
PROCEEDINGS OF SPIE

SPIEDigitalLibrary.org/conference-proceedings-of-spie

3D manufacturing of micro and nano-
architected materials

Lorenzo  Valdevit

Lorenzo  Valdevit, "3D manufacturing of micro and nano-architected
materials," Proc. SPIE 9738, Laser 3D Manufacturing III, 97380K (6 April
2016); doi: 10.1117/12.2217910

Event: SPIE LASE, 2016, San Francisco, California, United States

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 2/26/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
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Lorenzo Valdevit* 

Mechanical and Aerospace Engineering Dept., University of California at Irvine, Irvine, CA 92697 

ABSTRACT  

Reducing mass without sacrificing mechanical integrity and performance is a critical goal in a vast range of applications. 
Introducing a controlled amount of porosity in a strong and dense material (hence fabricating a cellular solid) is an obvious 
avenue to weight reduction. The mechanical effectiveness of this strategy, though, depends strongly on the architecture of 
the resulting cellular material (i.e., the topology of the introduced porosity). Recent progress in additive manufacturing 
enables fabrication of macro-scale cellular materials (both single-phase and hybrid) with unprecedented dimensional 
control on the unit-cell and sub-unit-cell features, potentially producing architectures with structural hierarchy from the 
nano to the macro-scale. As mechanical properties of materials often exhibit beneficial size effects at the nano-scale (e.g., 
strengthening of metals and toughening of ceramics), these novel manufacturing approaches provide a unique opportunity 
to translate these beneficial effects to the macro-scale, further improving the mechanical performance of architected 
materials. The enormous design space for architected materials, and the strong relationship between the topological 
features of the architecture and the effective physical and mechanical properties of the material at the macro-scale, present 
both a huge opportunity and an urgent need for the development of suitable optimal design strategies. Here we present a 
number of strategies for the advanced manufacturing, characterization and optimal design of a variety of lightweight 
architected materials with unique combinations of mechanical properties (stiffness, strength, damping coefficient…). The 
urgent need to form strong synergies among the fields of additive manufacturing, topology optimization and architecture-
properties relations is emphasized throughout.  

 
Keywords: Architected materials, cellular materials, 3D additive manufacturing, nanotechnology, microlattices, 
nanolattices, topology optimization.  
 

1. INTRODUCTION  
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; technical ceramics 
are an exception, but their high strength only occurs 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 cellular material (i.e., the topology of the introduced porosity). 
Three-dimensional lattices (consisting of bars connecting at nodes in 3D space) are a classical example of cellular 
materials; these lattices have been extensively investigated over the past two decades, thanks to their enormous mechanical 
efficiency and their amenability to simple optimization studies. Traditional manufacturing processes for lattices (e.g., see 
1,2) limit the smallest feature size to ~100 microns. At these scales, the mechanical properties of the base material are the 
same as in the bulk. Over the past five years, the dramatic advances in additive manufacturing processes have reduced this 
minimum size to the sub-micron, and even the nanometer scale, thus opening the doors to the exploitation of nanoscale 
size effects. This article summarizes the key structural benefits of solid and hollow lattices, discusses beneficial size effects 
when the smallest feature in the architecture is reduced to the micro and nanoscale, presents the latest advances in 
manufacturing processes and demonstrates some unique mechanical features of micro and nanolattices. A number of 
techniques for the optimal design of lattice materials (and architected materials in general) are briefly reviewed at the end.  
Some of the concepts presented in this article, with particular emphasis on applications of two-photon polymerization 
Direct Laser Writing techniques, have appeared in a book chapter by the same author3.  
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2. MECHANICAL BENEFITS OF ARCHITECTED MATERIALS 
2.1 Topological design of the unit cell architecture  

Consider a lattice material. If we define its relative density as , the following expressions hold4: 

 

