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foams are bending-dominated, i.e., they deform by compliant
and weak bending modes of the cell walls and ligaments,
ineﬃciently using the base constituent material in the foam
by leaving much of it out of the load path.7–9 In addition,
their stochastic nature inevitably introduces imperfections
that further depress their mechanical properties.10 Vastly
increased speciﬁc stiﬀness and strength (i.e., stiﬀness and
strength per unit weight) can be obtained in periodic cellular
architectures (such as those depicted in Fig. 1); if designed
properly, under global bending and compressive loadings
these architectures will deform by stretching of the ligaments,
a stiﬀ and strong local deformation mode that makes maximal use of the base constituent and maximizes load carrying
capacity.4,11 As an additional beneﬁt over “semi-engineered”
open-cell foams, periodic cellular topologies have many more
geometrical features that can be engineered and optimized. A
large body of research has been published in the past decade
on optimally designed metallic periodic cellular systems,
with emphasis on speciﬁc strength,11–17 active cooling,18 and
combinations thereof,19–21 combined strength and thermal
conductivity (through a heat pipe design),22 high-velocity
impact absorption,23–26 and high-authority shape morphing
potential.27–31
In spite of the variety of applications (each imposing different objective functions and constraints), the same protocol
for optimal design has been consistently (and successfully)
adopted in nearly all cases. This protocol consists of a combination of analytical, numerical, and experimental techniques, and is reviewed in Section II of this article, with
emphasis to mechanical and thermo-mechanical optimization.
In Section III of this article, we pose three questions: (i) Are
there any mechanical beneﬁts in designing micro-architected
materials (namely, macro-scale periodic cellular materials
with unit cells at the micro-scale)? (ii) Are there suitable and
cost-eﬀective manufacturing processes for micro-architected
materials? (iii) Is the optimal design protocol (including analytical, numerical and experimental techniques) which has
been successfully adopted for large-scale structures appropriate to harness the full potential of micro-architected materials? By answering these questions, we conclude that the
technology is approaching maturity for the development,
characterization, and optimal design of a novel class of
multifunctional materials with the potential to achieve
unprecedented combination of properties.

Cellular materials with periodic architectures have been extensively investigated over the past decade for their potential to
provide multifunctional solutions for a variety of applications,
including lightweight thermo-structural panels, blast resistant
structures, and high-authority morphing components. Stiﬀer
and stronger than stochastic foams, periodic cellular materials
lend themselves well to geometry optimization, enabling a high
degree of tailorability and superior performance beneﬁts. This
article reviews a commonly established optimal design protocol,
extensively adopted at the macro-scale for both single and
multifunctional structures. Two prototypical examples are
discussed: the design of strong and lightweight sandwich
beams subject to mechanical loads and the combined material/
geometry optimization of actively cooled combustors for hypersonic vehicles. With this body of literature in mind, we present a
motivation for the development of micro-architected materials,
namely periodic multiscale cellular materials with overall macroscopic dimensions yet with features (such as the unit cell or
subunit cell constituents) at the micro- or nano-scale. We
review a suite of viable manufacturing approaches and discuss
the need for advanced experimental tools, numerical models,
and optimization strategies. In analyzing challenges and opportunities, we conclude that the technology is approaching maturity for the development of micro-architected materials with
unprecedented combinations of properties (e.g., speciﬁc stiﬀness
and strength), with tremendous potential impact on a number
of ﬁelds.
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Introduction

S

TOCHASTIC cellular materials (i.e., foamed materials that
contain signiﬁcant amounts of porosity) have long been
used for their low weight, high sound absorption, crashworthiness, and thermal properties.1 Approximately 15 years ago,
advances in manufacturing technologies spearheaded a large
academic and industrial interest in metallic foams,2 which
combine all the properties listed above with increased speciﬁc
strength and stiﬀness and high-temperature capabilities. An
important feature of open-cell foams is the interconnected
open space, which can be employed to enable additional
capabilities, such as active cooling2,3 or energy storage,2,4–6
thus enabling multifunctionality. More recently, detailed
mechanical experiments on metallic foam-based sandwich
panels under bending and compressive loads revealed that all
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Micro-Architected Materials

This section brieﬂy reviews the well-established optimal
design protocol for cellular periodic structures. Manufacturing
approaches are described ﬁrst, to oﬀer a ﬂavor of the topologies and materials combination that are readily available. The
optimal design protocol (consisting of a combination of
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compared to welding. Examples of sandwich panels with various core topologies obtained with TLP are provided in
Fig. 1. Most of the experimental work published to date on
all metallic sandwich panels pertains to steel panels, for
which TLP brazing agents are readily available. TLP recipes
for aluminum and copper alloys also exist.33
Recently, alternative manufacturing approaches were
developed for aerospace-relevant high-temperature alloys.
Titanium (Ti6Al4V) panels were manufactured with diﬀusion
bonding, resulting in good nodal microstructure and
strengths.34 The extension to even higher temperatures
requires nickel superalloys. Unfortunately, high-strength,
γ’-rich nickel superalloys are not formable at room temperature. A clever solution for thin-gage panels was recently proposed, whereby a formable, single-phase γ-Ni superalloy is
assembled in the right shape, all the components are assembled via TLP bonding, and subsequently the ﬁnished structure is aluminized and precipitation hardened, resulting in a
high-strength, γ’-rich alloy.35
For lower temperature applications, polymer-matrix composites (e.g., Carbon-epoxy) are available with signiﬁcantly
higher weight eﬃciency than other metals.36 The primary
manufacturing issue is ensuring suﬃcient nodal strength.
Carbon-epoxy honeycomb core panels obtained by a slotting
procedure were recently demonstrated and optimized for
compressive loads.37 For corrugated core panels, 3D weaving
is a natural option, albeit at an increase in cost and manufacturing complexity.38 A number of simpler, prepreg-based
approaches are currently under consideration.36

Fig. 1. Examples of all-metallic sandwich panels manufactured by
Transient Liquid Phase (TLP) bonding. Modiﬁed from Lu et al.3

analytical, numerical, and experimental techniques) is presented for two archetypal structures: a simple single-function
structure (a lightweight periodic sandwich beam with a prismatic corrugated core, designed for resistance to mechanical
loads—bending and transverse shear), and a more complex
multifunctional structure (a lightweight actively cooled sandwich plate, designed for resistance to mechanical and thermal
loads—and additional design constraints). The latter is presented in the context of materials development for hypersonic
vehicles. In both cases, materials selection is addressed.

(1) Manufacturing Approaches
Reliable manufacturing techniques have been developed for
metallic sandwich structures with a number of core topologies. Cores are generally assembled by folding a plate (as in
case of corrugated cores or truss cores) or slotting and
assembling a large number of beam and/or plate elements
(honeycomb cores, diamond prismatic cores, textile cores); in
the latter case, the constituents need to be metallurgically
bonded to impart strength and stiﬀness to the structure.6 In
both approaches, face sheets are bonded to the core. As
bonded nodes are inevitably subjected to substantial in-service loads (in tension, compression and shear), a manufacturing process that results in strong nodes is essential. For a
number of materials such as steels, copper, and aluminum
alloys, Transient Liquid Phase Bonding (TLP), a high-temperature brazing process involving signiﬁcant inter-diﬀusion
at the joints, is the ideal technique.32 TLP enables much
stronger structures than conventional, lower-temperature
brazing because the resulting nodes have nearly the same
chemical composition as the base metal. TLP is also better
than welding, both for simplicity and scalability (all the
nodes are formed at once, without need for line-of-sight
access) and because solidiﬁcation at the brazing temperature
ensures much lower residual stresses in the bonded region

(2) Design Protocol for Maximum Specific Strength
Periodic cellular materials have the prominent feature of
being naturally suitable to optimization. In addition to selecting the ideal base material (or combinations thereof in the
case of a hybrid), the architecture can be optimized for a speciﬁc objective (or multiple objectives) subject to a number of
constraints. The general multi-step procedure can be summarized as follows:
1. Fundamental properties of the base material(s) are
obtained, either from data sheets or through appropriate experimental characterization, e.g., dog-bone tensile testing resulting in a stress-strain curve—possibly
including temperature and time eﬀects: visco-elasticity,
visco-plasticity, fatigue, etc.
2. The evolution of the variables of interest (stress,
strain, temperature, electric potential, etc.) is modeled
analytically as a function of the structure geometry
and the applied loads (mechanical, thermal, electrical,
etc.). Constraints are formulated for the speciﬁc application under consideration (e.g., no yielding or buckling anywhere in the structure, no melting of the
material).
3. Numerical analyses are performed, typically employing commercial Finite Elements packages, to verify
the validity of the simplifying assumptions underlying
step (2).
4. A combination of steps (2) and (3) is coupled with an
optimization routine (quadratic optimizers for convex
problems, discrete algorithms for problems featuring
many local minima) and the structure geometry and/
or material are optimized subject to all the prescribed
constraints. The objective function strongly depends
on the speciﬁc problem.
5. A prototype (possibly to scale) of the entire optimal
or near-optimal structure (or at least substructure) is
manufactured and its performance is veriﬁed experimentally to verify all the modeling assumptions
(underlying both (2) and (3)).
As an example, we examine optimization of a metallic corrugated-core sandwich panel loaded by any combination of
bending and transverse shear loads (Fig. 2(a)).12,13 The objec-
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tive is maximum strength at a prescribed weight. Nondimensional load intensity and weight are deﬁned as:
V2
EM
W
df
1 dc
w¼ 2¼2 þ
‘ cos h ‘
q‘

