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COMMUNICATION
Ultra-Light and Scalable Composite Lattice Materials
Christine E. Gregg, Joseph H. Kim, and Kenneth C. Cheung*
Architected lattice materials are some of the stiffest and strongest materials
at ultra-light density (<10mg cm�3), but scalable manufacturing with high-
performance constituent materials remains a challenge that limits their
widespread adoption in load-bearing applications. We show mesoscale, ultra-
light (5.8mg cm�3) fiber-reinforced polymer composite lattice structures that
are reversibly assembled from building blocks manufactured with a best-
practice high-precision, high-repeatability, and high-throughput process:
injection molding. Chopped glass fiber-reinforced polymer (polyetherimide)
lattice materials produced with this method display absolute stiffness
(8.41MPa) and strength (19 kPa) typically associated with metallic hollow
strut microlattices at similar mass density. Additional benefits such as strain
recovery, discrete damage repair with recovery of original stiffness and
strength, and ease of modeling are demonstrated.
Strong and stiff ultra-light materials are desirable for structural
applications where mass strongly influences performance and
cost. In particular, mechanical properties such as specific
modulus govern the design of aerospace structures with critical
dynamic modes.[1] Theoretical upper bounds predict the
possibility of engineering ultra-light materials that achieve
stiffness and strength in the regime of conventional solid
materials, exceeding the performance of their constituent solid
materials for dynamic mode limited applications. There may be
revolutionary benefits to infrastructure and transportation
technologies if these limits can be approached with scalable
manufacturing methods.[1,2]

Materials can be engineered with ultra-light density as cellular
solids by leveraging an open microstructure. Encompassing
stochastic foams, lattice materials, many aerogel structures, and
naturalmaterials likebone, cork, andhoneycomb,cellularmaterials
in general have mechanical behavior that is governed by their
microstructuralgeometry, constituentmaterial, andmanufacturing
method. Their performance is typically characterized relative to the
solid constituent material. Seminal work by Ashby[3] established
that the stiffness of a cellular solid can be described by:
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E�¼ A�ρa ð1Þ

where E�is relative modulus, the modulus
of the lattice normalized by the modulus of
the constituent solid, and ρ� is relative
density, the density of the lattice normal-
ized by the density of the constituent solid.
A and a are constant scaling factors
dependent on cellular geometry, and A is
additionally dependent on material and
manufacturing method. A similar scaling
relationship is established for relative
strength, the strength of the lattice nor-
malized by constituent material strength:

σ�¼ B�ρb ð2Þ

This is only considered valid for brittle
elastic materials or the yield strength of
elasto-plastic materials. The scaling factors b and B are known to
change depending on the relative density regime, as well as
lattice geometry, material, and manufacturing method. Geome-
try effects for both strength and stiffness are governed by
whether the lattice is bend or stretch-dominated, commonly
indicated by the lattice connectivity,[4] and by the cross-sectional
geometry of the struts. The stiffest and strongest lattices for their
weight feature stretch dominated lattice geometry.

Stochastic foams[5] and aerogels[6] can be produced in
relatively large quantities, but they feature bend-dominated
structures that do not meet the mechanical performance of most
architected lattice materials. Conversely, though stretch-domi-
nated architected lattices are some of the lightest and stiffest
materials to date,[7] wide-scale implementation has been limited
by manufacturing scalability challenges. Printing,[8–10] templat-
ing,[7,11] and photolithography methods,[7,12] commonly used to
manufacture architected lattice materials, are intrinsically size
limited. Though some roll-to-roll manufacturing strategies have
been proposed for metallic lattice sandwich structures,[13]

comparable scalable manufacturing for three-dimensional
lattices has yet to be developed.

Manufacturing of cellular materials by assembly of discrete
building blocks, each manufactured with conventional best
practices, may overcome such limitations. Cheung and
Gershenfeld[14] demonstrated assembled ultra-light engineered
cellular materials with specific modulus governed by linear
scaling, and others have showed similar performance at
lightweight material mass densities using similarmethods.[15–17]

Using this building block approach, we show that near-ideal
stiffness and strength behavior can be achieved at ultra-light
mass density, using industrial mass production processes. We
assemble a lattice using injection-molded thermoplastic
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building blocks, produced very quickly (17 s per building block)
and inexpensively (0.01–0.03 USD per cubic centimeter). The
result is an ultra-light lattice material that, despite theoretical
material and geometric disadvantages, displays stiffness and
strength behavior in the regime of state of the art metallic and
ceramic microlattices. This strategy leverages well-characterized
manufacturing processes that can utilize a wide variety of
materials. In addition, mass manufacturability, high fidelity
behavior prediction with low resolution modeling, and discrete
repairability may enable practical wide-scale implementation.