 

where E  and  are the Young’s modulus and the compressive uniaxial strength of the lattice, and Es and  the Young’s 
modulus and the yield strength (or fracture strength) of the parent material. The numerical parameters B, C, b, c   depend 
on the topology of the lattice: values for the most important topologies are reported in 4,5. The coefficients B and C are 
non-dimensional and of order 1. The power-law exponents b and c govern the mechanical behavior of the material, and 
their values depend on whether the lattice is bending or stretching dominated. To appreciate the difference, one should 
think of a pin-jointed lattice with the same nodal connectivity as the lattice under investigation4. 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 dominated; for stretching 
dominated lattices . The most notable example is the octet lattice (Figure 1). Conversely, 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 lattice depicted in Figure 6. As we are concerned with relative densities typically less than 0.2, the difference in 
strength and stiffness between a bending and a stretching dominated architecture at the same relative density can be very 
significant. Stochastic 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 (Figure 1). 

As Eq. (2) 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 significantly 
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 (see sec. 4.1)6,7. 

The fracture toughness of brittle cellular architected materials has been extensively investigated4,8. Fleck et al. showed that 
the fracture toughness of lattices can be expressed as: 

 

with  the tensile strength of the wall material (which would itself be related to the distribution of micro-cracks within 
the walls),  the unit cell size,  the relative density of the lattice, and D and d non-dimensional 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. Importantly, notice that the toughness of a lattice scales with  . The implication is that lattices become 
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 
Sec. 3.2 and 9). The interplay of these factors is still an active area of research. Finally, notice that Eq. (3) 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 cracks6. 
Quantitative modeling of these phenomena is currently underway.  
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Figure 1. The role of architecture of a cellular material on compressive stiffness and strength. Stochastic foams are defective 
and bending dominated, resulting in inferior mechanical behavior when compared with topologically optimized architected 
periodic materials, such as the octet lattice whose unit cell is depicted in the middle. For relative density  lower than 10%, 
the difference in stiffness and strength is very significant (see plot on right). Notice that the octet lattice can almost achieve 
theoretical bounds on both properties. (Plot reproduced from 5). 

 

2.2 Nanoscale benefits on strength of materials 

Traditional manufacturing processes for architected materials (e.g., see 1,2) limit the smallest feature size to ~100 microns. 
At these scales, the mechanical properties of the base material are the same as in the bulk. Over the past five years, the 
dramatic advances in additive manufacturing processes discussed in this article have reduced this minimum size to the 
sub-micron, and even the nanometer scale, thus opening the doors to the exploitation of nanoscale size effects (Figure 2). 
The most important size effects are discussed in this section.  

 

 
Figure 2. Micro/nanoarchitected materials possess a structural hierarchy (ratio between the largest and smallest dimension in 
the architecture) of at least 5 orders of magnitude, allowing to capitalize on beneficial nanoscale size effects on yielding and 
fracture strength in a macroscale material. The very large structural bandwidth may also result in unique deformation 
mechanisms not easily observed in classic cellular materials.  

a. Scale dependent yield strength in metals 

Plastic flow in metals generally occurs by motion of dislocations along preferential slip systems. 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 as10,11:  

 

where  expresses the resistance to dislocation motion through the lattice, k is a materials parameter and d is the average 
grain size.  Eq. (4) 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 sliding12 and shear banding13). For most metals, these mechanisms induce softening 
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as the grain size is further reduced, with the implication that the optimal yield strength is achieved at grains size ~10-20 
nm.  