P¼

ð1Þ

where V and M are the maximum shear force and bending
moment per unit width of the panel, respectively, ℓ = M/V is
the governing length-scale in the problem, E and ρ are the
Young’s modulus and density of the base material, respectively, and the geometric variables df, dc, h are deﬁned in
Fig. 2(a). The length-scale ℓ deﬁnes the actual loading condition (e.g., ℓ = L/2 for three-point bending, L being the span
of the panel between the loading points); normalizing all the
dimensions with ‘ renders generality. Four possible failure
mechanisms are identiﬁed: face (FY) and core (CY) yielding,
and face (FB) and core (CB) buckling. For transverse loadings (bending about an axis parallel to the corrugation—
Fig. 2(a)), analytical expressions are readily derived:





V2
eY df Hc df
þ
¼
EM FY
‘
‘
‘
 2
V
eY dc sin h
¼
‘
EM CY
 2

  
2
V
kf p tan2 h Hc df 1 df 3
þ
¼
48
EM FB
‘
‘
‘
 2

2  3
3
2
V
kc p sin h Hc df
dc
þ
¼
12
EM CB
‘
‘
‘

ð2Þ

where ɛY is the yield strain of the constituent material. Similar equations can be derived for longitudinal loadings. Note
that ɛY is the only material property governing the problem.
The implication is that the optimal material for a corrugated-core sandwich panel subject to any combination of
bending and transverse shear loads is simply the material
with the largest yield strain. The same conclusion applies to
any other core topology and a number of mechanical loading
conditions. This important result allows separation of materials selection and optimal topological design. Multifunctional
problems involving more complex physics often lack this feature, requiring material and topology to be concurrently
optimized (see Section II(3)).
The interplay of failure mechanisms is best illustrated
with failure mechanisms maps (Fig. 2(b)). If the corrugation
angle, h, and the panel weight, Ψ, are ﬁxed, panel geometry
is entirely deﬁned by the thickness of the core, Hc and face
sheet, df. Hence, each point on the map represents a possible panel design, with all designs having the same weight.
The various regions denote design spaces where panel
strength is governed by each failure mechanism (core yielding is never active under these loading conditions and
weight). Strength contours (expressed in nondimensional
form) clearly identify that the best design occurs at the
intersection of three failure mechanisms (Incidentally, the
conﬂuence of three failure mechanisms at the optimal
design point is a recurring feature for many core topologies,11,12,15–17,39 but this condition is not universal (C. A.
Steeves, Personal Communication).
Before it can be used with conﬁdence, this model needs to
be veriﬁed with a combination of numerical (FE) analyses
and validated with a selected set of experiments. Figure 2(c)
shows excellent agreement between analytical (white dot) and
numerical predictions with experimental results for one particular design loaded in three-point bending (black dot in
Fig. 2(b)). The inset in Fig. 2(c) compares the deformed shape
of the panel at the end of the experiment. Note that both
face and core buckling are evident (face yielding was also
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veriﬁed with a strain gage during the experiment), consistent
with the analytical predictions of Fig. 2(b).
Numerical and experimental validation of the analytical
model allows computationally eﬃcient design optimization for
a wide range of applied load intensities. With reference to
Eqs. (1–2), the problem can be stated as follows: for any given
load intensity, Π, minimize the panel weight, Ψ, subject to four
constraints (P < PFY ; P < PFB ; P < PCY ; P < PCB ). As
all functions are convex, a simple quadratic optimizer was successfully used. Results for aluminum panels are presented in
Fig. 2(d). This master ﬁgure compares the weight eﬃciency of
a number of optimally designed core topologies; the corrugated core panel loaded transversely (discussed herein) is much
lighter than solid plates, but more eﬃcient topologies can be
devised (hexagonal honeycombs are optimally eﬃcient in this
loading condition, and have often been used as benchmarks).

(3) Design Protocol for Multifunctional Structures: An
Example From Hypersonics
(A) Preliminaries: For multifunctional applications,
the challenge is choosing a cellular material with the best
combination of constituent material and architecture to optimize all the desired objective functions under a series of
design constraints. The multi-step protocol of Section II(2)
can be adapted to this more challenging scenario, although
the computational intensity quickly grows as the physics of
the problem becomes more complex. Herein, we discuss the
optimization of a simple architected material (a prismatic
sandwich panel with hollow rectangular channels) for minimum weight under the simultaneous application of mechanical and thermal loads (subject to a number of design
constraints). The motivation is a feasibility study for metallic
actively cooled combustors for hypersonic vehicles (Fig. 3(a)).
Details beyond this concise treatment are provided in a number of references.19–21,40
(B) Thermo-Mechanical Loads on Combustor Wall of a
Hypersonic Vehicle: Whereas acreage (and to some extent,
leading edges) of thermally balanced hypersonic vehicles can
be engineered to passively dissipate heat by radiation, combustor walls inevitably require active cooling strategies to
contend with the large heat ﬂuxes arising from the combustion process. The prototypical structure, a sandwich panel
with prismatic channels that provide active cooling by the
fuel before injection (Fig. 3(b)), is subjected to signiﬁcant
thermo-mechanical loads. The thermal loads are represented
by a heat transfer coeﬃcient and a hot gas temperature on
one side of the panel. The mechanical loads are (i) pressure
in the combustion chamber (which, depending on the boundary conditions, can induce panel-level bending), and (ii) pressure in the cooling channels (dictated by fuel injection
requirements). As a result, signiﬁcant thermo-mechanical
stresses arise. Withstanding these stresses at operating temperatures necessitates careful design. A viable solution must
resist several failure modes: yielding or rupture due to (a)
thermal stresses, (b) pressure or inertial stresses, (c) combined
thermo-mechanical stresses, as well as (d) softening of the
material, (e) coking of the coolant, and (f) excessive pressure
drop in the cooling ducts. The objective is twofold: (i) identify the optimal material and (ii) optimize the structure for
minimum weight. The challenge is to assure that none of the
failure modes is active over the pertinent ranges of coolant
ﬂow rate, Veﬀ (often nondimensionally expressed in terms of
the air/fuel mixture richness, /, relative to stoichiometric
combustion) and thermal loads (expressed by the heat-transfer coeﬃcient between the combustion gas and the solid surface, hG). The intensity of the mechanical loads is assumed
constant for simplicity. Geometry and loads are depicted in
Fig. 3(b).
(C) Optimal Design Protocol: The multi-step approach
of Section II(2) is applicable, albeit with the complication that
even a simplistic analytical model precludes the extraction of a
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(referred to as transverse and longitudinal) are indicated. (b) Failure map for steel corrugated core panels loaded in the transverse direction.
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(a) Schematic of an air-breathing hypersonic vehicle. (b) Archetypal actively cooled combustor with applied loads.
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simple materials performance index. The implication is that
materials and structural designs must be tackled concurrently.
A ﬂowchart of the optimization protocol is presented in Fig. 4.
To explore the feasibility of a number of materials over a series
of operating conditions, ranges of thermal load (i.e., heat
transfer coeﬃcient from the combustor side), and cooling
eﬃciency (i.e., coolant ﬂow rate) are explored. A suite of hightemperature metallic materials were investigated (with and
without thermal barrier coatings19), all benchmarked with the
state-of-the-art ceramic matrix composite C-SiC. Integration
of the actively cooled panel with the rest of the vehicle largely
aﬀects the thermo-mechanical stresses. Although several conditions were investigated, herein we will focus on a ﬂat panel
supported in discrete locations, separated by a span, L. Once a
material is chosen, and speciﬁc values of thermal loads and
cooling eﬃciency are selected, the thermo-mechanical problem
is fully deﬁned. Analytical models based on a thermal network
and plate/beam theory provide the temperature and stress distributions. Please see Valdevit et al.19 for details. The accuracy
of these models was checked against selected Computational
Fluid Dynamics (CFD) and Finite Elements calculations. The
model/FE agreement for the Von Mises stress distribution is
illustrated in Fig. 5. The graphs track stress variations along
four paths in the unit cell. Notice that the agreement for
thermal, mechanical, and thermo-mechanical stresses is excellent throughout, except for two cases. (a) At the internal nodes
(points 2 and 3 in Fig. 5), signiﬁcant stress intensiﬁcations
(naturally not predicted by the analytical model) arise. This
discrepancy is disregarded for three reasons19: (i) For this
particular simulation, the temperatures at the corners are relatively low (and hence the yield strength relatively high), so that
the corners remain elastic. We speculate that this concept
generalizes to all metallic systems of interest, although a
formal proof requires further analysis. (ii) The ﬁllet radius can
be increased in actual designs, ameliorating the stress intensiﬁcation. (iii) Local plasticity at the nodes upon a few cycles can
be accepted, provided that it is followed by shakedown. (b)
Thermal stresses are underpredicted by ~20% at the cold face
(points 3, 4, 7, and 8 in Fig. 5). This discrepancy can be related
to modeling assumptions. Simple expressions for the thermal
stresses were obtained assuming that the entire core is at the
same temperature as the cold face sheet. FE analyses conﬁrmed that this assumption results in accurate stress predictions on the hot face, whereas it underestimates the thermal
stress in the cold face. As the yield strength of the materials
decreases with increasing temperature, the cold face is never
prone to failure, rendering this inaccuracy inconsequential.
Once the analytical model is validated by numerical analyses, it can be successfully used for eﬃcient optimization studies (Experimental investigation is ultimately necessary to
close the design loop, but this requires substantial dedicated
test facilities and is beyond the scope of this work). A simple
quadratic optimizer (FMINCON, available in the MATLAB
suite) is used to minimize the panel mass subject to the constraints deﬁned above. As this thermo-mechanical problem is
more complex than the simple mechanical optimization discussed in Section II(2) (in that a number of local optima
arise), a set of randomly generated initial guesses is introduced to seek the global optimum. An alternative would be
the use of discrete (i.e., non gradient-based) optimization
algorithms, inherently more robust against local optima (see
Section III(5)(C)). When the optimizer ﬁnds a solution, the
set of geometric parameters yielding the minimum weight
design is stored. Conversely, when the optimizer fails to ﬁnd
a solution within the standard number of iterations deﬁned
in FMINCON, the material under consideration is deemed
unfeasible for the speciﬁc set of thermal loads and cooling
eﬃciency. The procedure is repeated for a set of points scanning the thermal loads/cooling eﬃciency space, and for a
suite of high-temperature materials.
(D) Results: Optimal Designs and Ideal Materials: The
ensuing information can be presented in two complementary

