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Supplementary Note 1. Structural geometry characterizations of 3D metallic Ni nano-

architectures. 

 

Figs. 1D, G and J show the CAD model constructed according to the feature dimensions 

measured from pre-mortem SEM micrograph of each specimen for the purpose of structural 

relative density estimation. The influence of the elliptical voxel shape of the TPL laser beam on 

the resolved feature aspect ratio in the octahedral nanolattice is taken into account: the beam is 

assumed to be elliptical; both the major (Z-axis) length, a, and minor (X or Y-axis) length, b, are 

measured at ~10 beams; the characteristic feature size for the nanolattice specimen is then 

estimated as d ~ √𝑎𝑏̅̅ ̅̅ ̅̅
. For the shell-based nano-architectures, the influence of the elliptical TPL 

laser voxel shape is insignificant; thus, the wall-thickness, t, is measured at 10 locations, and the 

characteristic feature size for the specimen is then estimated as d ~ 𝑡̅.  

As such, it is determined that: doctahedral varied between 163 and 445 nm with 𝜌̅ ~ 26.6±3.4%; 

dSchwarz-P varied between 114 and 231 nm with 𝜌̅ ~ 26.6±5.8%; and dspinodal-like varied between 102 

and 506 nm with 𝜌̅ ~ 33.3±5.1%. These d values fall within the diameter range of nanoHIAM-Ni 

nanopillars that have been examined by the authors in their recent work for detailed 

nanomechanical characterizations, thus enabling physics-informed modeling of the mechanical 

behavior of these nano-architectures at the next structural hierarchy.  

Note that Fig. 1A shows the true 3D representation of the two-photon lithography laser line 

trace in the DeScribe software (version 2.5.4) using the as-designed, i.e., as-printed feature 

dimensions. While Figs. 1B-J shows a zoom-in version comparison of the CAD model references 

(Figs. 1D, G and J ) and the respective as-fabricated features (Figs. 1C, F and I). The main 

deviation and root causes of the as-fabricated vs. the as-designed are: 

1. Two photon lithography voxel: the two photon lithography laser has a focusing size smaller 

in X-Y plan and taller in Z-direction, causing the smallest as-printed features to be 

elongated in Z-direction. 

2. Absolute dimension: overall linear shrinkage to 10-20% of as-printed dimension, 

depending on Ni infusion solution concentration.  

3. Feature (beam and wall) aspect ratio: depending on calcination/reduction pressure, 

temperature, and duration, the bulk dimension and local feature dimension shrinkage could 

have different contributions as a result of varying atom diffusion kinetics under varying 

conditions.  

Overall, it is commonly observed that the as-fabricated features may have increased aspect ratio 

and relative density than the design.  

 

 

 

 

 



Supplementary Note 2. In situ nano-compression experiment. 

Stress-strain response, deformation behavior, and failure 

Fig. 2A presents the characteristic engineering stress-strain responses of the beam-based 

octahedral nanolattices, with representative in situ snapshots in insets Fig. 2B. Irrespective of the 

characteristic feature dimension, d, the octahedral lattices experienced similar deformation stages 

during compression. Contact establishment was immediate, suggested by the stable longitudinal 

modulus starting from the onset of loading. The subsequent small strain bursts ≲ 1% and ones ≲ 

10% were attributed to premature failure and densification of the sacrificial base support and 

bottom layer(s) immediately adjacent to the base, as manifested by the difference between 

snapshots Figs. 2B, d~163 nm (①-②), d~185 nm (①-②), and d~445 nm (①-②). Note that 

the largest nanolattice (d~445 nm), between ②-③, experienced additional strain burst equivalent 

to the height of two and one lattice layers, respectively, due to the premature collapse of the bottom 

layers which are tapered in geometry due to shrinkage mismatch during fabrication, leading to 

their lesser load-bearing capability in comparison to the upper intact layers. The ultimate lattice 

failure, indicated with the cross symbol, occurred via catastrophic global collapse and densification 

of the nanolattice layers, amounting to a total strain of ~ 40-50%, as in d~163 nm (②-③), d~185 

nm (②-③), and d~445 nm (③-④). The ultimate failure mode was consistently observed across 

the feature dimension range ~ 150-500 nm and attributed to materials failure, meaning the load-

bearing features in each repeating unit cell have reached their critical strength limit. The 

corresponding nominal stress level is then defined as the ultimate compressive strength of the 

nanolattice. Minimal recovery strain was observed upon unloading. Despite the similar 

deformation characters, the lattice strength was considerably higher at smaller d – approximately 

10-time increase from d ~ 445 nm decreasing to d ~ 163 nm (Fig. 2B). 