Manufacturing macro-scale metallic components with grain size at the nanoscale is currently extremely difficult, as the 
large surface energy associated with extensive grain boundaries is thermodynamics 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 ~10-100μm, depending on the alloy)14-16. Hence, if a metallic thin film is deposited conformally on an 
architected polymeric template, and the template is subsequently etched away, a mascroscopic metallic architected material 
can be developed with nanoscale grain size, and hence an exceptionally high yield strength of the constituent alloy. With 
proper design of the template architecture, this exceptional thin film strength can be transferred to the macro-scale 
architected material. This approach was successfully employed in a number of recent studies17-19.  

b. 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 plastic 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 law20, the 
fracture strength of a material,  can be expressed by the relation: 

 

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

At the macroscale, the average crack size is relatively independent on the component size (assuming that the same 
manufacturing process is used); under these conditions, the strength depends on the component size (e.g., the film 
thickness) according to the weakest link theory: , with m the Weibull modulus of the material21. As the film 
thickness is reduced below the microscale, the average crack size approaches the film thickness, resulting in a scaling 

 according to Eq. (5). Upon further thickness reduction, this relationship remains true until the theoretical strength 
of the material is reached, at which point  , with E the Young’s modulus. This behavior was recently 
demonstrated for alumina films deposited on polymeric architected substrates produced by two-photon polymerization 
Direct Laser Writing (Figure 3). For common ceramics like alumina and silica, the largest topological feature that ensures 
theoretical strength is of the order of 50-100nm.  

 

 
Figure 3. Dependence of the tensile strength of an alumina film on film thickness; the alumina film was deposited by 
Atomic Laser Deposition on a push-to-pull polymeric structure produced by 2pp DLW. Three different regimes of size 
effect are clearly evident, with the alumina film approaching the theoretical strength as the thickness is reduced below 
~50nm.22 
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3. MANUFACTURING PROCESSES FOR STRUCTURAL MICRO AND 
NANOLATTICES 

All the traditional approaches for manufacturing of structural lattices (e.g., 1,23) result in unit cell sizes in the centimeter 
range and minimum lattice bar diameters of the order of hundreds of microns. Direct metal laser sintering (or electron 
beam melting) approaches reduce the minimum unit cell size to a few millimeters, but the limitation on the bar diameter 
remains; furthermore, the mechanical properties of 3D printed metallic lattices are still poorly characterized, and the 
resulting architected materials are highly susceptible to fatigue failure, due to the rough surface finish. Addressing these 
limitations is a current area of research. 

Over the past 5 years, dramatic improvements in advanced manufacturing (additive in particular) have opened the doors 
to micro and nanoarchitected materials, where the smallest dimensional feature is at the micro or even nanoscale.  The 
most common manufacturing processes are schematically illustrated in Figure 4. All these processes start with the 
fabrication of a solid polymeric microlattice, which can be subsequently either pyrolyzed (resulting in a solid ceramic 
micro/nanolattice) or coated with think film of structural material (resulting in a polymer/ceramic architected composite). 
The polymer can be subsequently removed by etching, resulting in a hollow lattice. These steps are briefly reviewed in 
this section.  

 

 

Figure 4. Most common strategies adopted for the fabrication of micro/nano-lattices.  

 

