellation volume and represent a sig-
nificant spread in compliance (Supplementary Figure 6). The
requirement to ensure nodes are not on the tessellation bound-
aries can however be overcome by shifting the tessellation volume
to move nodes into its interior and redefining the unit cell.
Another alternative is to hybridize32 a unit cell such as the FCC,
which does have nodes on the tessellation surface, with a lattice-
like the BCC, which does not. This hybrid lattice thus confines the
FCC cell within BCC cells and periodicity is obtained with the
unit cell now becoming a hybrid collection of FCC and BCC cells
(Supplementary Figure 7). The prior experiment with BCC lat-
tices was repeated with these three additional lattice structures,
and similar observations made as with the BCC (Fig. 4a, b): a
clear increase in effective compliance was observed, along with a
smoothening of the plateau region (Supplementary Movies 2-4).

The experimentally obtained normalized effective modulus
(E*/E;), which is the inverse measure of compliance, of each of
the four traditional lattices and their interwoven counterparts is
plotted in Fig. 4c as a function of their relative densities (p*/p),
where E* and p* represent Young’s modulus and relative density
of the lattice respectively, and E; and p, represent the corre-
sponding properties of the base material. For all four lattice
shapes, between a 4- and 21-fold increase in compliance is
observed, depending on cell type (Supplementary Figure 8). This
is particularly remarkable given that the traditional BCC, dia-
mond, and fluorite topologies are among the most compliant unit
cell structures available in the library of commonly used lattice
shapes (Supplementary Figure 6).

The normalized effective modulus is related to relative density
via a power-law relationship as:3

E* _ P* m
==<(;) W

COMMUNICATIONS MATERIALS| (2023)4:35 | https://doi.org/10.1038/s43246-023-00363-6 | www.nature.com/commsmat 3


www.nature.com/commsmat
www.nature.com/commsmat

ARTICLE

COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-023-00363-6

Force (N)

350

300
250
200
150
100

b.

2000
---- 1.2 mm
- 1.5 mm
15001 1.8 mm

Force (N)
8
o

500} i/
0 1 1 1 1
0 10 20 30 40
c Displacement (mm) _
. i-BCC
750 T T : -
---- 1.2 mm \
-~ 1.5 mm
---- 1.8 mm
500 | F R
z
[
o
S
w
250 + J
0 1 ' 1 i
0 10 20 30 40

Displacement (mm)

—— Experimental
------- Simulation

Displacement (mm)

—— Experimental

------- Simulation

Displacement (mm)

14 16 18

BCC (1.8 mm)

Force (N)

Fig. 3 Comparison of mechanical behavior of traditional and interwoven BCC lattices under compression. a Undeformed BCC and i-BCC lattices made of
Nylon-12 using selective laser sintering; b force-displacement response under compression for a traditional BCC structure with three different strut
thicknesses; ¢ and for an i-BCC, showing a far more compliant response with fewer undulations; comparisons to simulation for d traditional BCC and

e i-BCC, showing good agreement and demonstrating differences in homogeneity of internal force distribution within the struts at 30% global effective

strain (corresponding to a 13 mm displacement).
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force-displacement responses for a traditional; and b interwoven diamond, fluorite, and a hybrid BCC-FCC structure with three replicates for each design;
c normalized effective modulus against relative density for all four lattice shapes studied demonstrates the generality of the observation of increased

compliance.

where C and m are unit cell topology-specific parameters. Stretch-
dominated lattices have an exponent m value that is approxi-
mately 1, with bending-dominated lattices and open cell foams
having an exponent value close to 2, though in reality these are
typically established experimentally and show some variation

depending on unit cell shape?. A higher exponent value indicates
higher compliance for a given relative density (this is due to the
fact that relative density of a cellular material is always <1). The C
and m parameters derived for the four lattice types in this work
for both traditional and interweaving designs are listed in Table 1.
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Decoupling nodes to create an interweaving lattice thus clearly
has the effect of significantly increasing the value of the exponent,
as much as doubling it for the BCC and BCC-FCC hybrid
structures.