Define a range for:
- thermal loads (hG)
- cooling efficiency (Veff)

Choose a material

Choose (hG , Veff)

- Verification (FE+CFD)
- Validation (Experiments)

Calculate:
- temperatures
- stresses

Optimize geometry
subject to design constraints

DESIGN MAPS

COMPARE
MATERIALS

Fig. 4. Optimal design protocol for the combined geometry/
materials selection of actively cooled panels for combustor liners in
hypersonic vehicles. Reprinted from Valdevit et al.19

ways: (i) materials robustness maps (Fig. 6(a)) and (ii) weighteﬃciency plots (Fig. 7). Materials robustness maps depict the
region in the thermal load/cooling eﬃciency space where a
given material provides a feasible solution, irrespective of its
weight (orange area in the maps of Fig. 6(a)). The gray area in
the maps extends the feasible region to higher thermal loads
and/or lower cooling eﬃciency by allowing a thermal barrier
coating to be interposed between the panel hot side and
the combustion chamber (A conventional YSZ columnar TBC
is assumed, with through-thickness thermal conductivity of
1 W/m K, in-plane conductivity of 0 W/m K, and mass density
of 3000 kg/m3). The TBC thickness (not to exceed 300 lm and
25% of the face sheet thickness) is chosen by the optimizer, as
a compromise between added weight and reduced temperatures in the underlying metallic structure (See Valdevit et al.19
and Vermaak et al.21 for details). Four diﬀerent materials
are illustrated in Fig. 6(a): a Niobium alloy (C-103), the
ceramic matrix composite C-SiC (benchmark material), a
high-temperature Copper alloy (GrCop-84), and a Nickel
superalloy (Inconel X-750). Materials properties are provided
in Valdevit et al.19 and Vermaak et al.21 For the particular set
of boundary conditions adopted here, the four materials show
similar robustness (loosely deﬁned as the area of design feasibility), but this conclusion can change greatly as the span
between panel supports is shortened.19,21
Importantly, the optimal design tool described in Section II(3)(C) (and depicted schematically in Fig. 4) can be
used as a preliminary screening tool for new materials development. The mechanical properties of Inconel X-750 can be
improved by alloying or heat treatment, generally resulting
in increased ﬂow stress or increased softening temperature,
but not both in the same material (Fig. 6(b)). The question is
which of the two property improvements would be most beneﬁcial to the application being considered. The answer is provided in Fig. 6(c); for the boundary conditions used in this
study, a 20% increase in the ﬂow stress (without extending
the softening temperature) has a much larger impact on the
robustness of the material than a similar increase in softening
temperature (without elevating the ﬂow stress). Again, the
conclusion changes if the panel span is shortened. This information is very important for the materials developer, and it
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Fig. 6. (a) Performance maps for a number of candidate hightemperature materials for actively cooled walls of hypersonic
combustors. The normalizing parameter for the coolant ﬂow
equivalence ratio (/ = f/fst) is that expected for steady-state

Mach 7 ﬂight conditions. Each map is the result of two independent optimizations. One (yellow) is performed absent a
coating. When solutions exist only with a coating (light
gray), the optimization is conducted using the TBC thickness
as a variable. Areas without a feasible solution are in white.
(b) Reclaimed feasibility space provided by two notional
materials based on INCONEL X-750. The ﬁrst notional
material (designated S), examines the eﬀect of elevating the
yield strength at intermediate temperatures by 25%, whereas
the second (designated T*) probes the eﬀect of extending the
maximum use temperature by 25%; analyses are shown both
with (light) and without (dark) a TBC. For comparison, the
notional results are superimposed on the original performance maps for INCONEL X-750 (Modiﬁed from Vermaak
et al.21)

is not readily accessible in any other forms (i.e., it does not
transparently appear from the equations for temperature and
stress distributions). This is a perfect example of the need for
eﬃcient optimal design tools to tackle these inherently multifunctional problems.
In Fig. 7, we show weight eﬃciency for a speciﬁc thermal
load (realistic for a Mach 7 hydrocarbon-powered vehicle).
Each curve tracks the minimum weight of an optimized
structure for a given material. Notice that diﬀerent materials
have vastly diﬀerent weight eﬃciencies, even if their robustness (the area of the curve in Fig. 6(a)) is somewhat similar.
The benchmark material, C-SiC, oﬀer by far the lowest
weight. High-temperature titanium alloys (Ti-b 215) oﬀer the
lightest metallic systems, but their feasibility is limited to low
thermal loads. Among the metals that oﬀer robust solutions
over a range of thermal loads, Niobium alloys (e.g., Nb-cb752,
C-103) and Nickel superalloys (e.g., Inconel X-750, MARM246) are the most promising materials. Allowing the metals
to shakedown upon thermo-mechanical cycling results in
lighter systems (by as much as 30%–40%, depending on the
boundary conditions), further increasing the competitiveness
of metallic solutions.40
In closing, notice that all these conclusions are not transparently available from the equations, as thermal and
mechanical properties are deeply intertwined in this heavily
constrained thermo-mechanical problem.

0
2

3

4

5

6

7
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Fig. 7. Weight eﬃciency of diﬀerent material candidates for actively
cooled walls of hypersonic combustors. The equivalence ratio, /, is
deﬁned as for Fig. 6. From Valdevit et al.19

III.

Optimal Design of Micro-Architected
Cellular Materials

In this section, we present the case for the development of a
new class of multifunctional materials, characterized by a
periodic cellular architecture with unit cell at the micro-scale
and a characteristic dimension for the constituent material in
the sub-micrometer region. If manufactured and designed
correctly, these micro-architected materials enable exploitation
of potentially useful nano-scale mechanical eﬀects (e.g., size
eﬀects in plasticity and fracture) that enhance mechanical
properties relative to bulk macro-scale structures. After
reviewing viable manufacturing schemes to exploit this
vision, we present the technical rationale for the expected
performance and assess both the applicability of the multi-step
optimal design approach described in Section II and the availability of suitable experimental and computational tools. In
the interest of brevity we focus on mechanical design, although
similar concepts can be extended to other functionalities.

