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1 INTRODUCTION
Designing materials with exceptional combinations of mechanical properties (stiffness, strength, 
toughness, etc.) at low weight is a continuous goal in many industries. Weight reduction is incredibly 
important for the transportation sector (where reducing the weight directly translates in better fuel 
efficiency), for the wind energy sector (where cost-effective use of windmills would not be possible 
without the considerable stiffness and strength per unit weight of polymer–matrix composites), in 
military applications (where reduced weight implies increased payload), and for the sports industry 
(racing cars, bicycles, skis, golf clubs, baseball bats, etc.).

Additionally, there are a number of critical applications that require far more than lightweight 
and strong materials: often two or more functionalities are needed (e.g., structures required to bear 
static loads, damp sudden vibrations, dissipate heat). Naturally, two (or more) different materials, 
each optimized for one functionality, can be connected in some fashion, but this often introduces 
undesired additional weight. The ability to design individual materials that optimally perform more 
than one function has the potential to drastically reduce weight (and volume) of the system, with 
profound consequences.

Material selection under multiple (possibly conflicting) requirements is typically performed by 
means of Ashby charts (see Fig. 13.1.1 for two examples) [1]: basic engineering analysis reveals 
the material indices (a combination of properties) corresponding to each performance metric, and 
any two indices can be cross-plotted in a log–log chart that encompasses the kingdom of existing 
materials. Traditionally, the envelopes of property combinations have been pushed by materials 
science developments, mostly at the chemical level (e.g., alloying in metals, doping in semiconduc-
tors) or by creation of composite materials. This approach is mature and unlikely to yield further 
revolutionary breakthroughs. An alternative approach to the manufacture of weight-efficient mul-
tifunctional materials entails the optimal design of a cellular architecture [2,3]. Accurate control 
on the disposition of matter endows optimally designed architected materials superior performance 
compared with stochastic materials (e.g., much higher stiffness and strength at the same density; 
see Section 2.1), potentially enabling colonization of ample regions of white space in several Ashby 
charts (see Fig. 13.1.1).

Constraints posed by traditional manufacturing approaches, though, have largely limited the devel-
opment of architected cellular materials to periodic, relatively simple topologies, with smallest features 
generally at the millimeter scale and dimensional bandwidth (the ratio between the dimension of the 
largest and the smallest feature in the architecture) rarely exceeding 2–3 orders of magnitude (∼1 
to ∼0.1–1 m) [4,5]. A new scalable technique, based on self-propagating photopolymer waveguide 
(SPPW) polymerization followed by thin film deposition and etching of the polymeric substrate, was 
recently demonstrated; this technique allows rapid fabrication of cellular materials with extreme di-
mensional bandwidth (from 100 nm to 0.1–1 m), although it is limited to fairly simple lattice topologies 
[6]. These materials were shown to possess unique mechanical properties, by virtue of their extreme 
hierarchy and plasticity size effects (see Sections 3 and 5) [6–9].

The only commercially available fabrication approaches that allow nearly unlimited topological 
complexity (although with lower-dimensional bandwidth and throughput compared with the SPPW-
based approach) are additive manufacturing (AM) techniques, in particular stereolithography (SLA), 
selective laser sintering (SLS), binder jetting, electron beam melting (EBM), and direct metal laser sin-
tering (DMLS) [10,11]. The unprecedented design freedom enabled by AM and the unique mechanical 
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FIGURE 13.1.1 Strength/Density and Stiffness/Density Material Charts, Displaying the Combinations of Properties 
Available in Monolithic Materials and the Opportunity Space That Can Be Occupied by Architected Materials
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behavior that emerges from extremely hierarchical architectures offer an incredible opportunity for 
the design of novel multifunctional materials. The smallest features that can be consistently printed  
with any of the AM techniques mentioned above are of the order of 100 mm to 1 mm. An order of 
magnitude improvement is possible with novel microprojection SLA approaches [12]. Two-photon 
polymerization (2PP) processes, such as 3D direct laser writing (3D-DLW) [13,14], further increase the 
resolution of AM techniques to the nanometer scale, with two huge advantages for the design of micro-
architected/nano-architected materials: (1) they allow investigation and exploitation of beneficial size 
effects on plasticity and fracture, with the potential to dramatically increase the effective mechanical 
properties of the cellular material [15,16]; (2) they allow interaction of the periodic architecture with 
visible light, vastly simplifying the development of optical metamaterials [17,18]. This chapter reviews 
benefits and design approaches for micro-architected materials and identifies the key opportunities 
opened by 2PP-based manufacturing.

2 BENEFITS OF ARCHITECTED MATERIALS
Architected materials with optimally designed topologies (whether single or multiphase, cellular or 
fully dense, periodic or functionally graded) have several unique features; in particular: (1) they enable 
decoupling of competing properties that are traditionally linked in monolithic materials (e.g., strength 
and density, stiffness and loss modulus, large deformation shape morphing against strong restoring 
loads) [2,19,20]; (2) they achieve properties that are generally unavailable to monolithic materials 
(e.g., negative Poisson’s ratio or negative coefficient of thermal expansion (CTE)) [21,22]; (3) they are 
readily amenable to arbitrarily complex functionally graded designs; (4) they enable multifunctional-
ity (e.g., load bearing and active cooling, stiffness, and impact protection) [3,23]; and (5) they allow 
wave–matter interaction at wavelengths that are comparable to the unit cell size, thus enabling the 
design of metamaterials [17,24]. Some examples of these key functionalities are described in this sec-
tion. Figure 13.1.2 displays a gallery of architected materials, many of which are discussed in detail in 
this chapter.

2.1 STRENGTH AND STIFFNESS AT LOW DENSITY
Reducing mass without sacrificing mechanical integrity and performance is a critical goal in a vast 
range of fields. Unfortunately, monolithic materials with the largest strength and density are also 
typically the heaviest (see Fig. 13.1.1); technical ceramics are an exception, but their high strength 
occurs only under compressive loads, as the strength of these materials is plagued by their high flaw 
sensitivity in tension. Introducing a controlled amount of porosity in a strong and dense material 
(hence fabricating a cellular material) is an obvious avenue to weight reduction. The mechanical 
effectiveness of this strategy, though, depends strongly on the architecture of the resulting cellu-
lar material (i.e., the topology of the introduced porosity). For relative densities ρ < 0.2 (with ρ  
defined as the density of the cellular material divided by density of the parent material), the cel-
lular medium will generally resemble a lattice, with bar-like features connecting at nodes. We can 
have two-dimensional lattices that are extruded in the third direction (i.e., honeycombs) or fully 

ρ¯<0.2ρ¯
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FIGURE 13.1.2 Examples of Architected Materials 

(a) Stainless steel textile lattice fabricated by transient liquid phase bonding [5]; (b) aluminum octet lattice 
fabricated by casting [19]; (c) titanium octet microlattice fabricated by electron beam melting (Courtesy 
of Calram, Inc., Simi Valley, CA); (d and e) multimaterial lattices with zero CTE fabricated by projection 
microstereolithography (Courtesy of Howon Lee (Rutgers University, New Brunswick, NJ) and Nicholas Fang 
(Massachusetts Institute of Technology, Cambridge, MA)); (f) hollow nickel microlattice fabricated by the SPPW 
process [7]; (g) alumina/photopolymer nanolattice, fabricated by 3D-DLW with two-photon polymerization [15]; 
(h) three-dimensional bichiral photonic crystal, fabricated by 3D-DLW with 2PP [13].