Cuboctahedral lattices were assembled from injection molded
octahedral unit cells termed voxels (Figure 1). Two different
constituent materials were tested: Ultem 2200 (20% glass fiber
reinforced polyetherimide), and stiffer, more brittle RTP 2187
(40% carbon fiber reinforced polyetherimide). Significant
alignment of the chopped fibers within the strut, caused by
shear during the injection molding process, was observed in
both materials (Figure 1f). In the case of Ultem 2200, this
produced higher effective strength and stiffness than manufac-
turer data sheet values. Voxels had a pitch, or unit cell length, of 3
in, and a strut cross-sectional area of 2.63e-3 square inches
(Figure S1). Stainless steel size 0–80 bolts and nuts torqued to
specification (16 in-oz) provided reversible and repeatable node
connections.

Various specimen sizes were tested, each forming a cube with
n unit cells per side (total of n3 voxels per specimen). Converged
continuum behavior for modulus was reached by n¼ 4
(Figure S6). Symmetric linear elastic behavior in tension and
Figure 1. a) An assembled cuboctahedral lattice specimen, made from b) Ult
(highlighted), termed voxels. c) A single monolithic RTP 2187(40% carbon fib
the injection mold. e) Picture of the mold surface. f) Micrograph showing
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compression was observed for Ultem 2200 lattices, with low
hysteresis during cyclic loading (Figure 2a). Upon initiation of
strut buckling, a non-linear elastic region is observed that
resembles a bulk yield-like behavior, though with no associated
plastic strain (Figure 2b). Upon unloading, strain and modulus
are almost fully recovered (99%). The first reloading into the
non-linear region (35% of average break strain) shows a small
reduction in the proportionality limit (to 95% of original), which
we attribute to small strain setting in the node connections
affecting buckling bias. Considerable permanent change in
material behavior is only observed after strut breaking initiates.

An ABAQUS FEA model showed outstanding fidelity in the
linear-elastic region using a relatively small mesh size, attributed
to the discrete nature of the material as a network of beams
(Figure 3). Modeling results for an n¼ 4 Ultem 2200 lattice
predicted a lattice stiffness of 2.71MPa, which differs by less
than 5% from average measured experimental values for tension
(2.61MPa) and compression (2.60MPa). Discrepancy in pre-
dicted yield behavior is attributed to the necessary rectangular
approximation of the real kite-shaped strut profile, resulting in
small differences in second moment of area and the buckling
behavior of the beams.

While linear elastic behavior was symmetric in tension and
compression, post-buckling behavior of Ultem 2200 lattices
varied in compression and tension (Figure 3) and initiated at a
lower average stress in compression (10.4 KPa vs. 6.28 KPa).
When in tension, struts in the plane normal to loading are in
compression and eventually buckle (Figure 3a). After these struts
em 2200 (20% glass fiber reinforced polyetherimide) octahedral unit cells
er reinforced polyetherimide) injection molded voxel. d) Exploded view of
fiber alignment within the RTP 2187 injection molded strut.
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Figure 2. a) Cyclic loading of an n¼ 2 Ultem 2200 lattice in tension and compression in the linear-elastic regime demonstrating symmetric behavior in
tension and compression and low hysteresis. b) Loading (top three curves) and unloading (bottom three curves) of an n¼ 2 Ultem 2200 lattice from the
non-linear elastic region shows an initial reset of the proportionality limit (95% of original) attributed to buckling bias and small strain set in the nodes.
c) Stress–strain response of an n¼ 2 Ultem 2200 lattice assembly before and after repair via voxel replacement, each loaded until a single strut failure.