Another method of explaining the behavior of interwoven
lattices relative to their traditional counterparts is to interpret
them in the context of Maxwell’s criterion33, as generalized by
Calladine for three-dimensional structures4, as:

b—-3j+6=s—m 2)

Here, b and j represent the number of struts and frictionless
joints in an assumed pin-jointed frame, and s and m are counts of
the states of self-stress and mechanisms, respectively. A just-rigid
framework has s =m =028, but for bending-dominated struc-
tures, s—m is a negative number. Interweaving a lattice has the
effect of creating additional joints where the struts kink, while
keeping the number of struts the same, thus making s—m an even
smaller number, indicating an increase in the number of available
mechanisms for deformation (Supplementary Figure 10). This
effectively indicates that interweaving a lattice has the effect of
making it more bending-dominated and could thus be used to
enhance deformability of even stiff, stretch-dominated lattices.
While the material used for this study (Polyamide-12) has very
different properties compared to the silica that comprises the
Venus flower basket, the underlying principle that enables higher
compliance is expected to be widely applicable across a range of
material compositions.

Table 1 Comparison of power-law parameters for traditional
and interweaving lattices studied.

Traditional Interweaving

C m R2 C m R2
BCC 0.3 1.56 0.99 10.06 3.72 0.98
Diamond 1.26 2.33 0.99 0.96 2.91 0.99
Fluorite 0.84 2.34 0.99 0.30 2.71 0.99
BCC-FCC 0.08 112 0.96 2.49 2.77 0.77

C and m are unit cell topology-specific parameters and the R? value is a measure of the quality of
the power-law fit.

Discussion

To examine interwoven lattices beyond the context of this study,
and compare their stiffness responses to other cellular materials,
an Ashby plot for normalized effective modulus was developed
and is shown in Fig. 5. To meaningfully compare moduli with
data from the literature, it is essential to minimize edge-effects
which can accompany structures with only a few cells in them.
Thus, following ISO 1331435, additional BCC and i-BCC lattice
structures with 10 cells in each direction were designed, fabri-
cated, and tested (Supplementary Figs. 11-13).

Figure 5 shows key categories of cellular materials grouped,
with special emphasis on different design approaches to 3D
woven cellular materials in the literature. With the exception of
the braided strut lattices?’, the interwoven lattices from this work
are the most compliant structures at a given relative density.
Unlike the very high-resolution additive manufacturing process
necessary to generate braided struts, selective nodal decoupling
does not impose significantly more stringent manufacturing
requirements than the traditional counterparts from which they
are derived, though they may drive the need for support struc-
tures with some processes such as Fused Deposition Modeling
and Stereolithography.

Conclusions

This work has, inspired by a design principle observed in the
Venus flower basket, introduced a class of lattice materials
designed by selectively decoupling nodes within the lattice unit
cell tessellation volume. This work has also shown how this
decoupling leads to significant increases in compliance under
compression, even for already compliant bending-dominated
lattices. It has implications for the design of compliant architected
cellular materials with applications in piezoelectric sensing for
wearables and biomedical devices>®7, energy absorbers3®,
vibration damping?4, and other applications where high com-
pliance is sought at large relative densities. It also suggests further
exploration of interwoven designs for surface-based structures
like those derived from Triply Periodic Minimal Surface
geometries’®>40, This work also suggests two levels of further
optimizing the lattice design for compliance—at a local level, this
can be done by the modulation of the interweaving distance, at a
global level, nodes can be decoupled only in certain locations
where increases in compliance are sought. Finally, while this work
has not explicitly modeled the cylindrical structure of the Venus
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flower basket, it may be speculated that the reduction in internal
forces and increase in structural compliance that is associated
with nodal decoupling may contribute to the organism’s resilience
in its early stages of growth before the strengthening mechanisms
of diagonal weaves, helical ridges and nodal fusion have fully
developed!?, though more work is needed to establish the validity
of this claim.

Methods

X-ray tomography of venus flower basket. Venus flower basket specimen was
obtained online from Etsy.com and is widely available on this, and similar sites.
The multiscale structure of the Venus flower basket was investigated using a
commercial x-ray microscope (Zeiss Xradia Versa 620, Thornwood, NY). Multiple
scans with pixel size ranging from 23.5 pm to 8.4 um were performed to probe the
structure varying length scales. Post scanning, all the 3D datasets have been pro-
cessed in a commercial image analysis software (Avizo 9.0, Bethesda, MD) for
visualization and further analysis. Further details on tomography setup and find-
ings can be found in Morankar et al.!ll.