Reprinted from Refs [5,7,13,19], with permission.
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 three-dimensional lattices (e.g., the octet lattice). If we call t the bar thickness (for honeycombs) or 
diameter (for 3D lattices) and � the bar length, the following expressions hold [2]:
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(13.1.1)

where E and σc are the Young’s modulus and the compressive uniaxial strength, respectively, of the 
lattice, and Es and σys the Young’s modulus and the yield strength (or fracture strength), respectively, 
of the parent material. The numerical parameters A, B, C, a, b, and c depend on the topology of the 
lattice. Values for the most important topologies are reported in Refs [2,19]. The coefficients A, B, 
and C are nondimensional and of order 1. The power law exponents a, b, and c govern the mechani-
cal behavior of the material. a = 1 for honeycombs and a = 2 for 3D lattices. For honeycombs loaded 
along the out-of-plane direction, b = c = 1 (as this is the stiffest and strongest arrangement of mat-
ter in a porous material); for honeycombs loaded in the plane and 3D lattices, the values of b and c 
depend on whether the architecture is bending-dominated or stretching-dominated. To appreciate the 
difference, one should think of a pin-jointed lattice with the same nodal connectivity as the lattice 
under investigation [2]. If the pin-jointed lattice exhibits collapse modes that induce macroscopic 
strain, then the actual lattice will resist loads only by bending of the bars at the nodes; as such, it is 
categorized as bending-dominated, and will exhibit values of b and c larger than 1; a key example is 
the hexagonal honeycomb. On the other hand, if the pin-jointed lattice does not possess any collapse 
mode inducing macroscopic strain, then it can carry loads by stretching of its members; the actual 
lattice will behave very similarly to the pin-jointed one, and will be referred to as stretching-dom-
inated; for stretching-dominated lattices, b = c = 1. Notable examples are the triangulated and the 
kagome honeycombs and the three-dimensional octet lattice. As we are concerned with relative den-
sities typically less than 0.2, the difference in strength and stiffness between a bending- dominated 
and a stretching-dominated architecture at the same relative density can be very significant. Sto-
chastic open-cell foams (whether natural or man-made) are a typical example of cellular material: 
although their topology is not perfectly periodic, they can be modeled quite accurately as an ideal 
lattice exhibiting a coordination number (number of bars entering a node) of 3–4; as this lattice can 
be proved to be bending-dominated, the mechanical properties of stochastic foams are significantly 
lower than those of stretching-dominated lattices.

As Eq. (13.1.1) defines failure as yielding or fracture of the bar, the strength of a stretching- 
dominated lattice is independent of the cross-sectional shape of the bar. As the density of a lattice 
material is reduced, the failure mechanism switches from yielding (or fracture) of the bars to elastic 
buckling of the bars. As hollow bars are stronger in buckling than solid bars of the same cross-
sectional area, hollow lattices should show superior performance. Unfortunately, this benefit is sig-
nificantly reduced by the deformation mechanisms at the hollow nodes: the implication is that the 
benefit of a stretching-dominated architecture can be vastly diminished (or even disappear entirely) 
in ultralight hollow lattices [6,16].

l

ρ¯=AtlaEEs=Bρ¯bσcσYS=Cρ¯c
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The fracture toughness of brittle cellular architected materials has been extensively investigated [2,25]. 
Fleck et al. showed that for planar lattices, the fracture toughness can be expressed as follows:

σ
ρ=

K
D dIc

TS � 
(13.1.2)

where σ TS is the tensile strength of the wall material (which would itself be related to the distribution of 
microcracks within the walls), � is the unit cell size, ρ  is the relative density of the lattice, and D and 
d are the nondimensional numerical factors, which are dependent on the topology of the lattice. The 
parameter d expresses the sensitivity of the fracture toughness on the relative density: for planar lattices, 
d = 1 for the triangular configuration, d = 2 for the hexagonal configuration, and d = 0.5 for the kagome 
configuration. This indicates that the kagome lattice performs extremely well in terms of fracture tough-
ness. Importantly, notice that the toughness of a lattice scales with � . The implication is that lattices be-
come more brittle as the unit cell size is reduced. There is an essential caveat to this conclusion, though: 
as the dominant length scale of the architecture approaches the nanoscale, the tensile strength of the wall 
material will potentially increase (see Section 3.2 and Ref. [26]). The interplay of these factors is still an 
active area of research. Finally, notice that Eq. (13.1.2) assumes that the lattice contains a crack that is 
much larger than the unit cell. Even in the absence of these long cracks, lattices can fail in brittle mode: 
for example, the strength of hollow lattices is generally dominated by the presence of small nodal cracks 
[6]. Quantitative modeling of these phenomena is currently underway.

2.2 HIGH STIFFNESS AND HIGH DAMPING COEFFICIENT AT LOW DENSITY
Stiffness and damping (loss coefficient) are antagonistic properties in monolithic materials: ceramics 
and high-density metals exhibit very high stiffness and almost negligible damping, whereas elasto-
mers have excellent dissipation mechanisms (resulting in high damping) but extremely low stiffness. 
Properly designed architected materials can strike excellent compromises between these two proper-
ties, while guaranteeing low densities. A suitable figure of merit for efficiency is δ ρE tan /1/3 , where 
E is the Young’s modulus, tan d is the loss coefficient, and ρ is the density of the cellular material 
(Fig. 13.1.3) [27,28].

High damping can be imparted to a cellular material with high stiffness and low density through 
different mechanisms: (1) intrinsic damping in an elastomeric phase intimately intermixed with the 
load-bearing phase of the cellular architected material; (2) structural damping arising from reversible 
elastic instabilities on deformation; (3) unit cell design leading to band gaps that effectively block 
vibrational waves within a frequency range. Mechanism (1) is conceptually identical to constrained 
layer damping in lightweight aerospace structures, and relies on introducing significant shear strain in 
high-loss materials during deformation. Mechanism (2) occurs in ultralight hollow microlattices loaded 
to large compressive strains: when each member locally buckles, it dissipates its strain energy through 
vibration and ultimately heat; the coordinated effect of all bars buckling is responsible for the unusu-
ally high damping in these materials (Fig. 13.1.3) [28]. Unfortunately, this effect quickly disappears as 
the relative density of the material is increased beyond 1%, but a conceptually similar mechanism can 
be introduced in higher-density materials by designing topologies that incorporate negative stiffness 
elements (e.g., prebuckled beams and arches undergoing snap-through on compression) [29]. Finally, 
mechanism (3) is at the basis of the design of acoustic metamaterials [24], and will be discussed in 
more detail in Section 2.7.