3.1 Fabrication of the solid polymeric lattice 

A highly scalable additive manufacturing process for the fabrication of 3D polymeric lattices was developed at HRL 
Laboratories 24 almost a decade ago. The Self Propagating Polymer Waveguide (SPPW) process is schematically illustrated 
in Figure 5 and briefly described here: (i) A photosensitive monomer (generally a thiolene) is immersed in a vat, which is 
covered by a mask featuring a regular pattern of holes; (ii) UV light is emitted by a source and reflected off accurately 
positioned mirrors to impinge the mask from different, well controlled, angles; (iii) when the light polymerizes the 
monomer around each hole, a waveguide is formed (by virtue of the special optical properties of the monomer), which 
travels to the bottom of the vat; when two bars traveling in different directions meet, they form a node and continue 
traveling along the original directions; in a matter of seconds, the entire lattice is generated at once in the vat; (iv) the solid 
lattice is extracted from the vat, morphed into the desired external shape and subjected to a heat treatment to harden the 
polymer and enable post-processing steps (see sec. 3.2). This process enables fabrication of lattices of various dimensions 
(e.g., bar diameters can vary from ~50 microns to ~1cm), with unmatched scalability, as the in-plane dimension of the vat 
(and hence the component) can be increased at will without affecting the production time 25. As a result, this process is at 
least an order of magnitude faster (often more) than any additive manufacturing alternative discussed in this section. The 
drawback is that the topology of the architected material is limited to circular-bar lattices amenable to fabrication by 
projection; insertion of bars parallel (or nearly parallel) to the vat is not currently possible. This has repercussion on the 
mechanical properties of the lattices produced by SPPW, as most architectures are primarily bending-dominated.  
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Layer-by-layer processes based on laser scanning (or projection through a digital mask) enable fabrication of lattices (and 
architected materials in general) with nearly arbitrary architectures and external shapes, thus taking full advantage of 
topology optimization techniques for architecture design (see sec. 5).  
Stereolithography (SLA) is one of the best established additive manufacturing process. In its original configuration, a thin 
layer of liquid photosensitive monomer is deposited on the build platform, a laser beam is scanned on the monomer layer 
to selectively crosslink it, the printed layer is lowered and covered with a new layer of liquid monomer, and the process is 
repeated until the part (in this case a lattice) is fully printed26. More recent implementations replace the laser scanning with 
DLP projection, whereby a digital mask is used to simultaneously illuminate the entire layer at once. The minimum feature 
size is generally of the order of 100 microns. A projection lens can be used to reduce the feature size by an order of 
magnitude, in a technique called projection micro stereolithography (Figure 5)18.  
More dramatic improvements in resolution are only possible with two-photon polymerization processes3. A photosensitive 
monomer that only cross-links under the simultaneous action of two photons is used, in conjunction with a high 
performance laser that highly localizes the probability of the two-photon polymerization events. The result is a resolution 
of the order of a few hundred nanometers. Initially developed for the fabrication of photonic crystals (periodic materials 
with periodicity of the order of the wavelength of light)27, this approach has been successfully used over the past 3 years 
for the manufacturing of ultra high resolution microlattices, allowing investigation of a number of interesting size effects 
on plasticity and fracture of nanoscale architected thin films (see secs. 2 and 4); as such, it is a perfect process for 
fundamental research studies on structural architected materials. Currently, the most severe limitation of this process is the 
slow build time; although the write speed is increasing fast, at this time manufacturing of a lattice with external dimensions 
larger than a few centimeters is not a realistic process, even for high-value components.  
 

 
Figure 5. Process schematic of three novel fabrication processes for solid polymeric micro/nanolattices. After fabrication, 
the solid polymeric lattice can be converted to a structural architected material by thin film coating (with or without polymer 
removal) or pyrolysis. (a) Self Propagating Photopolymer Waveguide (SPPW) process24; (b) Projection Micro 
Stereolithography18; (c) Two-Photon Polymerization Direct Laser Write process30,31.  

 
3.2 Coating of the polymeric lattices with metallic or ceramic films 

The polymeric lattice preforms fabricated with the processes described in sec. 3.1 can be subsequently coated with 
structural films using a variety of thin film deposition processes. With few exception, the process of choice should not 
require a conductive substrate, line-of-sight access to the substrate, or high temperature, and should produce a conformal 
coating with uniform thickness throughout the sample. To date, a number of processes have been demonstrated for 
deposition of a wide range of materials on SPPW-produced polymeric lattices: nickel and copper (electroless metal 
deposition), gold (electron beam evaporation), parylene (chemical vapor deposition), silicon dioxide and aluminum oxide 
(atomic layer deposition) 28. The same processes are applicable to SLA-produced polymeric lattices, including those 
produced by projection micro-stereolithography18. Metals can be deposited by electrodeposition after a seed layer of 
electroless Nickel is applied on the polymeric lattice29. Ultra-thin films deposited on 2pp-produced substrates include 
aluminum oxide30,31 and gold32, by atomic layer deposition and sputtering, respectively.      
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High-temperature processes for deposition of ceramic films or refractory metals (e.g., chemical vapor deposition) are in 
principle possible but more challenging, as they require pyrolysis of the substrate, which can then be subsequently removed 
by oxidation (> 600°C in air). 
 