Fig. 2C presents the stress-strain responses of the shell-based Schwarz-P nanolattices, 

whose early deformation behaviors qualitatively resemble those of the beam-based octahedral 

counterparts (Figs. 2D, d~225 nm (①-②), d~192 nm (①-②), and d~143 nm (①-②)). Upon 

larger compressive strain, the majority of the Schwarz-P nanolattices, represented by the dark and 

light grey curves, exhibit the dominant failure mode of catastrophic global collapse attributed to 

materials failure, consistent with the octahedral nanolattices (Figs. 2D, d~225 nm (②-③) and 

d~192 nm (②-③)). Curiously, the yellow curve demonstrates an alternative failure mode, which 

is less catastrophic – wall buckling propagates gradually layer-by-layer (Figs. 2D, d~143 nm (②-

④)), followed by densification past a cumulative compressive strain of 0.6. The layer-by-layer 

buckling initiated from the top layer where the as-fabricated unit cells exhibit geometric distortion 

and pre-existing crack openings, suggesting a structural failure route occurring at lower stress level 

premature to meeting the materials failure criterion. Despite the similar shell wall aspect ratios 

between the specimens in Figs. 2D, d~192 nm and d~143 nm, their absence and presence of 

structural imperfections exemplifies the universal competition between material failure versus 

structural failure at the nanoscale. 

Fig. 2E presents the stress-strain responses of the non-periodic spinodal-like architecture, 

demonstrating similar signatures of rapid contact establishment and catastrophic collapse as the 



periodic nanolattice counterparts. The dark and light green curves (Figs. 2F, d~242 nm and 

d~410nm) represent the materials failure-dictated nano-architecture response, showing ~ linear 

loading up to ~ 10% compressive strain uniformly distributed throughout the nano-architecture 

(Figs. 2F, d~242 nm (①-②) and d~410nm (①-②)), then catastrophic collapse by ~ 60% strain 

via full fracture of the nano-architecture shells (Figs. 2F, d~242 nm (②-③) and d~410nm (②-

③)), and finally minimal recovery upon unloading. On the other hand, the grey curve represents 

the structural failure-dictated failure via gradual shell wall buckling and densification (Figs. 2F, 

d~110 nm (②-⑤)), similar to the Schwarz-P nanolattice specimen in Fig. 2D, d~143 nm. Note 

that the specimens that experienced such premature structural failure are excluded from the 

following analysis of the size-dependent lattice strengths, so that only specimens that experienced 

materials failure are considered for a clear correlation between the nano-architecture strengths and 

the building block material strengths.  

  

Weibull modulus fitting from experimental results 

Considering the potentially finite number of representative element contained in each 

nanoscale specimen, we adapted the expression for the failure probability based on the precursor-

to-Weibull (PWBL) distribution discussed by Bernal(1) to the present experimentally measured 

ultimate strengths of Ni nanopillar and nano-architectures under compression:  

𝑃𝑓𝑗 = 1 − (1 − (
𝜎𝑗

𝜎0
)𝑚)𝑁𝑗  

where: 

(i) Pfj is the failure probability of pillar #j; 

(ii) σj is the yield strength of pillar #j measured by the experiment; 

(iii) σ0 is the distribution parameter for characteristic stress; 

(iv) m is the distribution parameter for Weibull modulus; 

(v) Nj is the number of representative elements in pillar #j: we consider the volume defect-mediated 

failure mechanism. Thus, we take a  3D representative element and V0 as the distribution parameter 

for the size (i.e., volume) of the element; therefore, Nj = Vj/V0 with Vj approximated as the 

cylindrical volume for nanopillar #j or as the nominal volume of the architectures equaling the 

product of the bulk width cubed with the structural relative density. We performed least-square 

fitting for nanopillars (regime 1 of β ~ 0.2: N = 65; regime 2 of β ~ 2.0: N = 35), periodic 

nanoarchitectures (N = 31), and non-periodic nano-architectures (N = 37), separately, where the 

experimental value of Pf(σ) is approximated by the proportion of tested specimens in each category 

whose yield strength was < σ. Results are summarized in Supplementary Table 1 and 

Supplementary Fig. 1.  

 

 

 

 

 

 



Supplementary Table 1. PWBL least-square fitting results. 

 V0
1/3 (nm) σ0 (MPa) m 

Nanopillar (regime 1) 1.6E1 5.2E3 10.6 

Nanopillar (regime 2) 0.7E1 11.9E3 5.4 

Periodic nano-

architecture 

1.1E2 3.4E2 5.1 

Non-periodic nano-

architecture 

1.7E3 5.4E1 7.1 

 

 

 

 

 

 
Supplementary Figure 1. Precursor-to-Weibull (PWBL) distribution analysis of ultimate 

strengths in pillar and nanolattices.  The Weibull parameters (m) were fitted to the experimental 

data. 