KIcσTSl=Dρ¯d

σTS
lρ¯

l

E1/3 tand/ρ
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2.3 HIGH STIFFNESS AND LARGE DEFORMATION IN SHAPE MORPHING SYSTEMS
A number of engineering applications require structures that can undergo large shape changes in service 
while being able to resist the application of significant loads. In some cases, the structure must be able 
to cycle between two configurations, with significant load-carrying capacity required only at the two 
end states; in more challenging situations, the shape change itself must occur under strong restoring  
loads (requiring so-called high-authority actuation). The challenge is that morphing mechanisms that 
result in significant shape change are typically present in materials with very low stiffness [30]. Archi-
tected materials can provide solutions for both scenarios. A multiphase composite material design that 
addresses the first scenario is displayed in Fig. 13.1.4a [31]. The topology of the unit cell is designed 
to transfer load between metallic platelets through shear strains in a shape-memory polymeric (SMP) 
matrix. When the shape morphing polymer is in its stiff state, stress transfer occurs and the composite 
material is stiff; when the polymer is switched to its compliant phase, plastic shear strains can occur at 
the unit cell level, which are transferred to significant rotations and deflections at the component scale. 
When the new desired shape is achieved, the SMP can be stiffened again, to lock the component shape. 
Although this design is not cellular (the material is ultimately fully dense), it can be certainly catego-
rized as an architected material. This design can achieve actuation between two stiff states, but does 
not maintain stiffness during actuation. If this is required, stretching-dominated lattice designs with 
selected elements replaced by strong linear actuators can be adopted [20,32]. In this sense, the lattice 
amplifies the small displacement of each actuator, while maintaining stiffness throughout the cycle. 
Proper lattice design is critical, as any redundancy in the design will result in stored elastic energy on 
actuation, with significant reduction of the achievable deflection of the structure. Of the planar lattices 

FIGURE 13.1.3

(a) Material selection chart for vibration management of plates. All metallic materials (including metal matrix 
composites and metallic foams) are depicted, alongside the ultralight hollow metallic microlattices discussed in 
Section 2.2 (the ellipse represents the envelope of experimental results). (b) Stress–strain curve for an ultralight 
nickel microlattice under compression, showing exceptional elastic recovery and marked hysteresis.

Reprinted from Ref. [28], with permission.
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discussed in Section 2.1, the kagome lattice is the best topology (Fig. 13.1.4b) [20,32,33]. Even larger 
actuation strains at high authority can be achieved by tensegrity-based topologies (Fig. 13.1.4c) [35].

2.4 NEGATIVE POISSON’S RATIO AND NEGATIVE COEFFICIENT  
OF THERMAL EXPANSION
The open space within the architecture of a cellular material can be properly designed so that it accom-
modates the expansion of the solid constituent(s) on deformation or temperature change. The result can 
be an architected cellular material with zero or negative effective coefficient of thermal expansion (CTE) 
[21,36–38] or Poisson’s ratio [39–41]. Figure 13.1.5 shows a biphase architected cellular material that 
can be designed for negative CTE [21]. On an increase in temperature, the lattice members from both 
phases will expand (both of them possess “usual” positive CTEs), but their expansion can be more than 
compensated by a reduction of the lattice porosity. If the CTE of phase I is larger than that of phase II,  
and the angle θ is sufficiently large, the net result will be a biaxial contraction of the unit cell, that is, 
negative effective CTE. Although several alternative designs exist with the same property (e.g., see 
Refs [36,38]), this design has the unique feature of being stretching-dominated under mechanical loads, 
and hence exceptionally strong and stiff at low density (see Section 2.1) [21]. This makes it a perfect 
candidate for high-temperature structural applications with strong temperature gradients, where the 
ability to store low thermal stresses and carry high loads is essential. At smaller scale, these materials 
would be useful for applications where dimensional accuracy is essential under continuous temperature 
excursions (e.g., positioning of micromirrors in space applications [42]).

When the lattice in Fig. 13.1.6a is uniaxially compressed along the vertical direction with a strain, 
−ε1, the diagonal members rotate, pulling the vertical elements closer together and reducing the lat-
tice porosity; the net effect is a negative strain in the horizontal direction, −ε2, resulting in negative 
 Poisson’s ratio, ν = −ε2/ε1. A number of conceptually similar designs exist and some are summarized 

FIGURE 13.1.4

(a) Shape-memory photopolymer/metal hybrid material enabling stiffness and shape morphing (Courtesy of C.P. 
Henry and G.P. McKnight, HRL Laboratories, Malibu, CA); (b) high-authority shape morphing plate based on 
kagome lattice actuation [32]; (c) tensegrity-based design for high-authority, large stroke actuation [34].

Reprinted from Refs [32,34], with permission.
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FIGURE 13.1.5 Multimaterial Lattice Design Achieving Negative CTE

Reprinted from Ref. [21], with permission.

FIGURE 13.1.6 2D Lattice Design Exhibiting Negative Poisson’s Ratio (Auxetic Design), and Calculated Band 
Structure (Notice the Wide Band Gap) [22] 
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in Refs [41,43]. These architected materials (often called auxetic materials) have interesting energy 
absorption capabilities, as they can spread a concentrated load more efficiently than traditional cellular 
materials [41].

2.5 FUNCTIONALLY GRADED PROPERTIES
The possibility of designing the architecture of a cellular material at will opens the doors to the creation 
of functionally graded material (FGM) designs, thereby reducing mass even further for applications 
where very nonuniform loads are applied [44].

2.6 ACTIVE COOLING
Most architected materials can be designed with interconnected porosity, thus naturally enabling mul-
tifunctional applications. A key example is the design of actively cooled structural components, where 
high stiffness, high strength, low density, and resistance to high heat fluxes are required. A sandwich 
panel with an architected open porosity core is an ideal solution: the core can be designed to support 
large shear loads without failure or excessive deformation, and the open porosity can accommodate 
cooling fluid flow that will remove heat from the hot face while keeping the system at an acceptable 
temperature [45,46]. More elaborate core designs can result in structural heat pipes, a sandwich design 
where a working fluid residing in a wicking structure within the core can smoothen spatial temperature 
gradients on one face [47].