3.3 Polymer etching and fabrication of hollow micro/nanolattices 

To generate ultralight architected materials with exceptional specific stiffness and strength (or to produce high-temperature 
architected materials), the solid polymeric template must be removed after deposition of the structural film. For bar 
diameters larger than ~50 microns, a wet etching with NaOH has proven very effective and has been adopted in a number 
of studies17,28,33. Thermal decomposition is another possible route, successfully demonstrated in 18. For thinner bars (down 
to a few microns) produced by a 2pp process, Oxygen plasma etching has been demonstrated7,32. 

 

3.4 Fabrication of solid ceramic micro/nanolattices by polymer pyrolysis 

An alternative process to the coating of a (generally sacrificial) polymeric template as described above is the pyrolysis of 
the template to fabricate a fully ceramic solid lattice (or any other architected material). The most delicate step in this 
process is the synthesis of the preceramic monomer to ensure the pyrolyzed ceramics are fully dense and possess the 
desired stoichiometry. Additionally, the preceramic monomer must possess the optical properties needed for efficient 
photopolymerization. Very recently, photosensitive preceramic monomers were synthesized and lattices were fabricated 
via stereolithograpy and the SPPW process described in sec. 3.2. Fully dense amorphous silicon oxycarbide (SiOC) solid 
lattices were demonstrated, and were shown to possess compressive and shear strength much higher than silicon 
oxycarbide foams of comparable density.34  
 

4. MECHANICAL PERFORMANCE OF MICRO/NANOLATTICES 
 
4.1 Specific strength  

Lattices can fail by a number of possible mechanisms, i.e., local (shell) or global (Euler) elastic buckling and plastic 
collapse (or fracture, for brittle lattices). The compressive strength can be estimated as the minimum of the critical stresses 
that activate any of these failure mechanisms. By relating the macroscopic stress at the lattice level to the stress state in 
each bar by equilibrium considerations (relationships that can be often casted in a simple analytical form), the strength of 
the lattice can be expressed by: , where   for a hollow 

lattice and   for a solid lattice, with t the bar thickness, D its diameter , L is length and 
 the angle of the diagonal bars relative to the horizontal direction. Although these expressions have been successfully 

validated multiple times for solid lattices5,35, they tend to overpredict the strength of hollow microlattices6; these 
discrepancies are attributed to the major role played by the hollow nodes in controlling the deformation of the lattice and 
possible failure by nodal or film cracking. A unit-cell Finite Element analysis of a hollow microlattices can capture the 
former effect quite realistically through accurate meshing; although laborious to model accurately in a Finite Elements 
analysis, nodal fracture can be approximately captured by introducing free edge boundary conditions on all sides of the 
unit cell. Results for hollow nickel microlattices fabricated with the SPPW process described in the previous section are 
presented in Figure 6a, and compared with experimental data points. Notice the near perfect agreement. A house built 
algorithm coded in C++ was then produced to parametrically generate hollow unit cell meshes like the to one illustrated 
in Figure 6a for any possible value of the design parameters, and subsequently extract strength values from finite elements 
simulations 6,36. This allows efficient and accurate mapping of the entire compression VS density material properties space 
(Figure 6b). Notice that hollow lattices made of the same base material (Ni-P) and produced with the same process can 
span 3 orders of magnitude in density and 6 orders of magnitude in strength, an enormous design space! Although 
analytical models of nodal fracture strength are currently being successfully developed and are showing good agreements 
with the experimental results in Figure 6a, detailed Finite Elements simulations of geometrically accurate unit cells are 
essential to quantify the effect of nodal geometry on lattice strength; these models predict that stretching dominated lattices 
do not exhibit much higher strength of bending dominated lattices of the same density (Figure 7a), due to localized nodal 
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deformation, and that hollow lattices with mass concentration at the nodes can be up to 10 times stronger than uniform 
thickness lattices of the same density (Figure 7b).  