Design. All designs in this study were created using the Rhino 7 software (Robert
McNeel & Associates) with a Grasshopper plugin. Supplementary Figures 14-17
show the grasshopper code which converts traditional lattice into interwoven lat-
tice, with code available on an online repository?®. The inputs are, unit cell size
(15 mm), interweaving distance (3 mm) and number of cells (3 in each direction)
were kept constant across all three designs. Three variations of the strut diameter
are considered for each design, i.e., 1.2 mm, 1.5mm, and 1.8 mm. A 3x2x3 DoE
plan was generated and three instances for each design type were printed for
repeatability.

Four steps were used to obtain an interwoven lattice design from a traditional
one:

1. Identify and separate the two planes which contain struts with intersecting
nodes. blue (ABGH) and red (CDEF)

2. Taking one plane at a time (ABGH), draw a line starting at the intersection

(Red Dot) with distance d and -d (Interweaving Distance) in perpendicular

direction to the respective plane forming il and i2 points. This are the

interweaving or decoupled points.

Join BilH and Ai2G to form an interwoven node.

4. Repeat the same procedure for red plane (CDEF) and then combine the two
results together to form an interwoven BCC unit cell (i-BCC).

e

The process for interweaving Fluorite and Diamond is more complex than BCC
as they contain a greater number of intersecting nodes, but the general process of
identifying the intersecting strut’s plane and using its perpendicular direction to
form an interweaving node is same for all the structures. Certain rules are to be
considered while interweaving any given structure:

- Only lattices with nodes in interior of the unit cell can be interweaved by the
above-described method, as the surficial nodes will hinder the other nodes of
the unit cell when stacked in a grid system.

- All the nodes within the original unit cell should remain in the unit cell
volume after decoupling.

- The max interweaving distance is defined by:

o Whether the decoupled node hinders with any other node
o Whether the decoupled node stays within the original unit cell volume

- The interweaving distance should be greater than then minimum resolution of
the 3D printer to avoid the merging of struts when printed.

Manufacturing. (Supplementary Figure 2) shows all the printed lattices. The
specimens were additively manufactured using Selective Laser Sintering on a EOS
FORMIGA P 110 3D printer with PA12 (Nylon-12) as the material. Printed spe-
cimens were measured using a vernier caliper to verify strut diameters. The
measurements had an average error of 5.25%, which is not that significant and
hence was ignored in modeling and simulations.

Testing. All the specimens were tested in compression on a Instron 5985 testing
machine with a 250 kN load cell. The compression displacement rate was set to be
1 mm per second (effective strain rate of 0.02 per sec) and the compression was

done till densification. (Supplementary Figure 9) of the supplementary material

shows the deformation of all the specimens at different strain values. The main goal
here was to extract load displacement data for each specimen and compute their
compliance. A Digital SLR camera was used to capture video recordings during

compression, which were used to extract the still images. Time synchronization was
used to establish the strain. The compliance was computed by using the inverse of
the stiffness taken from the linear elastic regime of the load displacement curves.

Simulation. The simulation results reported in Fig. 2d, e, as well as Supplementary
Figs. 4 and 5, were obtained using a nonlinear (geometrically exact), shear-
deformable 3D beam model with linear elastic-viscoplastic material behavior3!.
First, the material behavior of the 3D printed PA12 was characterized by uniaxial
tension tests at various strain rates. Subsequently, a simple linear elasto-visco-
plastic material model analogous to a rheological 1-D generalized Maxwell model
with an elasto-plastic branch and a visco-elastic branch in parallel was fitted to the
experimental curves, obtaining a satisfactory agreement (Supplementary Figure 3).
This material model was then used in a B-Spline based isogeometric collocation
method for the numerical discretization of the 3D beam structures, which were
carried out in a C++ code®!. For this purpose, the geometric descriptions of the
i-BCC designs were directly imported from Rhino/Grasshopper into this code. To
ensure convergence in the presence of instabilities, small randomized geometric
perturbations were applied to the strut geometries. The nonlinear simulations of
the compression tests were then executed by constraining the bottom nodes of the
structures and incrementally applying uniform displacements to all top nodes at
the experimental rate of 1 mm per second. In this processes, beam-to-beam con-
tacts were also considered using a penalty method.

Data availability

Supplementary material includes additional figures and a table referenced in this work.
Experimental and simulation data is available from the corresponding author upon
request.

Code availability

Grasshopper scripts developed in Rhinoceros 7 for all four designs in this work have also
been made available at an open repository and can be accessed here: https://doi.org/10.
5281/zenodo.7863359. Supplementary Figs. 14-17 provide additional background on
these files. Additional information regarding these scripts is available from the
corresponding author upon reasonable request.
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