2.7 CONTROL OF ACOUSTIC PROPERTIES THROUGH MATERIAL–WAVE 
INTERACTION
Thermal energy in solids is related to vibrations of the atomic lattice [48]. Thermal transport occurs 
by vibrational waves, which transfer energy from regions of high-amplitude vibrations (hot) to regions 
of low-amplitude vibrations (cold). The thermal transport properties of the material are determined by 
the relationship between the frequency (or energy) and the wavelength and propagation direction of 
these vibrational waves (i.e., the phononic band structure of the material), which in turn is dictated by 
the symmetry of the unit cell of the atomic lattice. Band gaps naturally emerge in the phononic band 
structure of a material, defined as ranges in frequency (or energy) where no wave propagation can exist; 
for a material with unit cell size of the order of angstroms (10−10 m) and speed of sound of the order of 
103 m/s, the lowest energy band gap induced by the symmetry of the atomic lattice is at frequencies of 
the order of 1013 Hz.

Periodic architected materials can interact with elastic (or electromagnetic) waves in an analo-
gous way, whereby the symmetry of the unit cell (and its constituent materials) will determine the 
dispersion relation for waves with wavelength comparable with their unit cell size [24]. Hence, by 
tailoring the symmetry and the size of the unit cell architecture, band gaps can be created at virtually 
any desired frequency range. For example, introducing a periodic architecture with a unit cell size 
of 1 cm in the material discussed earlier can generate band gaps in the 10–100 kHz range, which 
is of great interest for acoustic applications (Fig. 13.1.6). Such materials (often called “phononic 
crystals”) would have excellent applications in vibration isolation, noise attenuation, wave guiding, 
and wave rectification, and have been developed over the past 25 years. A number of optimization 
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techniques (including topology optimization (see Section 4.2)) have been successfully employed to 
identify ideal multiphase periodic materials to tailor the band gap, an approach now known as “band-
gap engineering.”

More recently, lot of attention has been devoted to “acoustic metamaterials,” a subclass of pho-
nonic crystals that exhibit internal resonant modes at certain wave frequencies (the first experimental 
realization of such a material consisted in a set of metallic spheres coated with a film of elastomer 
and arranged in a square lattice within an epoxy matrix [49]); this self-resonant mode generates band 
gaps at much lower frequencies than allowed by conventional “Bragg scattering” modes, with even 
greater potential for vibration isolation and noise attenuation; even more interesting, these materials 
possess unusual physical properties (e.g., negative elastic moduli and density at a given frequency 
range, resulting in negative refraction index) that make them suitable candidates for cloaking (the 
application where waves are bent around an object rather than being scattered by it, thus making 
it invisible to that radiation). For an excellent recent review on the topic of phononic crystals and 
acoustic metamaterials, see Ref. [24].

3 BENEFITS OF MICRO-ARCHITECTURES/NANO-ARCHITECTURES
3.1 SCALE-DEPENDENT YIELD STRENGTH IN METALS
Plastic flow in metals generally occurs by motion of dislocations along preferential slip systems [50]. 
As dislocation motion is hindered by grain boundaries, the yield strength of a polycrystalline metal 
increases as the grain size is reduced. This hardening law was formalized by Hall and Petch as 
 follows [51,52]:

σ σ= +
k

dY 0
 

(13.1.3)

where σ0 expresses the resistance to dislocation motion through the lattice, k is a material parameter, 
and d is the average grain size.

Eq. (13.1.3) predicts enormous strengthening as the grain size is reduced to the atomic scale (and 
the microstructure becomes amorphous); in practice, once the grain size goes below ∼10 nm, plasticity 
becomes controlled by other mechanisms (primarily grain boundary sliding [53] and shear banding [54]). 
For most metals, these mechanisms induce softening as the grain size is further reduced, with the implica-
tion that the optimal yield strength is achieved at grain size ∼10–20 nm.

Manufacturing macroscale metallic components with grain size at the nanoscale is currently ex-
tremely difficult, as the large surface energy associated with extensive grain boundaries is thermody-
namically expensive. Interestingly, though, a number of metallic alloys can be deposited with nanoscale 
grain size in thin film form (with film thicknesses typically smaller than ∼10–100 mm, depending on 
the alloy) [55–57]. Hence, if a metallic thin film is deposited conformally on an architected polymeric 
template, and the template is subsequently etched away, a macroscopic metallic architected material 
can be developed with nanoscale grain size, and hence an exceptionally high yield strength of the con-
stituent alloy. With proper design of the template architecture, this exceptional thin film strength can 
be transferred to the macroscale architected material. This approach was successfully employed in a 
number of recent studies [7,58,59].

σY=σ0+kd
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For the strength of the resulting architected material not to be dominated by elastic buckling of the 
film, it is often desirable to manufacture the substrate at sufficiently small scales (100 nm to 10 mm), 
resulting in a relative density of the architected material in the 1–10% range. The implication is that 
3D-DLW approaches based on 2PP are ideally suited to fabricate exceptionally strong architected 
materials.

In the event that the metallic film is deposited as a single crystal, it might be advantageous to 
reduce its thickness to the nanoscale, to exploit beneficial size effects [60,61]. These effects have 
been investigated for the past decade; although the results are not always conclusive (e.g., Bei et al. 
observed no such size effect [62]) and might be somewhat polluted by challenges in the experimen-
tal techniques [63,64], several experimental studies indicate that single-crystal face-centered cubic 
(FCC) materials in pillar form can approach strengths in the gigapascal range when the pillar diameter 
is reduced to the nanoscale [65,66]. Currently, architected materials based on such thin films can be 
manufactured only by 2PP techniques.

Finally, higher-order plasticity theories predict strengthening in thin films as the film thickness 
is reduced to the microscale/nanoscale, as long as strong strain gradients are present across the film 
thickness [67,68]. As most architected materials are designed to operate with virtually no strain gradi-
ent across the thickness, this phenomenon is not directly applicable to the design of strong material 
architectures.

3.2 SCALE-DEPENDENT FRACTURE STRENGTH IN CERAMICS
Unlike ductile metals, ceramics and other brittle materials have a crystal structure that does not allow 
significant plastic deformation at ambient temperature. Furthermore, classic processing approaches for 
ceramic materials inevitably result in a distribution of defects (cracks) in the material. The lack of plas-
tic flaw at the crack tip results in low toughness, and causes failure at applied stresses much lower than 
the yield strength of the material. According to Griffith’s law [69], the fracture strength of a material, 
σf, can be expressed by the following relation:

σ =
K

Y af
c

 
(13.1.4)

where a denotes the size of the largest crack in the material (assuming that cracks are uniformly distrib-
uted in all directions), Y is a numerical constant, and Kc is the fracture toughness (a material property 
that expresses the resistance to crack growth).