Figure 6b shows that nickel hollow microlattices  produced by SPPW / electroless Ni-P deposition / substrate removal 
possess excellent strength at densities lower than ~10kg/m3, where very few materials exist. Their good performance is 
largely attributed to the significant strength of the Ni-P nanocrystalline film, which approaches 2.5 GPa 6. Conversely, in 
the range 10-1000 10kg/m3 their performance is not dramatically better than several existing cellular materials. Several 
strategies are possible to further improve their mechanical behavior: (i) utilizing better base materials, exhibiting higher 
specific strength than the Ni-P alloy adopted in the study illustrated in Figure 6; (ii) designing lattices with more ideal 
topologies (notice that merely adding horizontal bars to generate a stretching dominated octet lattice is not sufficient, as 
shown in Figure 7a); (iii) controlling the fabrication processes in more detail, to minimize the amplitude of manufacturing 
defects.  

 
Figure 6. (a) The compressive strength of hollow Ni-P microlattices is well captured with Finite Elements simulations that 
model the details of the nodal shape and allow fracturing of the nodes.  (b) The validated FE model is incorporated in a 
house-built code that parametrically explores the entire design space, resulting in the strength/density map shown here. 
Notice that the same lattice architecture and the same base material can span 3 decades in density and 6 in strength.  

 
 

Figure 7. Many mechanical properties of hollow microlattices are dominated by the behavior of the hollow nodes. (a) The 
difference in strength between a bending-dominated lattice and a stretching-dominated lattice are not as large as expected, 
as both lattices exhibit weak deformation modes in the nodes (see inset)1. (b) Increasing the thickness of the nodal region of 
hollow lattice (at the expense of the thickness along the bar length) can potentially improve strength 10-fold in ultralight, 
buckling-dominated lattices. None of these effects can be captured with conventional beam-theory-based analytical models 
for lattice materials. 6. 

                                                
1 S.W. Godfrey, L. Valdevit, Unpublished results.  
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Strategies (i) and (ii) can be addressed by fabricating stretching dominated ceramic lattices with smaller bar diameters and 
film thickness, thus capitalizing on the beneficial size effects discussed in sec. 2.2. This was accomplished by producing 
sacrificial octet lattices by projection micro stereolithography18 and subsequently coating them in alumina (and other 
materials) by ALD. Even thinner hollow lattices were demonstrated by producing the sacrificial octet lattice by two-photon 
polymerization Direct Laser Writing7,30, again followed by alumina deposition by ALD and polymer removal. Although 
very significant, the specific strength of these ultra-thin-walled nanolattices was somewhat limited by the significant non-
circularity of the hollow bars, a manufacturing-related defect.  

Bauer et al. investigated the mechanical performance of composite lattices produced by 2pp DLW of a polymeric lattice 
followed by ALD deposition of alumina (but without polymer removal)22,31. Although the presence of the polymer adds 
weight and thus reduces the achievable specific strength31, this study investigated the quantitative effect of the alumina 
film thickness on the lattice strength, unequivocally demonstrating that the thin ceramic film approaches the theoretical 
strength when the film thickness is reduced below 50nm (Figure 3)22.   

Finally, notice that the scaling laws presented in sec. 2.1 indicate that the toughness of a lattice is dramatically reduced as 
the unit cell size  is decreased to the micro and nanoscale ( . Hence reducing the cell size with the goal of 
achieving the theoretical strength of the ceramic film comes as the cost of much reduced fracture toughness. A possible 
solution to this undesirable tradeoff would be the fabrication of hierarchical lattices, whereby a large unit cell size controls 
the toughness and a smaller length scale imparts strength. Research in this direction is currently ongoing.  