(1) Manufacturing Approaches
A viable manufacturing approach for lattice-based microarchitected materials must possess the following key features:
(i) dimensional control down to the 0.1–10 lm range; (ii) scalability to macroscopic part dimensions; and (iii) acceptable
throughput to enable cost-eﬀective manufacturing. Architectural ﬂexibility (i.e., the capability to generate diﬀerent unit
cell topologies) and a wide suite of base materials are additional desirable attributes. To the best of the authors’ knowledge, three families of manufacturing approaches exist today
for the fabrication of lattice-based micro-architected materials: scaled-down versions of wire layup41 and other modular
assembly methods42 (discussed in Section II(1)), stereolithography43 (including the most advanced 2-photon approach44),
and a new self-propagating photopolymer waveguide (SPPW)
process,45 recently developed at HRL Laboratories. Key
attributes of each method are assessed in Table 1. Modular
assembly methods can be useful for a wide range of endmaterials, but are currently limited by the achievable resolution (minimum unit cell sizes ~100 lm and minimum feature
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sizes ~10 lm) and scalability (as the number of unit cells
becomes very large, the assembly procedure becomes more
and more cumbersome). Stereolithography allows incredible
resolution (sub-micron feature sizes and unit cells of the order
of a few microns for the most recent two-photon process) and
nearly inﬁnite architectural freedom (virtually anything that
can be CAD drawn can be made). As a serial process,
stereolithography is extremely slow: for a given sample size,
the total processing time roughly scales with the inverse of
the minimum feature size, implying that macroscopic quantities of micro-architected materials could take days to make.
For proof-of-concept and basic research, stereolithography is
a very powerful technique, but its diﬃcult scalability makes
it currently inadequate for industrial processing.
For a wide range of desirable end-geometries, the best
compromise among resolution, architectural freedom, and
scalability may be provided by the SPPW process.45 Polymeric lattices are formed by UV exposure of a two-dimensional photolithographic mask with a pattern of circular
apertures that is covering a reservoir containing an appropriate photomonomer (Fig. 8). Within the photomonomer, selfpropagating polymer waveguides originate at each aperture
in the direction of each collimated UV beam, forming a
three-dimensional array of polymer ﬁbers that polymerize
together at all points of intersection. After removing the
uncured monomer, three-dimensional lattice-based open-cell
polymeric materials can be rapidly fabricated. Although this
method does not allow for arbitrary shapes to be formed
within the starting resin bath, it has the potential to form a
wide range of free-standing 3D polymer structures based on
linear mechanically eﬃcient truss-type elements. In striking
contrast with stereolithography, the optical waveguide process
can form all truss-type elements in the structure in parallel
with a single exposure step, typically lasting less than 1 min.
With current UV exposure capabilities, cellular materials with
truss member diameters ranging from ~10 lm to >1 mm and a
relative density <5% up to 30% have been demonstrated.46
The overall material thickness, H, can range from 100 lm to
over 25 mm (although generally H < 100·d, where d is the truss
diameter). Examples of ordered unit cell architectures with
diﬀerent symmetries are shown in Fig. 9; however, this process
is not limited to such architectures. Nonsymmetric architectures, functionally graded materials, and hierarchical microlattice structures are all easily obtained.
For manufacturing techniques that result in a polymer
template, such as stereolithography and the SPPW process, a
number of postprocessing techniques are available to replicate the micro-architectural features with a metal or a ceramic47,48 (Fig. 10). Continuous metallic ﬁlm, such as nickel,
can be deposited by electroplating or electroless process on
the surface of the polymer micro-lattice structure and the
polymer template can be subsequently removed with a chemical etch.49 Controlled thickness coatings are obtained by
varying the plating time. Ceramic ﬁlms can be deposited with
chemical vapor deposition (CVD) techniques. To withstand
the high temperatures required for CVD of refractory metals
or ceramics, the polymeric template must be pyrolyzed with
minimal geometric distortion as recently demonstrated.50
After the CVD process, the carbon micro-lattice template
can be removed by oxidation (>600°C in air), leaving a hollow tube ceramic micro-lattice structure, such as the SiC
sample shown in Fig. 10.
One key advantage of the polymer?metal or polymer?
ceramic conversion process is to capture the strengthening
eﬀects associated with a constituent material in thin-ﬁlm form
factor in a bulk form (Section III(2)). These “ﬁlm form”
properties generally require ﬁlm thicknesses in the micro(or even nano-) scale, dictating truss diameters ~10–100 lm.
This makes the fabrication approach described above ideally
suited for fabricating optimal open-cell periodic architectures
with exceptionally strong metallic or ceramic constituent
materials.

(2) Challenges and Opportunities
The lattice materials manufactured with the SPPW process
described in Section III(1) possess two distinct features, not
readily available with competing concepts: (i) hollow truss
conﬁgurations and (ii) multi-scale architectures, with global
sample size on the order of several inches and sub-millimeter
unit cell dimensions. These two features provide unique
opportunities to expand the current bounds of material properties spaces and achieve combinations of properties currently unavailable in any existing material (including the
macro-scale architected materials described in Section II).
The target regions for speciﬁc strength and stiﬀness are
depicted in Fig. 11. Importantly, micro-architected materials
fabricated as described herein maintain an open core architecture, enabling multifunctionality: with reference to Section II(3), strong and stiﬀ structures amenable to eﬃcient
active cooling are obviously an attractive possibility. Herein,
we brieﬂy review the rationale for these opportunities (limiting our attention to mechanical properties), and summarize
the outstanding challenges that must be overcome in order to
exploit the full potential of micro-architected materials.
(A) Advantages of a Hollow Truss Conﬁguration:
Under any mechanical loadings, the strength of metallic lattice
materials designed to operate in the elastic regime is limited by
the onset of either yielding or elastic buckling. A simple analysis reveals the beneﬁts of a hollow truss conﬁguration; uniform
compressive loading is assumed for simplicity, but the same
conclusions qualitatively apply to other loading conditions.
Consider a lattice material with a solid truss pyramidal unit
cell, deﬁned by truss member length, l, truss diameter, 2a, and
truss angle, ω. The relative density can be expressed as51:
a2
2p
q ¼
ð3Þ
2
cos x sin x l
and the compressive strength is:
rcomp
¼ q sin2 x
rbar

ð4Þ

where rbar ¼ minfrY ; rb g represents the strength of the individual truss member, with σY the yield strength of the base
material and rb ¼ k2 p2 E a2 =4 l2 the elastic buckling strength.
For conservativeness, it is customary to idealize each bar as
pin-jointed, resulting in k = 1. Solid truss lattice materials are
buckling-limited at low relative density, and transition to the
yielding-limited regime at qtrans ¼ 8eY =ðp sin xcos2 xÞ (Fig. 12).
For most metals, assuming a truss angle of 45–70o, the yield
strain ɛY ~ 103, indicating a transition at q  1  2%. As
trusses with relative densities <<1% can be manufactured with
the approach described in Section III(1), the implication is that
the lightest lattice materials based on solid trusses will be inevitably buckling-dominated. The situation improves when hollow trusses are employed. Invoking a thin-wall approximation,
the relative density of hollow truss structures scales as:
q ¼

cos2

at
4p
x sin x l l

ð5Þ

with t the truss wall thickness. The compressive strength
scales as before, but the strength of the bar, σbar, is now:
8
rY
>
>
>
>
>
k2 p2 E a2
<
rgb ¼
rbar ¼ min
2 l2
>
>
E
t
>
>
>
ﬃ
: rlb ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3ð1  m2 Þ a

yielding
global (Euler) buckling
local buckling
ð6Þ

The local buckling load corresponds to the chessboard
mode.52 Again, we assume k = 1 in the global buckling

Hours
Medium
(single parts only)

Rate of manufacture
Potential for scalable manufacturing

*(relative to horizontal).

3D Periodic
Diﬃcult
Limited
0–90°
0.1 m2
1–20 cm
0.02 m3
~10
~100 lm
~10 lm
~4000
Limited
Metals, polymers
Annealing

Unit cell type
Multiple sizes of trusses in unit cell
Control of solid member diameter
Member angle control*
Fabrication area
Thickness range
Nominal max. volume
Max no. unit cells through thickness.
Min. unit cell size
Min. feature size
Max. no. truss elements in a cubic volume
Potential to grade properties
Possible base materials
Post-processing material options

Wire or textile layup;
modular assembly41,42

Hours to days
Low
(single parts only)

3D Periodic or aperiodic
Yes (maximum ﬂexibility)
Independent control
0–90°
0.25 m2
1 mm–0.1 m
1 m3
10′s
<10 lm
<1 lm
>10 000
Yes (highest ﬂexibility)
Polymers
Template for CVD/CVI,
electroplating, casting, slurry
coating, carbonization

Stereolithography43

Minutes to hours
Low
(single parts only)

3D Periodic or aperiodic
Yes
Independent control
0–90°
0.005 m2
10– 100 lm
106 m3
~10
<2 lm
<<0.1 lm
~1000
Yes
Polymers
Limited for very small
structures: electroplating or
CVD are possible

2-photon stereo-lithography44

3D, Periodic or aperiodic
Yes (Intrinsic to process)
Independent control
~50–90°
~0.4 m2
100 lm–5 cm
0.02 m3
~10
<50 lm
<5 lm
~4000
Yes
Polymers
Template for CVD/CVI,
electroplating, investment
casting, slurry coating,
carbonization
Minutes
High
(>1 m2/min for continuous process)