Nature has long found a way to develop tough materials using predominantly ceramic components. 
Enamel [71] and bone [70] are excellent examples: both materials exhibit a brick-and-mortar topology 
with ceramic platelets (a few nanometers in thickness) held together by a tiny amount of a ductile phase 
(Fig. 13.1.8a). This arrangement imparts these materials exceptional strength by two mechanisms: (1) it 
deflects crack paths during fracturing, hence increasing Kc; (2) it reduces the size of the largest crack in 
the material to a value comparable to the thickness of the platelet, a ∼ t. Both approaches can be adopted 
in the design of a synthetic tough ceramic. The relation σ ∝ t1/f  provides the size dependence of the 
material strength (Fig. 13.1.8b). Notice that for sufficiently small topological features, the ceramic con-
stituent can reach its theoretical yield limit, which is of the order of E/10, where E is the Young’s modulus 
of the material. For common ceramics such as alumina and silica, the largest topological feature that en-
sures theoretical strength is of the order of 100 nm. Hence, 2PP processes are perfect for realizing tough 

σf=KcYa

σf∝1/t
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FIGURE 13.1.7 Beneficial Size Effects in Brittle Materials: A Ceramic Thin Film Approaches the Theoretical 
Strength as the Film Thickness Approaches the Nanoscale

Scanning electron microscope (SEM) image from Ref. [70].

FIGURE 13.1.8 Unit Cell Architectures Identified by Formal Optimization Techniques 

(a) Lattice designed via topology optimization with continuum elements for optimal permeability (left, void phase; 
right, solid phase) [88]; (b) lattice designed via topology optimization with truss elements for minimum cost under 
compressive and shear stiffness constraints [77]; (c) two-material lattice optimized with flexure theory for negative 
thermal expansion coefficient [38].
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architected ceramics that achieve theoretical strength. Section 6 will discuss two recent demonstrations 
of this behavior [72].

3.3 NANOPHONONIC CRYSTALS AND OPTICAL METAMATERIALS
If periodic materials can be manufactured with unit cells in the 1–100 nm range, two interesting pos-
sibilities emerge: (1) band gaps can be created at frequency only slightly lower than those introduced 
by the atomic lattice. These band gaps can then interfere with phonon transport, the key mechanism 
for heat transfer in solids, and help reduce the thermal conductivity of metals, with key applications in 
thermoelectric energy generation [24]. (2) Cloaking at frequencies approaching the visible range be-
comes possible, a necessary step toward the realization of the “invisibility cloak” [17]. The nanometer 
resolution allowed by 2PP enables these applications, as discussed in Section 6.

4 MODELING AND DESIGN TOOLS
4.1 MODELING AND GEOMETRY OPTIMIZATION USING ANALYTICAL  
AND FE-IN-THE-LOOP TOOLS
In the simplest optimal design approach, the topology of the architected material is decided a priori and 
the design problem reduces to a sizing problem. The optimal design of an octet lattice for minimum 
relative density ρ  at any given compressive strength σc is a prototypical example. The relative density 
of the lattice and the buckling and yielding strengths can be expressed in analytical form [19] as a func-
tion of the geometrical parameters; a simple quadratic optimizer can then be employed to minimize the 
relative density of the lattice subject to the conditions that both yielding and buckling be averted. In 
nondimensional form, the problem can be stated as follows:
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where D and � are the diameter and length of the diagonal bars, u is the angle between the diagonal 
bars and the horizontal plane of the lattice (u = 45° for the proper octet lattice), and Es and σys are the 
Young’s modulus and yield strength of the constituent solid material, respectively. Solution of this 
problem is typically plotted in log–log scale. The kink in the optimal design curve delineates the transi-
tion between buckling-dominated and yielding-dominated designs.

If the lattice is hollow rather than solid, one more failure mechanism exists (local buckling of the 
hollow bars) and the optimization problem can be written in a form very similar to that of Eq. (13.1.5). 
Although experimental results agree very well with Eq. (13.1.5) for the case of solid lattices, the agree-
ment is not as good for hollow lattices; the reason is that the hollow nodes deform by bending and 

ρ¯

minD/l,uρ¯=π1+cosu/2(D/l)22 cos2u 
sinusubject to:σcσys≤πsinu2 cos2u

Dl2 (no yielding)σcσys≤Esσysπ3 sin
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hence introduce a weak link in the lattice. Nodal deformations are not accounted for in the model 
above, but can be captured by finite element (FE) analyses on accurately meshed lattice designs. Codes 
can be written to incorporate FE analyses within the optimization procedure, hence eliminating the 
need for analytical expressions of the strength constraints. This approach is generally called FE-in-the-
loop optimization, and can be applied to a variety of problems for which analytical models of objective 
function and/or constraints are not easily obtainable. For an application of this procedure to strength 
optimization of hollow lattices, see Ref. [6].

Finally, we notice that for some problems, the equations are such that the optimization procedure can 
be carried out entirely analytically, with obvious advantages. For example, see Ref. [73]. Conversely, 
some problems (particularly for the case of multifunctional material design) are characterized by a large 
number of local minima, challenging most quadratic optimizers; for those problems, discrete optimizers 
can be used, such as genetic algorithms or simulated annealing procedures (e.g., see Ref. [45]).

4.2 CLASSICAL TOPOLOGY OPTIMIZATION
Choosing the architected material topology a priori, as suggested in the previous section, can impose 
unnecessary limits on the material performance. A more general strategy is offered by topology opti-
mization, a rigorous mathematical technique that can identify the optimal arrangement of two or more 
phases in the unit cell of a periodic material, to optimize a prescribed objective function subject to 
a number of constraints. Two approaches can be adopted for architected material design. In the first 
one, the material is imposed to be a lattice (i.e., the unit cell is modeled as a truss or frame), although 
the connectivity of the members is unspecified. The optimization procedure starts with a unit cell 
filled with a large number of bars (the ground structure [74]) and subject to periodic boundary condi-
tions [75,76]. During optimization, the mechanical performance of the unit cell is evaluated (generally 
with the FE method) and the inefficient bars are eliminated while the useful ones are resized. The 
algorithm ultimately converges to the optimal unit cell architecture. Designing algorithms that enable 
proper bar elimination while retaining bars with different cross-sections in the optimal solution is an 
active research area [77]. Obviously, this method can be also applied to engineering structures (e.g., 
bridges), where the entire design domain is modeled as opposed to a unit cell [78–80]. The advantage 
of this approach is that it guarantees a lattice design, which could dramatically simplify fabrication. 
Its biggest limitation is that the optimal solution must be present in the initial ground structure, which 
limits the number of allowable designs. An example of optimal topology identified with this approach 
is depicted in Fig. 13.1.8a.

In a different approach, the unit cell is modeled with continuum FEs (in either 2D or 3D), and 
each element is prescribed a combination of phases (for a single-constituent cellular material, the 
volume fraction of solid in the element suffices to characterize its composition; for a hybrid cellu-
lar material, more parameters are required). The FE method is generally employed to calculate the 
performance of the material (usually via homogenization techniques) at every iteration step. During 
optimization, the composition of each element is modified, until the optimal solution is reached. 
Suitable techniques are required to achieve excellent phase separation at each element, and thus ap-
proach “black-and-white” solutions [81–83]. An example of optimal topology identified with this 
approach is depicted in Fig. 13.1.8b. This approach will guarantee that an enormous design space is 
sampled, without the need of prescribing any topological feature a priori. The challenge is that often 
the optimal solutions exhibit extremely complex topologies, which can challenge most manufacturing 
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approaches. Introducing manufacturability constraints using different filters in the optimization al-
gorithm is an active area of research (see Refs [37,84–87]). Importantly, though, the manufacturing 
freedom enabled by additive approaches (including 2PP techniques) opens the doors to fabrication 
of these complex topologies for the first time. We foresee that the development of topology optimiza-
tion approaches and advances in AM (in particular in the area of scalability) will progress hand-in-
hand for the next decade.