 

 

  



Supplementary Note 3. Gamma distribution fitting of the porosity distribution at lattice nodal 

region.  

 

As shown in Fig. 3, concentrated porosity is observed at the nodal junction area in 

octahedral nanolattices and the porosity distribution can be approximated by a gamma function 

with feature dimension (d) dependent shape parameter (k) and scale parameter (𝜃). Based on the 

observation on the experimental and fitted distribution functions for three nanolattices with 

increasing d (Fig. 3D), the mean porosity (𝑘𝜃) and k of the distribution function increases steadily 

with d, suggesting the existence of larger porosity at nodal junction areas while the change in 𝜃 is 

less significant especially for nanolattice with larger d. Thus, for the interpolation of gamma 

function parameters for any given d, 𝜃 is chosen to keep at constant values of 0.02 while k is 

determined from the linear interpolation of the mean porosity (𝑘𝜃) as a function of d. The fitted 

gamma distribution is further adopted in the finite element analysis to assign the porosity-based 

material properties in the nodal elements (Supplementary Fig. 4D). 

 

  



Supplementary Note 4. Stress distribution in unit cell of spinodal-like architecture. 

  

Further analysis was performed to understand the effects of the geometric factors including 

the local curvature and shell thickness on the heterogeneous stress distribution in the spinodal-like 

unit cells (Figs. 4A-C and Supplementary Fig. 6). The stress of one thousand randomly picked 

material points on the surface of the unit cell was extracted from FE simulations and plotted against 

their local curvature and shell thickness in Supplementary Fig. 7. No strong correlation was 

observed between the stress field and these local geometric factors suggesting that the stress field 

in the spinodal-like unit cells cannot be solely determined by the local structure but is also affected 

by the complex surrounding microstructures. This is further confirmed by our machine learning 

analysis using TensorFlow 2.16.0(2) where a neural network with 64x64x1 dense layers and ReLU 

activation functions was trained to learn the distribution of the stress field of the unit. The neural 

network could not correctly predict the stress field with only inputs of the local geometry 

parameters, i.e., curvature and shell thickness (Supplementary Fig. 8A) suggesting a lack of key 

knowledge in the input information. With the additional inputs of nodal coordinates, the neural 

network with the same structure started to develop the ability to predict the stress field 

(Supplementary Fig. 8B). These analyses further demonstrate the non-local features of the 

heterogeneous stress field in the spinodal-like unit cells leading to potentially more complex 

fracture behavior.   

  

  

  



Supplementary Note 5. Comparison of different material models in the FE analysis of the 

ultimate strength of octahedral nanolattices.  

  

Two material models were used in this work to demonstrate the capability of utilizing the 

building block information to predict the mechanical response of the nanoarchitecture. The 

baseline material properties for Ni were extracted from the compression stress-strain curve of the 

nanopillar with a diameter of 145 nm, and the yield strength was determined to be 3 GPa. When 

this value was used in both the homogeneous degradation model and the porosity-based model for 

the evaluation of the ultimate strength of the nanolattice, the scaling factors obtained from both 

models match the experimental results (Supplementary Fig. 9), while the porosity-based model 

yields lower values of the ultimate strength. The lower strength from the porosity-based model is 

attributed to strong degradation at nodal elements with large porosity, as sampled from the gamma 

distribution (Fig. 3D). The porosity-based model can match both the scaling factor and values of 

the experimental data with a scaled yield strength, which can be interpreted as the reference 

strength of defect-free nanocrystalline material.  

 The major difference between the homogeneous model and the porosity-based model is 

that the latter considers the real porosity distribution and the associated local material fracture in 

the nanoarchitectures. The typical stress-strain curves of nanolattices with different feature 

dimensions and relative densities simulated with both models are presented in Supplementary Fig. 

10, which clearly demonstrates a prolonged non-linear region prior to the ultimate stress in the 

porosity-based model, resulting from the local damage at nodal elements with large porosity. As a 

consequence of the modeling of real porosity distribution, the porosity-based model predicts an 

increased magnitude of the scaling factor with larger feature dimensions (Supplementary Fig. 11), 

suggesting a stronger effect of the building block defects on the mechanical response of the 

nanoarchitecture.  

  

 

  



 
Supplementary Figure 2. Schematic of in situ compression using SEMentor. 