Self-propagating polymer waveguide
(SPPW) process45

Comparison of Known Fabrication Methods for Open-Cellular Lattice-Type Materials. Reported Values Have Been Extrapolated Based on Published Techniques.
Modiﬁed From Jacobsen et al.46

Approach to lattice-type
cellular structures

Table 1.
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Fig. 8. Schematic representation of the process used to form microtruss structures from self-propagating polymer waveguides (SPPW)
and a prototypical structure formed by this process.45

load for conservativeness. For optimal structures in the
buckling-dominated regime, σlb = σgb, resulting in
ðt=lÞ ¼

p2

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3ð1  m2 Þ
ða=lÞ3 :
2

The transition between buckling- and yielding-dominated
regimes now occurs at:
qtrans

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
8 3ð1  m2 Þ 2
eY :
¼
p sin xcos2 x

For a metal, qtrans  0:002%. Hence, metallic hollow trusses
are yielding-dominated in the entire range of feasible relative
densities, with substantial beneﬁts on the strength (Fig. 12).
For applications exploiting the local plastic buckling modes
of hollow trusses, such as energy absorption, the advantage
is even more signiﬁcant. The amount of energy dissipated in
crushing a bar by global (Euler) buckling is insigniﬁcant
compared to the amount of energy absorbed in local modes.
The implication is that hollow truss lattice materials will
exhibit unique properties as cores of impact resistant sandwich structures.49
The situation is qualitatively identical for ceramic materials, whereby the yield strength is replaced by a defect-sensitive fracture strength. See Section III(2)(B) for more details.
(B) Advantages of Small-Scale Architecture: The
strength-density relation derived in Section III(2)(A) for both
solid and hollow trusses is length-scale independent: proportional scaling of all dimensional geometric variables (truss bar
length, l, radius, a, and wall thickness, t) has no eﬀect on either
relative density or speciﬁc strength. The fundamental assumption is that constituent material properties are themselves
scale-independent. Although reasonable for wall thicknesses
as small as a few microns, powerful strengthening eﬀects will

(a)

(b)

Fig. 10. Suitable fabrication routes for hollow tube metallic and
ceramic micro-lattice structures (Images from Jacobsen et al.45,157).

emerge as sub-micron dimensions are approached. These
recently documented eﬀects arise from three phenomena:
(a) yield strength elevation in metals due to strain gradient
eﬀects and/or (b) dislocation/surface interactions, and (c) fracture strength elevation in ceramics due to reduced average ﬂaw
size. Herein, we brieﬂy review all the three mechanisms.
Scale Eﬀects in Plasticity in the Presence of Strain
Gradients: A large body of experimental investigations
reveals the presence of size eﬀects in plastic response that
become more pronounced as the size of the sample (or the relevant length scale) approaches lm or sub-lm dimensions.
Notable examples are the increase of indentation strength at
shallower indentation depths,53 increase in ﬂow stress and

(c)

Fig. 9. Archetypal unit cell architectures with (a) 4-fold symmetry, (b) 3-fold symmetry, and (c) six-fold symmetry, as examples of structures
that can be manufactured with the SPPW process depicted in Fig. 8 (from Jacobsen et al.156).
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Fig. 11. Ashby charts for stiﬀness versus density, and compressive strength versus density, depicting all existing materials and emphasizing two
target areas for micro-architected materials.
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Fig. 12. Maximum compressive strength of solid and hollow
metallic trusses. Notice that hollow trusses are yielding-dominated
for any reasonable relative density.

hardening rate for thinner wires in torsion54 and bending,55
the classic Hall-Petch eﬀect on the grain size dependence of
ﬂow stress,56 and the increase in particle strengthening as the
reinforcement size is reduced.57 While these problems are
vastly diﬀerent, they all require a natural length scale for
interpretation. A fundamental commonality in all the aforementioned situations is the presence of substantial plastic
strain gradients during deformation. The development of
constitutive laws that capture stress dependence on both
strain and strain gradients is a natural modeling strategy. A
number of strain gradient plasticity theories that reduce to
the classic J2 theory as the strain gradients are progressively
reduced have been proposed over the past 25 years, most
prominently by Fleck and Hutchinson,58,59 and Nix and
Gao.60–62 The fundamental diﬀerences between the two theories in predicting experimental results were recently reviewed
by Evans and Hutchinson.63 Regardless of the diﬀerences,
central to both theories is the concept of geometrically necessary dislocations (GND), initially introduced by Ashby.64
Geometric considerations demonstrate that plastic strain gradients often require the storage of GNDs to maintain displacement compatibility. The GND density, ρG (total GND
line length per unit volume) can be calculated once the active

slip systems are identiﬁed. In an averaged sense, ρG can be
related to the strain gradient, ep , through a natural length
scale: qG  ep =‘, where ‘ is generally extracted from experimental results. Both theories predict hardening eﬀects (and
in the case of Fleck/Hutchinson, initial yield strength elevation) increasing with ρG.
Although a comprehensive strain gradient plasticity theory
capable of capturing all the experimental phenomena while
reducing to J2 theory at large scale is still incomplete, there
exists a general agreement on the marked eﬀect of strain gradients on ﬂow stress. These eﬀects appear even at relative
large sample sizes (~10 lm) and have the potential to substantially elevate the performance of micro-architected materials relative to their macro-scale counterparts. Although the
lattice structures manufactured as described in Section III(1)
(Fig. 10) will initially experience nearly zero strain gradients
when loaded in compression and/or bending (all the truss
members will uniformly compress or stretch), as the deformation progresses beyond ﬁrst yield and the hollow truss members plastically buckle, substantial plastic strain gradients will
arise. Although no initial yield strength elevation due to
strain gradients is anticipated, both the collapse strength and
the crushing energy (plastic dissipation) of micro-architected
materials may be signiﬁcantly higher than for conventional
macro-scale materials. Recently, signiﬁcant size eﬀects have
also been observed even in the absence of strain gradients,
with further potential beneﬁts to micro-architected materials.
These eﬀects are reviewed in the following subsection.
Size Eﬀects in Plasticity in the Absence of Strain
Gradients: Over the past 5 years, a multitude of roomtemperature uniaxial compression and tension experiments
have been performed on a wide range of single-crystalline
metallic nano-pillars and nano-dogbones, including fcc metals (Ni and Ni-based superalloys,65–67 Au,68–71 Cu,72–80 and
Al81,82), bcc metals (W, Nb, Ta, and Mo83–89), hcp metals
(Mg90,91 and Ti92), tetragonal low-temperature metals (In93),
Gum metal94,95, nanocrystalline metals (Ni96,97), shape memory alloys (NiTi98–102 and Cu-Al-Ni103,104), and a variety of
metallic glasses105–107. For samples with nonzero initial dislocation densities (i.e., excluding whiskers and nano-ﬁbers), a
strong size eﬀect on the ﬂow strength was ubiquitously demonstrated as the sample size approached lm and sub-lm
dimensions.108 The compressive strength data for all single
crystalline face-centered cubic (fcc) metals (Au, Al, Ni,
and Cu) show a unique trend, suggesting the existence of a
universal law of the form:
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(a)

(b)

Fig. 13. Sample size eﬀects on the ﬂow stress in nanoscale experiments. (a) Shear ﬂow stress (normalized with the shear modulus) VS sample
diameter for a number of small-scale experiments on FCC metals reported in the literature. Resolving the stress on the relevant slip system and
normalizing the sample diameter with the Burger’s vector allow comparison of diﬀerent metals on the same chart.158 Reprinted from Greer and
De Hosson (2011), with permission. (b) Compressive stress versus strain for uniaxial compression of single crystal Nb nano-pillars of diﬀerent
diameters (above each curve).86

rres =l ¼ Aðd=bÞm

ð7Þ

where l is the shear modulus, σres is the resolved shear stress
onto the {111}/<110 > slip system, d is the pillar diameter,
b is the Burgers vector, and A and m are constants
(Fig. 13(a)). A similar observation was reported by Dou and
Derby.109 Based on the existing data for Au, Al, and Ni,
A~0.71, and m~0.66. This exponent is nearly identical to
those reported for nearly all other fcc micro- and nanopillars where the samples contain initial dislocations.108
Figure 13(b) depicts some representative stress-strain
curves for single crystalline Nb nano-pillars subjected to uniaxial compression.86 The size-dependent strengthening eﬀect
cannot be explained through well-known thin-ﬁlm mechanisms, such as grain size hardening,110 the conﬁnement of dislocations within a thin ﬁlm by the substrate,111 or the
presence of strong strain gradients.112 Intriguingly, unlike
Taylor hardening, the ﬂow strength does not appear to scale
with the evolving density of mobile dislocations. Several
models attempting to explain the causality between the
declining dislocation density and attained strengths have been
put forth. For example, the dislocation starvation model, ﬁrst
proposed by Greer and Nix113 hypothesizes that the mobile
dislocations inside a small nano-pillar have a greater probability of annihilating at a free surface than of interacting with
one another, thereby shifting plasticity into nucleation-controlled regime.66,68,69,114 Other models include source exhaustion hardening,115,116 source truncation,117,118 and weakest
link theory.116,118 The general commonality in all these theories is the representation of dislocation source operations in a
discrete fashion, enabling an evaluation of the eﬀect of sample size on the source lengths, and therefore on their operation strengths. Some of these models also capture the
ubiquitously observed stochastic signature of the experimental results, showing either marginal dislocation storage114,116,119 or no storage at all.66,69,80
The vast majority of samples for the nano-mechanical characterization described above have been produced by Focused
Ion Beam (FIB). Figure 14 shows a number of examples.
Unfortunately, the eﬀect of the ion implantation introduced
as a result of the FIB processing is not well characterized, and
hinders an accurate interpretation of the experimentally
observed size eﬀects in plasticity. Although several investigators have reported Ga+ ion bombardbment damage resulting
in altered microstructural features (e.g., dislocation sources,