4.3 DESIGN OPTIMIZATION USING DESIGN THEORY METHODOLOGIES
A third optimal design approach is based on the application of rigorous design theory methodolo-
gies. As a notable example, a screw-theory-based procedure has been recently proposed to identify 
all suitable unit cell topologies that enable actuation of the material constituents along specified 
degrees of freedom. Once the unit cell is identified, the techniques described in Section 4.1 can be 
used to optimize its dimensions. This technique was successfully applied to the optimal designs of 
architected materials exhibiting optimal combinations of high stiffness and low (or even negative) 
CTE (see Section 2.4; Fig. 13.1.8c) [38].

5 ESTABLISHED FABRICATION APPROACHES
A number of reliable manufacturing techniques have been developed for single-phase metallic architected 
materials with unit cell dimensions at the millimeter–centimeter scale.

In the most common approach, unit cells are generally assembled by folding and/or slotting thin 
sheets of material, and assembling a large number of beam and/or plate elements into the final con-
figuration; subsequently, the constituents are metallurgically bonded to impart strength and stiffness to 
the structure [5]. For sandwich structure applications, face sheets are bonded to the architected core 
(Fig. 13.1.2a). For a number of materials such as steels, and copper and aluminum alloys, transient 
liquid phase (TLP) Bonding, a high-temperature brazing process involving significant interdiffusion 
at the joints, is the ideal technique, as it results in strong bonds and nearly no residual stresses [89].

Alternative manufacturing approaches have been developed for aerospace-relevant high- temperature 
alloys. Titanium (Ti6Al4V) architectures were manufactured with diffusion bonding, resulting in good 
nodal microstructure and strengths [90]. The extension to even higher temperatures requires nickel 
superalloys. Unfortunately, high-strength, g9-rich nickel superalloys are not formable at room tem-
perature. A clever solution for thin-gage panels was proposed, whereby a formable, single-phase g-Ni 
superalloy is assembled in the right shape, all the components are assembled via TLP bonding, and sub-
sequently the finished structure is aluminized and precipitation hardened, resulting in a high-strength, 
g9-rich alloy [91].

For lower-temperature applications, polymer–matrix composites (e.g., carbon–epoxy) are available 
with significantly higher weight efficiency than any metals. The primary manufacturing issue is ensuring 
sufficient nodal strength. Carbon–epoxy honeycombs obtained by a slotting procedure were demon-
strated [92]. 3D weaving is a natural alternative process, albeit at an increase in cost and manufacturing 
complexity [93].

All the approaches mentioned above are limited to unit cells in the millimeter–centimeter range; for 
smaller cell sizes, the number of options is drastically reduced. To the best of the authors’  knowledge, 
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two families of manufacturing approaches exist today for the fabrication of lattice-based micro- 
architected materials: scaled-down versions of wire layup [94] and other modular assembly methods, 
and AM approaches [10,11], including the recently developed self-propagating photopolymer wave-
guide (SPPW) process [95]. Modular assembly methods can be useful for a wide range of end mate-
rials, but are currently limited by the achievable resolution (minimum unit cell sizes ∼100 mm and 
minimum feature sizes ∼10 mm) and scalability (as the number of unit cells becomes very large, the 
assembly procedure becomes more and more cumbersome). Stereolithography (SLA), Selective Laser 
Sintering (SLS), electron beam melting (EBM), binder jetting, and direct metal laser writing (DMLW) 
enable fabrication of architected materials with arbitrarily complex topologies at resolutions down to 
the 100 mm range [10,11]. The key limitation of all AM approaches (with the exception of the SPPW 
process mentioned above) is that the build time for an object of a given size is inversely related to the 
minimum feature size; fabricating macroscale architected materials with dimensional control at the 
nanoscale is not yet possible. For proof-of-concept and basic research, though, the recently developed 
ultra–high-resolution SLA-based approaches (microprojection SLA and 2PP-based 3D-DLW, which 
will be discussed in Section 6) are very powerful techniques.

For manufacturing techniques that result in a polymer template, such as 3D-DLW, SLA, and the 
SPPW process, a number of postprocessing techniques are available to replicate the micro-architectural 
features with a metal or a ceramic [9,96]. Continuous metallic film, such as nickel, can be deposited by 
electroless process (potentially followed by electroplating) on the surface of the polymer microlattice 
structure and the polymer template can be subsequently removed with a chemical etch [7]. Controlled 
thickness coatings are obtained by varying the plating time. Ceramic films can be deposited by chemi-
cal vapor deposition (CVD) or atomic layer deposition (ALD), depending on the material and the de-
sired thickness. To withstand the high temperatures required for CVD of refractory metals or ceramics, 
the polymeric template may be pyrolyzed. After the CVD process, the carbon template can be removed 
by oxidation (>600°C in air).

One key advantage of the polymer → metal or polymer → ceramic conversion process is to capture 
in a bulk form the strengthening effects associated with a constituent material in thin film form factor 
(Section 3). These “film form” properties generally require film thicknesses in the microscale (or even 
nanoscale), dictating truss diameters ∼10–100 mm. This makes the fabrication approach described 
above ideally suited for fabricating optimal open-cell periodic architectures with exceptionally strong 
metallic or ceramic constituent materials. Pushing the thickness of these structural films to the na-
noscale (1–100 nm) requires fabrication of templates with resolutions in the 10–100 nm range. The 
only technique currently capable of these resolutions is 2PP.