Figure 3. a) Diagram showing which struts are in compression (red) and which struts are in tension (blue) under global tensile loading. b) Picture
showing deformation modes of an n¼ 4 Ultem 2200 lattice under tensile loading. c) Representative tensile response of an n¼ 4 Ultem2200 lattice
assembly and associated simulation results. Distinct behavioral regions of the experimental curve can be seen in (i) linear elastic behavior; (ii) initiation
of strut buckling and non-linear elastic regime; (iii) hardening caused by alignment of struts with load direction due to buckling deformation; (iv) first
strut failure; (v) second hardening regime caused by continued strut alignment with load; (vi) ultimate strength; and (vii) final degradation with
continued strut failure. d) Diagram showing which struts are in compression (red) and which struts are in tension (blue) under global compressive
loading. e) Picture showing deformationmodes of an n¼ 4 Ultem 2200 lattice under compressive loading. f) Representative compressive response of an
n¼ 4 Ultem2200 lattice assembly and simulation results. Distinct behavioral regions of the experimental curve can be seen in (i) linear elastic response;
(ii) initiation of strut buckling and non-linear elastic behavior; (iii) softening as buckling causes strut misalignment with load; (iv) first strut failure; and
(v) catastrophic strut failure and continued degradation.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2018, 20, 1800213 © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800213 (3 of 6)

http://www.advancedsciencenews.com
http://www.aem-journal.com


Figure 4. a) A comparison of ultra-light materials shows the high relative
performance of injection molded lattices (n¼ 4). b) Injection molded
lattices achieve the same absolute performance regime as ceramic and
metallic hollow microlattices. Dotted lines compare the scaling of
injection molded cuboct lattice with an assembled unidirectional CFRP
cuboct lattice,[14] demonstrating how higher relative performance of RTP
2187 cuboct causes the convergence of performance. Values from this
work were normalized with the average measured strut stiffness of the
respective material.

www.advancedsciencenews.com www.aem-journal.com
buckle, the material exhibits a bulk hardening effect as
deformation modes cause struts originally in tension to further
align with the load direction. A similar mechanism is known in
stochastic foams[18] and was recently described for two-
dimensional architected lattice geometries.[19] After the first
few compressed struts break, further bulk hardening is observed
as load alignment continues. Eventually, aligned struts begin to
break, and final degradation occurs. The opposite mechanism
operated in compression, where struts in the plane normal to
loading were in tension (Figure 3d). Buckling of struts outside of
this plane resulted in increased beam-bending dominated
behavior and softening after the bulk non-linear transition,
before breakage led to continued material failure. Because of the
more brittle nature of the RTP 2187 lattices, no post-damage
hardening was observed (Figure S3 and S4). We attribute this to
insufficient ability to achieve load alignment without breaking.

The assembled lattices demonstrated outstanding behavior
upon discrete repair (the replacement of a broken voxel with a
new voxel). Figure 2c shows the stress–strain curve of an n¼ 2
Ultem 2200 sample loaded until a single strut failed. It was then
unloaded and the single broken voxel was replaced using the
reversible bolted connection. Reloading showed that the repaired
structure maintained stiffness equivalent to the original sample
(2.52 vs. 2.48MPa), with a small decrease in yield strength
(retains 95% of original strength), attributed to strain setting
mechanisms discussed previously.

An Ashby chart of relative modulus vs. relative density for
ultra-light materials demonstrates the importance of
manufacturing process on lattice performance. The relative
modulus can be thought of as a quantitative measure for how
efficiently the manufacturing method and geometry combine to
utilize the available performance of a material. Injection molded
lattices achieve the same relative stiffness regime as state of the
art metallic hollow microlattices (Figure 4), despite a 20% mass
penalty from nut and bolt hardware and less efficient solid
struts.[20] Both types of injection molded cuboct lattice
outperform an assembled uni-directional CFRP cuboct lattice
of higher relative density.[14] Since they use the same cellular
geometry, this difference can be primarily attributed to the
manufacturing. The same behavior is observed in absolute
modulus (Figure 4b), where injection molded lattices are
competitive with metallic and ceramic microlattices.

Injection molded lattices achieve the same regime of relative
strength as other architected lattice materials (Figure 5). The
difference between the RTP 2187 and Ultem 2200 relative
strength is attributed to their differing degrees of ductility and
strut buckling strength (permodulus), full discussion of which is
available in the Supplementary Information.