 
4.2 Recoverability from large strains and damping  

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 elastomers have excellent dissipation 
mechanisms (resulting in high damping) but extremely low stiffness. Properly designed architected materials can strike 
excellent compromises between these two properties, while guaranteeing low densities. A suitable figure of merit for 
efficiency is , with E the Young’s modulus, tanδ the loss coefficient and ρ the density of the cellular 
material37,38.  

Figure 8a depicts 5 subsequent compressive stress-strain cycles for an ultralight hollow nickel microlattice produced by 
SPPW/Ni coating/polymer removal (the same process as for the lattices presented in Figure 6). Notice three striking 
features: (i) the metallic microlattice (made of a brittle nanocrystalline metallic alloy) exhibits nearly full elastic recovery 
from compressive strains in excess of 50%, an unprecedented behavior for any metallic cellular material; (ii) substantial 
hysteresis is present in each cycle, indicating excellent damping performance under large strains; (iii) after a few cycles, 
the material effectively shakes down, with the damping coefficient saturating to a still significant value. The recovery and 
damping exhibited by these lattices is a purely structural phenomenon: 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 
unusually high damping in these materials, which can reach extremely high values of the figure of merit  38. 
To confirm that this phenomenon is a structural rather than a material effect, hollow lattices of different relative densities 
and different materials were subjected to 50% compressive strain and their residual strain after unloading was recorded. 
The results, presented in Figure 8b, clearly indicate that all lattices recover when their film thickness to bar diameter ratio 
(properly normalized by the yield strain of the material) is below a critical value28. A similar behavior was recently 
observed in hollow nanolattices fabricated by two-photon polymerization Direct Laser Writing of a sacrificial lattice 
followed by ALD deposition of alumina and subsequent polymer removal7. 

The mechanical origin of this damping phenomenon was investigated in detail in 38, and an analytical model for the energy 
dissipation derived and validated against experimental results. An optimization study based on the model unfortunately 
revealed that the elastic recovery quickly disappears as the relative density of the material is increased beyond 1%, thus 
limiting the performance of these materials as stiff dampers. A conceptually similar mechanism can be introduced in 
higher-density materials by designing topologies that incorporate negative stiffness elements (e.g., pre-buckled beams and 
arches undergoing snap-though upon compression)39. This work is currently under way.  
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Figure 8. (a) Stress-strain curve for a uniaxial compression experiment on an ultralight metallic microlattice, exhibiting 
almost total recovery from 50% strain (5 successive cycles are shown). The energy dissipation mechanisms have been 
explored in detail in 38. (b) Residual strain after 50% compression for hollow microlattices made of different base materials. 
A critical thickness-to-diameter ratio can be defined, below which a lattice would experience full recovery form 50% strain. 
If properly normalized by the yield strain of the material, this critical thickness is independent on the base material the 
lattice is made of, indicating that the recovery mechanism shown in (a) is a purely structural phenomenon.28 

5. OPTIMAL DESIGN STRATEGIES FOR ARCHITECTED MATERIALS 
A classical objective in a number of engineering applications is the minimization of weight under strength (and other) 
constraints. Two main strategies are available for the optimal design of an architected material: (i) The topology of the 
unit cell is decided a priori (e.g., an octet lattice) and the problem is reduced to ‘sizing optimization’, i.e. finding the 
optimal values of all geometrical parameters (e.g., bar diameter, length, wall thickness, angle). (ii) The topology of the 
unit cell is not prescribed a priori, and must be revealed by the optimization procedure: this approach is called ‘topology 
optimization’.   