 

 



 
Supplementary Figure 3. Geometric properties of nanoarchitectures computed using 

experimentally measured parameters via SEM and subsequent CAD remodeling. Probability 

Mass Functions (PMFs) of (A) maximum curvature and (B) feature thickness in the three 

nanoarchitectures. The relative density is set equal 21.7% for the three nanoarchitectures used for 

this plot for fair comparison. The mean values and standard deviations of (C) maximum curvature 

and (D) feature thickness. 

 

 

 



 
Supplementary Figure 4. Material-level porosity properties from nanoHIAM-Ni nanopillars 

to nanoarchitectures. Nanopillar porosity (A) distribution and (B) TEM micrograph, adapted 

with permission from Zhang and Li, et al. (3). Copyright 2023 American Chemical Society. (C) 

SEM micrograph of porosity concentration at nodal junctions in octahedral nanolattice 

corresponding to d~350 nm in Fig. 3B; inset showing FIB micrograph of the top-down view. (D) 

A schematic view of finite-element partitioning for an octahedral unit cell, with circular and square 

symbols representing the vertices of the beam elements and the nodes of the lattice, respectively, 

and the boxed regions indicating near-node beam elements. 

 

 

 

 

  



 
Supplementary Figure 5. Material porosity properties in Schwarz-P nanolattice and 

spinodal-like nanoarchitecture. (A-C) SEM micrographs of FIB-milled cross-sections of 

Schwarz-P nanolattice, insets show the Ga-ion FIB micrograph of the corresponding top-down 

view at three representative locations. (D-F) SEM micrographs of FIB-milled cross-sections of 

spinodal-like nanoarchitecture, insets show the Ga-ion FIB micrograph of the corresponding top-

down view at three representative locations. 

 

 

 



 
Supplementary Figure 6. Analysis of stress distribution in nanoarchitectures. Cross-sectional 

view of the stress concentration in (A) Octahedral nanolattice, (B) Schwarz-P nanolattice, and (C) 

Spinodal-like architecture, corresponding to main Fig. 4A-C. Statistical distribution of mises stress 

in (D) Octahedral nanolattice, (E) Schwarz-P nanolattice, and (F) Spinodal-like architecture .  

 

 

 

 

 

 

 



 
Supplementary Figure 7. Correlation between the stress distribution with geometric factors 

in Spinodal-like architecture. (A) stress-curvature plot. (B) stress-thickness plot. 

 

 

 

 

  



 
 

Supplementary Figure 8. Neural network (NN) training results for the prediction of stress 

distribution in Spinodal-like architecture. NN prediction of stress distribution corresponding 

to Supplementary Figure 7 with (A) only curvature and thickness as inputs and (B) additional 

information of node coordinates. 

 

 

 

 

 

 

 

 

 

 

  



 
Supplementary Figure 9. Size dependence of the simulated lattice strengths with different 

degradation models. Simulation results of the compressive strength of octahedral nanolattices 

with three types of degradation models (a direct strength-scaling model, a nanoporosity-based 

model, and a nanoporosity-based model with scaled material parameters), as well as the calculated 

lower-bound feature strength, are compared with the experimental results. 

  



 
Supplementary Figure 10. Typical stress-strain curves from finite element simulations (FEM) 

of beam-element models. FEM simulation results of 6x6x4 beam-based octahedral nanolattices 

with (A) homogenized reduction model. (B) nanoporosity based model. (C) nanoporosity based 

model with scaled material parameters.  

 

 

 

 

  



 
Supplementary Figure 11. Size-dependence of the simulated lattice strengths using the 

porosity distribution-based degradation model. The simulation results of compressive strength 

were obtained for octahedral nanolattices with relative density, 𝜌̅ ~20–40% and feature dimension 

~180-340 nm.  The overall scaling factor is ~−1.6, while a stronger size dependence is observed 

with increasing feature dimension, as demonstrated by the variation of the scaling factor from −1.4 

to −2.0. 

 

  



 

Supplementary Figure 12. Normalized strength as a function of feature dimensions. Results 

from the present study are compared with data from prior studies, as shown in Fig. 5A. The 

normalized strength is calculated by dividing the strength of the nanolattices by the typical yield 

strength of the corresponding bulk material. The yield strengths used for the calculation are 100 

MPa (Ni), 205 MPa (Steel 316L), 827 MPa (Ti-6Al-4V), 240 MPa (Al-Si10-Mg), 50 MPa (Ag), 

130 MPa (Cu), 100 MPa (Au), 483 MPa (Ti), and 300 MPa (NiTi). 

 

 

  



 

Supplementary Figure 13. Enlarged snapshots from in situ compression of nano-

architectures. SEM snapshots of (A) octahedral nanolattices, (B) Schwarz-P nanolattices, and (C) 

spinodal-like architectures, corresponding to main Fig. 2. 
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