By demonstrating injection molded lattices, we show that
selecting materials for manufacturability with traditional, high-
precision processes can create lattices with state of the art
performance while offering many additional benefits. Assembly
from building blocks that took seconds to make and an
unconstrained build envelope offer true mass manufacturability,
in addition to discrete repairability. This strategy may enable
production of complex assemblies at mass production scale that
achieve high-performance ultra-light material properties. The
specific mechanical performance advantages are particularly
relevant to applications with critical dynamic modes, such as
Adv. Eng. Mater. 2018, 20, 1800213 1800213 (
aerospace structures, with performance metrics that scale with
the square or cube root of stiffness per mass density.[1] Building
block based assembly provides opportunities spanning the
material lifecycle, potentially streamlining design, analysis,
manufacturing, and servicing to fully realize the potential of
lattice materials in transformative structural applications.
2. Experimental Section

Manufacturing: Octahedral voxels were produced as monolithic
thermoplastic injection molded parts, using custom designed
tooling. This tooling was commercially manufactured from
hardened steel for operation in a commercial press, with
conventional fluid heating according to temperature limits
specified for the compounds used (by the compound manu-
facturers). The complex geometry was achieved using twelve
slides, with six larger triangular slides (Figure 1d, blue) forming
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim4 of 6)
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Figure 5. Injection Molded lattices achieve the same regime of behavior
as other ultra-light lattices. Values from this work were normalized with
yield strength of the weakest strut in a voxel.
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shutoffs against each other and the two mold halves in groups of
four to form struts composing each triangular face of the voxel.
Six smaller cylindrical slides (Figure 1d, magenta) formed the
fastener holes in each node. Tolerances for the tooling surfaces
were specified to less than 25m, with the mold cavity (Figure 1e)
scaled according to the coefficient of thermal expansion of the
fiber reinforced compound. Complete process cycle time was
approximately 17 s per part. Voxel struts had a kite shaped strut
cross-section detailed in Figure S1. To characterize the
mechanical behavior of each material, struts were extracted
from each voxel type and tensile tested at a strain rate
approximating that seen in the assembled lattices
(0.0002mm/mm/s). Figure S2 shows characteristic stress–
strain curves for both materials. Because of the small length
scale characteristic of the strut cross section, both materials
showed significant fiber alignment within the struts due to shear
during injection molding (Figure 1f). Additionally, the stiffness
of the strut varied depending upon the presence of a knit line
from the injection molding design. Half of the struts in each
voxel have a knit line in the center of the strut. Full discussion
and results of material characterization can be found in the
Supplementary Information, where it was shown that the
average stiffness of knit line struts and non-knit line struts
effectively characterized overall lattice behavior. The relative
density of each lattice was measured to include the mass of the
bolted connection.

Testing: Various sizes of cubic specimens (n¼ 1, 2, 3, 4) were
assembled from Ultem 2200 injection molded voxels. Each size
was tested in triplicate in both tension and compression, first
cyclically loaded in the linear-elastic regime, then loaded until
failure. The top and bottom surface nodes of each lattice block
were bolted to aluminum fixture plates, which were then bolted
to an Instron 5982 testing machine. Each specimen size was
loaded at a constant strain rate of 0.00066mm/mm/s. To
characterize a repaired n¼ 2 lattice, the lattice was loaded first in
tension using previously described test parameters until a single
strut failure. The lattice was then unloaded, the broken voxel was
replaced, and the repaired lattice reloaded in tension. The same
testing procedure was used for RTP 2187 lattices, but only n¼ 4
Adv. Eng. Mater. 2018, 20, 1800213 1800213 (
specimens were tested in tension and compression (Figure S3
and S4). Full results for Ultem 2200 and RTP 2187 lattices are
tabulated in Supplementary Materials.

Simulation: Compression and tension behavior of the Ultem
2200 lattices were simulated using ABAQUS, using the non-
linear geometry option to capture large strains. Each voxel
contained six nodes and twelve edges, each edge subdivided into
four B31 elements. A rectangular element cross-section (0.0611
in by 0.0429 in) was used, selected to equal the second moment
of area about the minor kite axis of the actual strut cross section,
as well as the total cross sectional area. To increase model fidelity,
the thickness of the node connections was modeled using a
single thicker beam matched to the size of the injection molded
node (Figure S7). The average modulus of 6.25GPa measured
from strut testing and a 0.38 Poisson ratio (data sheet value) were
used. An ENCASTRE boundary condition was applied to the
bottom nodes, and the top nodes were connected to S4R shell
elements and constrained to the same z displacement. Forces in
the z direction were applied to each node.
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