Fig. 14. SEM images of FIB-fabricated samples. (a) 400 nm nanocrystalline Ni-W nano-pillar. (b) Compressed 600 nm Nb pillar with
signiﬁcant slip oﬀsets. (c) Typical dog-bone shaped tensile Au
sample,139,140 and (d) Mo anti-pillar with a hollow center.159

lattice rotations), attempts to attribute the observed strain
hardening to these features have been inconclusive. Recent
evidence (both experimental and computational, within and
outside of the authors’ groups) convincingly demonstrates
that the size eﬀect is a strong function of the initial dislocation density rather than the fabrication technique.80,120 The
size eﬀects observed in the FIB-prepared specimens, for
example, are identical to those obtained for the samples
fabricated by a completely FIB-less technique, which contain
similar initial dislocation densities.121 Further, it has been
reported that introducing dislocations into an initially pristine structure actually weakens rather that strengthens the
sample.122,123 In a recent computational study, it was reported
that FIB-induced damage could contribute up to ~10% of the
observed ﬂow stress increase only for a particular size range
between 500 nm and 1 lm, whereas for the larger and smaller
specimens, the eﬀects of the FIB on strength are marginal.124
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Based on these arguments and the now ubiquitously reported
presence of power-law size eﬀects for all non-pristine pillars
produced with or without the use of FIB, the authors are conﬁdent that the size eﬀects are real and are not a function of the
fabrication technique.
The ability to manufacture a macro-scale micro-architected material with a hollow truss topology characterized by
truss wall thickness in the lm (and sub-lm) scale has the
potential to exploit these beneﬁcial size eﬀects to achieve
exceptional constituent materials properties. When combined
with optimal design of the truss architecture, this approach
should result in a macro-scale material with unprecedented
speciﬁc strength. Admittedly, the metallic ﬁlms deposited on
the trusses will be polycrystalline, likely with a nanoscale
grain size. The strengthening eﬀects described above for
fcc single crystals are much less understood in multi-grain
surface-dominated small-scale systems. In fact, both homogeneous (grain boundaries, twin boundaries, etc.) and heterogeneous (i.e., phase boundaries, precipitate-matrix boundaries,
free surfaces, and passivated surfaces) interfaces in size-limited features are crucial elements in the structural reliability
of most modern materials. Yet very little work has been done
on characterizing the combined eﬀects of interfaces and
surfaces—extrinsic (sample size in a surface-dominated structure) and intrinsic (microstructural features like grain boundaries, twin boundaries, phase boundaries, etc.)—on the
mechanical response of materials. Furthermore, a vast majority of the above-mentioned experiments was conducted at
room temperature, limiting our understanding of athermal
versus thermal contribution to size-dependent strength. Signiﬁcant eﬀorts must be focused on investigating mechanical properties and identifying particular deformation mechanisms
operating in boundary-containing metallic material systems
with reduced dimensions (for example, nano-pillars containing
two or three grains, twin boundaries, and homo- and heterogeneous nano-laminates). The knowledge of the speciﬁc deformation mechanisms as a function of feature size and initial
microstructure will be essential for the design, manufacturing,
and property control of new, revolutionary lightweight metallic micro-architected materials with unprecedented combinations of properties.
Fracture Strength Elevation in Ceramics at Small
Scales: Ceramic thin ﬁlms (e.g., carbon, silicon carbide, silicon nitride) possess yield strengths >10 GPa. Unless the constraining environment is such that crack growth is impeded
(as would be the case for a uniform ﬁlm adhered to a substrate and loaded in compression normal to the plane of the
wafer), failure will generally occur by fracture. Linear elastic
pﬃﬃﬃ
fracture mechanics predicts a fracture strength rf  Ksolid
= a,
c
solid
with Kc
the fracture toughness of the constituent material
and a the size of the largest crack. Assuming a statistical distribution of crack directions, mode I conditions will generally
dominate the strength, whereby Ksolid
¼ Ksolid
c
Ic and a is the size
of the largest crack oriented favorably to mode I propagation. The smaller the sample dimension, the smaller its largest crack. The implication is that the strength of a ceramic
material will substantially increase as the sample length scale
is reduced. As an example, a 5–10 lm thick polycrystalline
125
diamond ﬁlm deposited
pﬃﬃﬃﬃ on a hollow truss might have
a ∼ 1lm, Kc  4:6MPa m, resulting in σf ∼ 4 GPa. The relationship between the fracture toughness of a lattice and that
of its constituent material has been recently elucidated by
Fleck
et al. for the case of planar lattices126: Klattice
=Ksolid

Ic
Ic
p
ﬃﬃﬃﬃﬃﬃﬃ
qd ‘=a, with ρ the relative density of the lattice, ‘ the unit
cell size, a the typical crack size in the constituent material,
and the exponent d is a strong function of the lattice topology
(0.5 < d < 2). Similar relationships can be derived for 3D
lattices. If the architecture is properly chosen to minimize d,
and assuming that the constituent crack size can be reduced
together with the unit cell size, micro-architected lattice materials can have substantial fracture toughness, at a fraction of
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the weight of solid materials. At the same time, ceramics are
exceptionally stiﬀ (E~1TPa, for polycrystalline diamond125).
Such strengths and stiﬀnesses are unattainable with any metallic system, oﬀering ceramic micro-architected materials the
potential to leap into currently unclaimed areas in a number of
materials property charts. Importantly, the manufacturing
technology described in Section III(1) is a key enabler for this
vision: only an approach capable of manufacturing large-scale
materials with micron-level control of the lattice architecture
allows the base material to be deposited in the form of a sublm thin ﬁlm. This has two enormous beneﬁts: (i) it allows use
of materials not available in the bulk (e.g., polycrystalline diamond), and (ii) it allows accurate control of the maximum ﬂaw
size, with enormous increases in the fracture strength relative
to bulk values.

(3) Optimal Design Protocol for Micro-Architected
Materials
The multi-step optimal design protocol presented in Section II in the context of large-scale periodic cellular structures
is generally applicable to micro-architected materials.
Although the general methodology is unchanged, a fundamental complexity emerges. The bulk properties of micro-architected materials are a strong function of phenomena
occurring across three length scales (Fig. 15): a macroscopic
level (bulk), a mesoscopic level (unit-cell) and a micro/nanoscopic level (the characteristic length scale of the constituent
materials). Unique critical phenomena occur at each length
scale, requiring experimental investigation. The size eﬀects on
plastic ﬂow stress, strain hardening, and fracture strength
(discussed above) are clearly micro/nano-scale phenomena,
as are microstructure (and properties) anisotropy possibly
arising from the ﬁlm deposition process. Film thickness/
microstructure variation along the truss members and details
of the node topology—and their eﬀects on the mechanical
properties of the material—occur at the unit-cell level. The
same length-scale can also aﬀect the fracture strength, as variation in ﬂaw distributions along members and around nodes
can play a substantial role. Finally, the vast number of unit
cells composing the bulk material may introduce large-scale
eﬀects previously unnoticed in macro-scale lattice materials:
geometric imperfections (i.e., deviation from a perfect lattice)
and the possible occurrence of buckling modes with characteristic length scale much larger than the unit cell level (and
hence not captured with the type of analysis presented
in Section II(2)) might play a signiﬁcant role on the overall
stiﬀness and strength of the bulk material. Novel characterization techniques and numerical strategies must be implemented to enable multi-scale studies. These are discussed
below.
(4) Experimental Characterization of Micro-Architected
Materials
(A) Macro-Scale Mechanical Characterization: At the
macro-scale, conventional techniques traditionally employed
for the characterization of large-scale lattice materials (and
in fact, any other material) are perfectly adequate to analyze
micro-architected materials. Traditional universal test frames
(e.g., INSTRON, MTS) equipped with tensile, bending and
shear ﬁxtures can be used to measure stress-strain response
in diﬀerent loading scenarios and validate/calibrate analytical
and numerical models for failure prediction.
(B) Micro-Scale Mechanical Characterization: As the
unit cells of micro-architected materials can take many
shapes and sizes, and several base materials can be used, the
ideal device for mechanical characterization at this scale
should have the following features: (i) be adaptable to samples of vastly diﬀerent sizes and shapes; (ii) allow controlled
displacement actuation and independent load measurement;
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SCALE-DEPENDENT PHENOMENA
Multi-cell buckling modes
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Processing-dependent
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“Real node” effects
(geometry / microstructure)
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EXPERIMENTAL TECHNIQUES
Conventional mechanical
testing (INSTRON, MTS, etc...)