6 FABRICATION OF MICRO-ARCHITECTED/NANO-ARCHITECTED MATERIALS 
WITH TWO-PHOTON POLYMERIZATION TECHNIQUES: CHALLENGES  
AND OPPORTUNITIES
Over the past 5 years, 2PP was applied to the fabrication of various micro-architected/nano-architected 
lattice materials, with the overarching goals of demonstrating exceptional mechanical properties (in 
particular ultrahigh specific strength and toughness) [15,16] (Fig. 13.1.2g) and unprecedented optical 
behavior [17] (Fig. 13.1.2h). In this section, we review some recent results in the newly emerging field 
of nano-architected material design and manufacturing.
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6.1 UNIQUE BENEFITS OF TWO-PHOTON POLYMERIZATION
Thanks to its high resolution down to about 100 nm lateral feature size [13], and its nearly unlimited de-
sign freedom, two-photon lithography is the premier technique for the fabrication of nano- architected 
materials, thus opening the door to investigation and exploitation of beneficial size effects that occur 
at the nanoscale (see Section 3). Unique mechanical phenomena, such as extreme strengthening of ce-
ramic thin films at the nanoscale, have been successfully employed to create artificial high-strength yet 
lightweight structures [15,16]; at the same time unique optical properties, such as the ability to cloak 
visible light [17], have been demonstrated. As the impact and magnitude of these effects strongly de-
pends on the architectural design of the material, the application of suitable optimal design approaches 
(see Section 4) is essential. Although the overarching goal is the ability to manufacture macroscale 
materials with the desired nanoscale features in order to capitalize on beneficial size effects at the 
nanoscale, currently two-photon lithography lacks the required scalability and hence is best suited to 
investigate the science of micro-architected/nano-architected lattice materials, and in particular the 
physics of the size effects under investigation and their dependence on the structural design of the 
architected material. Two-photon lithography is a very young technique and is evolving fast. Whereas 
until recently the sample size that could have been produced by 3D-DLW in a reasonable amount of 
time was in the micrometer range, production speed increased by a factor of 100 [97] within about 
5 years, facilitating fabrication of millimeter- and centimeter-sized components. Further improvements 
in the resolving power are constantly emerging [98]. Parallelization by diffractive beam splitting, paral-
lel processing of several lithography units, or hybrid fabrication routes (where 2PP is used in combina-
tion with extrusion or injection molding) might be an approach to realize larger-scale structures in an 
acceptable time frame while retaining nanoscale accuracy. Finally, notice that although the current lack 
of scalability makes this technique premature for the fabrication of large-scale architected structural 
materials, small-scale optical or electromechanical material systems are already a reality.

6.2 CHALLENGES IN FABRICATION OF 3D ARCHITECTED MATERIALS  
WITH 2PP TECHNOLOGIES
There are two different approaches to program a structure for 3D-DLW. Based on computer-aided 
design (CAD) models, geometries may be sliced automatically and are subsequently printed in a layer-
by-layer process. Although straightforward, this approach has only limited control on the writing 
parameters and the writing strategy. If a structure requires a more sophisticated writing strategy with 
frequently varying laser intensity, writing speed, or three-dimensional writing paths, it is necessary to 
manually program the coordinates of each line to be written and the corresponding parameters.

Two important writing parameters are the laser intensity and the writing speed. Together they 
define the energy input, which in turn determines the voxel size (Fig. 13.1.9). Additionally, the voxel 
size may vary because of environmental effects or aging of the resist or the laser source, making it 
challenging to define line sizes accurately. With respect to that, it is recommendable to keep produc-
tion and evaluation cycles short to increase reproducibility. For maximum resolution, the energy input 
needs to be small. However, in that regime, close to the minimum energy threshold, the described 
correlations get highly nonlinear and are subjected to fluctuations more easily. On the other hand, 
with the energy very high, explosion-like polymerization may occur, preferably at multiply exposed 
intersection points. The writing speed is also related to the accuracy (slower = higher quality) and the 
required process duration, which are, of course, counteracting.
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For example, for mechanical reasons it is often desired to control the cross-sectional shape of a strut 
(see Section 2). However, the line cross-section in the horizontal writing direction is always elliptical 
in shape, since, depending on the resin, the aspect ratio (height/width) of the voxel is in the range of 
2.5–5.5 [98]. To enable printing of circular or square cross-sections, it is necessary to combine several 
lines with a small offset (Fig. 13.1.10a). At the same time, the influence of the writing direction on the 

FIGURE 13.1.9 Qualitative Correlation Between Voxel Size and Laser Intensity, Writing Speed, and Environmental 
Factors in 3D-DLW Processes (SEM Image Scale Bar 5 mm) 

FIGURE 13.1.10 Feature Shape Design Options 

(a) Circular or rectangular cross-sections can be approximated by combining several lines with a small offset; 
(b) cross-sectional shape of a single line as a function of its orientation.
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shape of a line also needs to be accounted for: from horizontal to vertical writing, the cross-section 
changes from elliptical to circular (Fig. 13.1.10b).

Although essential for the process, the photopolymers used in 2PP process are not suitable struc-
tural materials. Therefore, coating processes such as ALD or electroless plating are applied to deposit 
ceramic or metallic coatings, respectively. Occasionally, positive tone resists were used to write tem-
plates to grow metallic structures by electroplating [18]. Due to the ease of depositing highly conformal 
coatings with defined thickness, ALD is the technique of choice for ceramic film deposition, resulting 
in polymeric features with ceramic shells. If required, the polymeric core geometry may be removed 
thermally or by etching techniques. Focused ion beam milling can be used to carve the coating shell 
locally, in order for the etchant to reach the polymeric scaffold.

Although the design freedom enabled by 2PP processes is enormous, three fundamental limitations 
exist: (1) microstructures with a closed-cell topology are difficult to produce, due to the challenge in 
dissolving the remaining monomeric resist inside the cells after the lithography step, and the lack of 
access to the cell walls for coating. (2) Slender unsupported structures may drift away during the writ-
ing procedure. Generally, single lines supported at both ends up to line-length-to-voxel-size ratios of 
the order of 10 can be printed without noticeable deflection. This maximum aspect ratio is reduced 
considerably as the laser intensity (and hence the voxel size) is reduced. However, due to the viscosity 
of the resist unsupported lines and even completely unconnected “flying features” remain at the written 
position for a short time. (3) Areas that are covered by already polymerized structures may be writable 
only to a limited extent and with quality loss.

We conclude by emphasizing that design guidelines and process-related boundary conditions de-
scribed in this section have been determined based on studies with the Photonic Professional and the resin 
IP-Dip (both Nanoscribe GmbH). Applying different setups or resins may alter some conclusions.

6.3 ULTRASTRONG CERAMIC/POLYMER MICROLATTICES
Lightweight yet ultrastrong ceramic–polymer composite microlattices [15] have been demonstrated 
by a 2PP technique by combining a stretching-dominated architecture (see Section 3.1) with an ul-
trathin ceramic coating approaching the theoretical strength (see Section 3.2). The lattices depicted 
in Fig. 13.1.11 were manufactured by 3D-DLW with the photoresist IP-Dip (Nanoscribe GmbH). 
Manually programmed three-dimensional writing paths were applied. Struts with both rectangular 
and circular cross-sections were implemented with edge lengths of about 900 nm and diameters in 
the range of 1–1.5 mm (Fig. 13.1.11b). Unit cells had edge lengths of 5–10 mm. Polymeric lattices 
were conformally coated with alumina (Al2O3) layers of 10–200 nm thickness by ALD. Whereas the 
alumina coating carries the near totality of the tensile and compressive loads, the light polymeric 
core serves to prevent face buckling and to improve toughness. The architected materials depicted 
in Fig. 13.1.11 achieved a compressive strength to weight ratio comparable to that of high-strength 
steel, at densities well below 1 g/cm3. Subsequent experimental studies employing a nanofabricated 
push-to-pull device demonstrated that the strength of the alumina layer in these lattices approaches 
the theoretical strength as the film thickness is decreased below 50 nm (Fig. 13.1.12) [26].