For ‘sizing optimization’ of prescribed topologies, if reliable analytical models can be derived for all possible failure 
mechanisms (which is not always simple, as illustrated in sec. 4.1), then the statement for density minimization under 
strength constraints can be expressed as follows:  

 

 

where each constraint represents a specific failure mechanism (bar yielding, bar local buckling, etc…). In some situations, 
the equations are such that this problem can be solved in fully analytical form40. More commonly, numerical optimizers 
must be used. For most mechanical problems, the gradients of the objective function and constraints with respect to the 
dimensional variables are generally monotonic, and a quadratic optimizer is generally the most efficient approach41. For 
more complex situations (e.g., multi-objective optimization), multiple initial guesses must be tried, or discrete optimizers 
(e.g., genetic algorithms) should be used 42. As discussed in sec. 4.1, the mechanical behavior of hollow lattices is generally 
dominated by the nodal deformation, which is not simply captured in analytical form. For these situations, codes can be 
written to incorporate Finite Elements 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 6.  
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 optimization, a rigorous mathematical 
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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 materials 
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 structure43) and subject to periodic boundary conditions44,45. During optimization, the mechanical 
performance of the unit cell is evaluated (generally with the Finite Elements 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 area46. 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 cell47-49. 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 Figure 9a. 

In a different approach, the unit cell is modeled with continuum finite elements (either in 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 cellular material, more parameters are required). The Finite Element 
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 approach ‘black-
and-white’ solutions50-52. An example of optimal topology identified with this approach is depicted in Figure 9b. 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 approaches. Introducing manufacturability constraints using different filters in the optimization algorithm 
is an active area of research (see 53-57). Importantly, though, the manufacturing freedom enabled by additive approaches 
opens the doors to fabrication of these complex topologies for the first time. We foresee that the development of topology 
optimization approaches and advances in additive manufacturing (in particular in the area of scalability) will progress 
hand-in-hand for the next decade.   

 

 
Figure 9. Examples of optimal topologies identified by topology optimization algorithms: (a) minimum cost lattice under 
simultaneous compressive and shear stiffness constraints, solved by the ground structure method with 1D beam elements 
assuming a manufacturing cost dependent on the length of individual bars 46; (b) hybrid (elastomer/metal) architected 
cellular material with optimal combination of high stiffness, low density and high damping coefficient under wave 
propagation, optimized with free form approach using continuum 2D finite elements.2      

 

                                                
2 A. Asadpoure, L. Valdevit, To be submitted, 2016.  
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6. CONCLUSIONS AND OPPORTUNITIES FOR FUTURE DEVELOPMENTS 
Recent progress in the development of advanced manufacturing techniques (particularly additive processes) enables the 
fabrication of architected materials with almost arbitrary topological complexity and unprecedented structural bandwidth 
(i.e., the ratio of the largest to the smallest length scale in the architecture). Coupled with advances in topology optimization 
techniques, these developments enable fabrication of materials with combination of properties (mechanical and functional) 
unmatched by any existing monolithic material. Furthermore, the combination of high-resolution additive manufacturing 
approaches and thin film deposition techniques have enabled fabrication of ‘architected thin films’ with thickness as small 
as a few nanometers; these architected materials offer the opportunity to capitalize on dramatic nanoscale size effects on 
yielding and fracture in macro-scale materials.  
This article presented the key mechanical features of an important class of architected materials (solid and hollow lattices), 
reviewed the most recent developments in advanced manufacturing of these materials, and demonstrated some of their 
unique mechanical features. A survey of existing optimal design approaches was also provided.  
The development of architected materials with exceptional combinations of strength and toughness remains an active area 
of research, which will certainly generate exciting results over the next few years. Another key challenge in this field is 
the development of manufacturing processes that combine ultrahigh resolution with scalability, and that allow fabrication 
of multi-material lattices. Finally, most of the studies reported in this article have focused on fairly simple mechanical 
properties (primarily uniaxial strength and stiffness); the exploitation of the highly non-linear deformation mechanisms 
possible in architected materials with high structural bandwidth has barely started, and is a very promising area of research.  
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