Novel Micro-Mechanical Test Frames

Nanoindentation
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(e.g., SEMentor)
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MOLECULAR DYNAMICS
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HOMOGENIZATION
EXTRACTION OF
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Fig. 15. Expected phenomena, mechanical characterization tools and computational techniques for the three length-scales of interest in microarchitected materials. (SEM images from Jacobsen et al.45,160)

(iii) be capable of extreme force resolution (~1–100 nN) and
range (~1 N), displacement resolution (~10–100 nm) and
range (1–10 mm); and (iv) allow optical (or SEM) access to
the test coupon with potential for strain mapping (via Digital Image Correlation). Hybrid micro-test frames, encompassing a MEMS force sensor and an oﬀ-chip displacement
actuator, are necessary to meet the requirements listed
above. A number of such devices have been developed in
the past two decades.127,128 An economical and versatile
device, capable of covering the entire range of force and displacement described above, has been recently introduced by
one of the authors (Fig. 16).129 In the proposed design, the
sensor is a micro-fabricated Silicon double-ended tuning
fork (DETF), whose working principle is the change in
natural frequency of vibration in a pair of parallel and
connected beams upon application of an external axial force.
DETF sensors deﬂect axially rather than laterally, hence
exhibiting essentially inﬁnite stiﬀness relative to the sample
being tested and exceptional force range (in the Newton
range). This is in stark contrast with the more commonly
employed capacitive or visual force detection schemes, in
which load cell and sample have comparable compliance. At
the same time, the strong dependence of the natural
frequency of a beam on the axial load and the extreme

precision available in frequency measurement (a change of a
fraction of a Hertz is easily detected in a 100 kHz signal)
grant the device nN resolution. Samples of diﬀerent geometry can be handled with micro-fabricated custom ﬁxtures,
enabling a variety of testing conditions (bending, compression, tension, etc.…).
(C) Nanoscale Mechanical Characterization:
Uniaxial
Mechanical Testing at the Nanoscale: The two
best-established techniques for nanoscale mechanical characterization are Atomic Force Microscopy (AFM) and Nanoindentation. The former controls the displacement through a
piezo-actuator and senses the force through the deﬂection of
a micro-cantilever, typically measured optically. Although
extreme force and deﬂection resolutions are possible,1,130–132
the force range is small, on the order of a few pico-Newtons,
with a vertical distance resolution smaller than ~0.1 nm. Such
a small load range limits the applicability of AFM to the
characterization of stiﬀ materials (e.g., metals and ceramics).
The mechanical properties of stiﬀ materials can be well characterized by nanoindentation, whose premise involves forcing
a generally sharp diamond indenter tip into the surface of a
material, while measuring the imposed force, the corresponding displacement of the indenter, and in some cases, the
contact stiﬀness.62,133–138 Nanoindenters are inherently
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Fig. 16. (a) Micro-mechanical test frame (l-MTF) for unit-cell level characterization. The displacement actuator is a commercially available
nano-stage, while the load cell (inset) is microfabricated. (b) Detail of the microfabricated load cell (From Torrents et al.129 and Azgin et al.161)

load-controlled instruments, where the load is applied
through an electromagnetic coil assembly, and the displacement is measured by capacitive gages. Typical modern-day
nanoindenters have load resolution of several nano-Newtons
and sub-nanometer displacement resolution. From a measurement of the indentation depth, the local hardness, H, of
the material is readily accessed, and the yield strength is generally estimated as σY  H/3. Obtaining more detailed
mechanical information is unfortunately very diﬃcult: the
stress and strain ﬁelds induced by the indenter are complex
and tri-axial, rendering the interpretation of experimental
results challenging. Carving nanoscale samples in the shape
of pillars or dog-bones addresses this diﬃculty, by enabling
the introduction of nearly uniaxial stress and strian ﬁelds
(see Section III(2)(B)). To allow in-situ observation of the
sample deformation, nanoindenters have been coupled with
electron microscopes. A unique such instrument (called the
“SEMentor”) was recently developed by one of the
authors.139,140 The SEMentor is comprised of a nanomechanical module, similar to the DCM assembly of a commercial
Agilent nanoindenter, inside of a SEM. The former oﬀers a
precise control and high resolution of load (~1 nN) and displacement (<1 nm) and their rates, as well as contact stiﬀness
during the experiment, while the latter allows for visualization of the process. Custom-made grips were fabricated to
conduct nanoscale in-situ experiments in uniaxial compression and tension. Uniaxial tensile investigations will be essential in determining nanoscale yield and ultimate tensile
strength and fracture toughness of nanoscale materials, as
well as in elucidating the origins of tension/compression
asymmetry likely to be observed in nanoscale polycrystalline
samples. All these features are critically important to the
development of micro-architected materials. Furthermore,
this in-situ testing technique will allow correlation of the
macroscopic stress-strain behavior with some microstructural
activity by direct observation of, for example, the dislocation
glide “avalanches” manifested by multiple slip lines, shear
oﬀsets, and phase delamination (if any).
Microstructural Characterization: A key analytical
technique allowing direct observation of dislocations and their
interactions with various boundaries and surfaces is High
Resolution Transmission Electron Microscopy (HR-TEM).
While, of course, the post-mortem TEM analysis is not capable of providing any information about the mobile defect
activity, it is powerful in revealing the post-deformation micro-

structure, i.e., the evolved dislocation networks, the ﬁnal grain
conﬁgurations, and most importantly it sheds light on the
particular interactions of dislocations with the individual
interfaces and surfaces in the deformed samples. This information is useful in uncovering some of the fundamental
mechanisms that might have operated during deformation of
these nano-volumes with speciﬁed interfaces.

(5) Numerical Modeling of Micro-Architected Materials
(A) Continuum-Based Approaches (Finite Elements
Analysis): Once the properties of the thin ﬁlm base materials are known (including their size eﬀects), traditional contin-

Fig. 17. Example of Finite Elements mesh for micro-architected
hollow truss structures. Node ﬁllet radii, nonuniform wall
thicknesses, noncircular cross-sections and bar tapers are
parametrically deﬁned with geometric modeling tools, for eﬃcient
integration with optimization algorithms.
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uum ﬁnite elements approaches can be used to extract both
the unit cell properties as well as the averaged bulk properties of micro-architected materials. Although the numerical
tools are identical to those used for large-scale lattice materials (see Section II), some additional steps must be taken to
merge the unit cell and the bulk length scales (Fig. 15).
Finite Elements Modeling of Individual Trusses and Unit
Cells: Individual hollow truss members and unit cells can
be modeled with shell elements and/or solid elements. Besides
validating the analytical predictions for an ideal structure,
FE modeling must quantify the eﬀect of three potentially
critical factors on stiﬀness, strength, ductility, and collapse
mechanisms. (i) Geometric non-uniformities (e.g., curviness in
nominally straight truss members, non-ideal node size and
shape, and wall thickness variations along members and
within nodes). (ii) Heterogeneity and anisotropy in materials
properties (arising from variations in grain size and texture
along the trusses and around the nodes). (iii) Interface
strength and toughness in multi-materials systems (e.g., a ceramic ﬁlm deposited on a metallic wall). These phenomena are
in principle present in large-scale lattice structures as well,
but their eﬀect on the overall properties is typically negligible. Geometric algorithms for automatic meshing are essential to capture point (i) above (Fig. 17).
Large-Scale (Multi-Cells) Finite Elements Modeling: The
vast diﬀerence between the unit cell and the bulk scales
requires numerical strategies for eﬃcient modeling. Generally,
the plethora of Finite Elements results extracted from the fully
meshed unit-cell models described above must be condensed
into a lower-order model (homogenization). Two sequential
approaches can be envisioned, in increasing order of complexity and computational eﬃciency: (a) beam-elements unitcell model; (b) eﬀective 3D solid elements model. For
approach (a), each unit cell is modeled with a number of beam
elements and the eﬀects of nodal size/shape and local buckling
that are lost in transitioning from shell to beam elements can
be incorporated by introducing ﬁctitious (non-uniform) stressstrain response for the material. Approach (b) follows homogenization procedures similar to those implemented for largescale period core sandwich panels.26,141 The challenge is to
deﬁne the constitutive behavior of the material in a way that a
single solid element (possibly with size spanning several unit
cells) elastically and plastically deforms consistently with buckling phenomena that are dominated by length scales of the
order of the unit cell size, truss radius and wall thickness.
(B) Atomistic Approaches (Molecular Statics and
Dynamics): Standard molecular dynamics (MD) and
molecular statics (MS) techniques can be used to develop
quantitative predictions of the elastic behavior of brittle
ceramics and the elasto-plastic behavior of ductile metals and
nanostructured composites of ductile and brittle materials.
The Embedded Atom Method (EAM) potential142 and the
Modiﬁed EAM (MEAM) potential143 are appropriate for
metals, whereas materials with signiﬁcant angular bonding
(such as some ceramics) require dedicated MEAM potentials.144 Molecular statics (MS) approaches are adequate for
stiﬀness calculations, both in single crystal and nanocrystalline samples, and enable investigation of the role of all strain
components on grain size and orientation at T~0K (this is
acceptable as stiﬀness is not expected to be a strong function
of temperature). If necessary, temperature eﬀect can be quantiﬁed with MD simulations at non-zero temperature. Prediction of the plastic behavior of micro-architected materials at
the nanoscale is signiﬁcantly more challenging, as signiﬁcant
size and orientation eﬀects might dominate strength and ductility. Controlled defects can be introduced to examine tradeoﬀs between homogeneous and heterogeneous dislocation
and void nucleation. As plastic ﬂow is highly temperature
dependent, MS is inadequate for elasto-plastic investigations,
and MD simulations must be performed at nonzero temperature (typically at T~273 K). A substantial challenge is bridging the simulation and experimental time scales:

computational resources demand strain rates >106 s1 for all
MD simulations, whereas experiments typically take place at
rates of 1 s1 or less. To avoid recoding ﬁctitious strain rate
eﬀects in the data, high strain rate MD simulations must be
extrapolated to lower strain rates, possibly using mechanismbased modeling. Validation of these calculations with nanoscale experiments (Section III(4)(C)) is critical to ensure that
deformation mechanisms unveiled by the MD simulations
persist even at much lower strain rates. MD capabilities to
accurately predict the initial yield point have been well established. Quantitatively capturing phenomena subsequent to
failure initiation (e.g., hardening and ultimate failure) is less
straightforward. Once again, nanomechanical experiments
will be essential to validate and supplement MD models.
MD and FEM analyses can be interfaced oﬀ-line with phenomenological constitutive laws: such laws are informed by
MD (e.g., yield strength VS sample size) and can be easily
imported in commercial FE packages (either directly or via
user-deﬁned subroutines). Naturally, combining MD numerical schemes at the nanoscale with FE calculations at the
micro and macro scale in real-time in a truly multi-scale
algorithm is the Holy Grail of computational mechanics.
After decades of research in multi-scale mechanics, this is still
a daunting task. Nonetheless, oﬀ-line combinations of atomistic simulations at the nanoscale and Finite Elements and
analytical continuum mechanics at the micro/macro-scale
have been capable of macro-scale properties predictions.145
Experimental results as those described in Section III(4) are
often necessary for model calibration.
In addition to MD and MS simulations, Discrete Dislocations Simulations (DDS) have been introduced to compute
the eﬀect of dislocation motion and interaction on plastic
ﬂow in crystals.146–148 These models generally utilize a FE
continuum framework to solve for stresses, strains and displacements, and treat dislocations as singularities, which both
aﬀect and are aﬀected by the global strain and stress ﬁelds.
Dislocations motion is governed by the Peach-Koehler equation and standard dislocation-dislocation interaction laws.
Dislocation sources like Frank-Read and single-arm sources
are introduced at statistically random locations. These models (both in 2D and 3D) are computationally more eﬃcient
than full-scale MD simulations, but have not yet fully succeeded in duplicating key aspects of the experimentally measured size eﬀects in plasticity.149
(C) Optimization Algorithms: The large number of
variables in the optimal design of micro-architected materials, coupled with the possible diﬃculty in obtaining closed-
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Fig. 18. Schematic of a possible eﬃcient optimization code for the
optimal design of complex micro-architected materials.36 The
optimizer can be coupled with commercial Finite Elements packages
for on-line fully numerical optimization.
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form solutions for some of the objectives and constraints,
require an optimization procedure more sophisticated than
that typically used for the optimization of macro-scale structures (Section II). Importantly, most of the structural optimization work performed to date assumes that the constituent
material(s) and the architecture of the cellular structure is
decided a priori, and the optimizer must simply select the
best values for all the geometric parameters that deﬁne that
architecture (e.g., unit-cell size, truss angle, wall thickness). A
large number of architectures were independently studied at
the macroscopic scales.11,12,15,16,150 Standard quadratic optimizers were typically used, and relied on close-form expressions for the objective function and all the constraints.
Although easy and convenient, this approach might be
unsuitable for the optimization of micro-architected multifunctional materials, for two reasons: (i) complex geometric
features (e.g., details of the node architecture) might strongly
aﬀect stress and strain distributions, and hence impede closeform expressions of objective and constraints, and (ii) a large
number of local optima might appear, which could confuse
quadratic optimizers. Discrete optimizers (e.g., genetic or
particle swarm optimizers) do not require close-form expressions for objectives and constraints and are rather insensitive
to local minima. Unfortunately, their robustness and eﬃciency are not as good as for gradient-based algorithms. A
discrete optimization protocol that allows on-line interaction
with a commercial Finite Elements program for objective
function evaluation is schematically described in Fig. 18.36
The on-line integration of FE analyses within the optimization loops is extremely resource-intensive. Although novel
software technology (e.g., Microsoft HPC) will help, this
remains a key bottleneck in the optimization process.
Ultimately, to take full advantage of the nearly inﬁnite
freedom in designing with micro-architected materials, the
topological architecture of the material should be itself a
variable in the optimization process. Topology optimization
algorithms were developed over the past couple of decades,151–154 with the scope of deﬁning the ideal arrangement
of two or more phases of matter (one might be air to deﬁne
a cellular solid) to achieve extremal values in one or more
macroscopic properties. These algorithms are naturally more
complex and resource-intensive than the simple procedure
described in Section II. In addition, although exceptionally
interesting and unexpected results might occur (e.g., when
the Kagome structure was identiﬁed by Torquato’s group as
an ideal stiﬀ and statically determinate lattice,155 spearheading dozens of studies on its mechanical properties and technological importance,28,30,150) in many cases the resulting
topologies are nearly impossible to manufacture. Nonetheless, incorporation of topology optimization concepts within
the computational framework described in Section II is a
promising way to explore a massive design space.

IV.

Conclusions

Periodic cellular materials and structures have been extensively investigated over the past decade for a large number of
multifunctional applications. A common optimal design protocol was successfully adopted in several studies to select the
geometry, architecture, and base material that maximizes the
relevant objective function(s). The protocol employs a combination of analytical, numerical, and experimental techniques,
and was reviewed herein in the context of mechanical and
thermo-mechanical structures. We extended this concept to
the multi-scale design of a micro-architected material.
Enabling this vision are newly available manufacturing
approaches for suitable periodic cellular architectures with
unit cell sizes in the sub-millimeter scale and constituent
material characteristic length in the micro/nano scale. The
resulting micro-architected material is characterized by three
diﬀerent length scales: a bulk scale (~1–100 cm), a unit-cell
scale (~100 lm–1 mm) and a constituent material scale

(~100 nm–10 lm). We surmise that micro-architected materials
will possess unique superior mechanical properties (primarily speciﬁc stiﬀness and strength), by exploiting recently
observed size eﬀects at the micro and nano scales. Extending
optimal design protocols for large-scale periodic cellular
structures to the case of micro-architected materials entails
the added diﬃculty that bulk mechanical properties are now
a strong function of physical phenomena occurring at three
diﬀerent length scales. Existing modeling tools must be
adapted to handle such diﬃculty. We brieﬂy reviewed the
state-of-the-art in small-scale mechanical characterization
and numerical modeling and concluded that the necessary
techniques are suﬃciently mature to underpin the development of micro-architected materials. As the length scale ‘ of
a periodic cellular structure shrinks to sub-millimeter dimensions, and the number of unit cells in the bulk material
increases as ‘ 3, the diﬀerence between a structure and a
material gets progressively blurred: in this sense, micro-architected materials represent a new class of materials, characterized by a unique variable amenable to optimization: the
topological architecture. We hope that this overview will stimulate intense research eﬀorts aimed developing new microarchitected materials with properties outside of the boundaries
of current materials properties spaces into new, previously
unclaimed regions.
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