6.4 HOLLOW CERAMIC MICROLATTICES WITH EXTREME RECOVERABILITY
It was recently demonstrated that ultrathin-walled hollow lattices fabricated with the SPPW process de-
scribed in Section 5 from a variety of constituent materials (polymers, metals, and ceramics) exhibit 
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ductile-like deformation and full recoverability from large macroscopic strains (∼50%) by virtue of a 
deformation mechanism that involves local buckling of the thin walls and subsequent large rotation of the 
bars without the introduction of irreversible plastic strains. This behavior is independent on the film thick-
ness (and hence is not a nanoscale size effect) but is a strong function of the wall thickness to bar diameter 
ratio, t/D [9]; remarkably, the same behavior is exhibited by all material classes (polymers, ceramics, and 
metals), as long as the maximum allowable t/D ratio is scaled by the yield strain of the material.

In 2014, the same behavior was demonstrated by a hollow microlattice fabricated by 3D-DLW with 
alumina films in the 5–60 nm thickness range [16]. After 2PP template fabrication, the alumina films 
were deposited by ALD. Subsequently, the polymeric templates were removed by focused ion beam 

FIGURE 13.1.11 Scanning Electron Micrograph of an Alumina–Polymer Composite Nanolattice 

(a) Whole structure and (b) close-up view.
Courtesy of Jens Bauer and Oliver Kraft, Karlsruhe Institute of Technology, Karlsruhe, Germany.

FIGURE 13.1.12 Push-to-Pull Device to Measure the Strength in Alumina-Coated Polymeric Bars 

(a) Schematic; (b) fabricated test specimen (scale bar 5 mm). (c) The measured strength in the alumina film 
approaches the theoretical strength of the material as the film thickness is reduced below 50 nm.

Reprinted from Ref. [26], with permission.
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milling and oxygen plasma etching. Elliptical struts with a height of about 1–3 mm and unit cell sizes 
of 5–15 mm were implemented. As long as the wall thickness is sufficiently thin to avoid yielding or 
fracture of the film during the entire deformation cycle, the samples exhibit full recovery from very 
large strains (∼50%) – see Fig. 13.1.13.

6.5 OPTICAL METAMATERIALS
Photonic crystals allow manipulation of the path of light, as long as the dimensional features of the 
unit cell are comparable to the wavelengths of visible light (see Section 3.3). Historically, the pursuit 
of phononic crystals was one of the primary motivations for the development of the science of 2PP  
and its technological implementations such as 3D-DLW. A recent example of the capabilities of this 
manufacturing approach is shown in Fig. 13.1.14a, displaying a three-dimensional “carpet cloak” made 
of a woodpile-like lattice, with nanoscale rods of length comparable to the wavelengths of visible light. 
A clever experiment was executed to demonstrate that this metamaterial exhibits three-dimensional 
optical cloaking in the wavelength range from 500 nm to 900 nm [99]. A thin gold film was deposited 
on top of a 5 mm-thick nanolattice and a 0.5 mm-high indentation was introduced. When light with a 
500–900 nm wavelength is used to image the film, the indentation is effectively cloaked and the film 
appears flat (Fig. 13.1.14b).

Rods were fabricated with aspect ratios (height/width) of 1–3 by combining three to six single lines 
(Fig. 13.1.14c). In the original process [17], a regular periodic lattice was achieved with a rod spacing 
of 800 nm using a conventional 3D-DLW setup. Recently developed stimulated emission depletion 
DLW (STED-DLW) further improves resolution, resulting in regular periodic lattices with rod spacings 
as small as 350 nm [100].

6.6 FUTURE DIRECTIONS
The field of 2PP is very young, and an explosive growth in the technology and its applications to archi-
tected material design is expected in the next decade.

With respect to technological improvements, the biggest challenge is the scalability of the process 
and its transition from a platform for scientific investigations to a production technology. Scalability 
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FIGURE 13.1.13 In Situ Scanning Electron Micrographs of a Thin-Walled Hollow-Tube Alumina Nanolattice 
During a Compression Test 

(a–c) Loading segment; (d) recovered structure after test.
Reproduced from Ref. [16].
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to the millimeter to centimeter scale is expected in the near future; hence, the time is mature to criti-
cally evaluate the suitability of 2PP as application-oriented fabrication process in that length scale. 
From the perspective of 2PP application to architected materials, progress is essential on two fronts: 
(1) achieving a full scientific understanding of the nanoscale size effects on plasticity and fracture (for 
which 2PP is a phenomenal platform); and (2) demonstrating exploitation of these size effects in mac-
roscale architected materials. At the same time, increasing the resolution of the technique will raise the 
achievable level of detail and allow further miniaturization of topologies, which improves the imple-
mentation of known effects and opens up whole new potentials (particularly in the area of photonic 
crystals). Finally, different resists as well as other secondary process materials may facilitate achieving 
new property combinations: in particular, resists containing particles may directly allow fabrication 
of architected composites and, with subsequent sintering, fully metallic or ceramic micro-architected/
nano-architected materials.

FIGURE 13.1.14 Woodpile Lattice Carpet Cloak 

(a) Nanoscale rods stacked in a woodpile-like arrangement facilitate cloaking of an indentation in a gold film 
(scanning electron micrograph); (b) reference, clearly showing the indentation and its disappearance under the 
carpet cloak; (c) woodpile arrangement with several lines forming the rods.

Reproduced from Refs [17a,c,99b].
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7 CONCLUSIONS
In this chapter, we presented a motivation for the development of architected materials, and briefly 
summarized recent developments in this burgeoning multidisciplinary field of research. An overview 
(by no means exhaustive) of some of the most exciting properties of architected materials was pre-
sented. The enormous progress in manufacturing technologies over the past two decades is making the 
field of architected materials more relevant than ever, as nearly arbitrarily complex architectures can 
now be easily manufactured with unprecedented accuracy. Importantly, AM technologies based on 2PP 
enable fabrication of complex material architectures at nanometer length scales, thus opening the door 
to the exploitation of beneficial size effects in plasticity and fracture, as well as allowing wave–mate-
rial interaction in the visible range. The opportunities are enormous. We speculate that the development 
of architected materials and AM will likely evolve synergistically. In particular, architected materials 
researchers will strive to develop design guidelines that will best exploit the capabilities enabled by 
modern manufacturing approaches, while advanced manufacturing scholars will continue improving 
the scalability of microresolution/nanoresolution processes. Ultimately, the Holy Grail is a process that 
enables rapid fabrication of multimaterial architectures with resolution at the nanometer scale (or even 
below) and overall dimensions at the macroscale. The future looks bright.
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