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Abstract  

The macroscopic elastic modulus and yield strength of solid-wall nickel gyroids and 

hollow-wall graphene gyroids of cell size 60 nm are deduced from indentation tests on a 

thin coating of the gyroids, with suitable interpretation by finite element simulations.  

The solid-wall nickel gyroids are fabricated by the self-assembly of a triblock copolymer, 

followed by the chemical vapour deposition of a graphene film onto this catalytic 

template.  The nano-indentation response of the gyroid-based coatings was measured 

using a Berkovich indenter.  In order to interpret the indentation response, two sets of 

finite element simulations were performed: periodic cell calculations in order to deduce 

the effective macroscopic properties in terms of the relative density and cell wall 

properties of the lattice, and then indentation simulations of a continuum with the 

effective properties of the gyroid.  Despite the knockdown in modulus and strength of 

the graphene gyroid lattice due to waviness of the layered cell walls, the structure 

remains remarkably strong due to nanoscale size effects. 

1. Introduction   

The macroscopic mechanical properties of cellular solids are related to their relative 

density and micro-architecture of the cell walls1.  Recent progress in growth and process 

technologies allow for the manufacture of architectured cellular solids at the 

nanoscale2–4.  Such nanolattices have exceptional mechanical properties such as a high 

yield strain for the case of metallic lattices5,6 and a high fracture strain for ceramic 

lattices4. They possess nearly constant specific stiffness at ultra-low density7, and the 

cell walls  possess ultra-high effective strengths8,9. Nanolattices therefore expand 

material property space, as illustrated in the plot of strength versus density of Figure 1.  
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These novel mechanical characteristics arise from both microstructural architecture and 

from nanoscale size effects on the strength of cell wall material. 

Strength can increase dramatically with decreasing structural size primarily due to 

reduction in the number of defects10–12.  Recall that the bulk strengths of metals and 

ceramics are orders of magnitudes below their theoretical limits due to the presence of 

imperfections within the bulk, such as dislocations, grain boundaries, cracks and voids.  

Consider, for example, the tensile strength of a strut of cross-sectional thickness t.  If the 

strut is to exist, then it can only contain defects of dimension less than t.  Consequently, 

small struts can only contain small defects.  This ‘smaller is stronger’ characteristic has 

driven the development of nanolattices, in which the length scale of the lattice is 

reduced to a scale small enough to exploit size-dependent strengthening. Pyrolytically 

derived ceramic nanolattices13, atomic layer deposited hollow-beam ceramic 

nanolattices14, and the nickel double gyroid nanolattice9 all demonstrate such size 

effects.  

The topology of a lattice material dictates the relationship between macroscopic 

properties, such as macroscopic Young’s modulus E, and relative density 𝜌̅. A number of 

theoretical models and observations support the scaling law 𝐸 = 𝐶𝜌̅𝑛𝐸𝑠 where 𝐸𝑠 is the 

Young’s modulus of the solid cell wall material, 𝐶 is a geometric parameter and the 

exponent n for a 3D lattice has a value of 1 or 2 for an ideal stretching- or bending-

dominated behavior of the cell wall struts, respectively1. The value of C is sensitive to 

the details of the micro-architecture. Porous biological materials possess architectures 

adapted to strong selective pressures in combination with size effect strengthening15. 

The gyroid lattice is one such natural structure16, and nanoscale single solid-wall 

gyroids17, inter-connected double solid-wall gyroids9, and hollow-wall gyroid topologies2 

have been recently synthesised. These lattices possess a high surface area to volume 

ratio and a uniform cell and pore size, all of which are beneficial for material systems 

requiring functional nanostructures18.  

Khaderi et al.19 used finite element multi-axial collapse simulations of an idealised 

slender beam model to predict the elastic-plastic response of the gyroid lattice, and 

deduced that the macroscopic properties are close to isotropic.  The beam model of the 

ideal gyroid lattice deforms by beam stretching under macroscopic hydrostatic stress, 

with a bending-dominated elasto-plastic response occurring for all other loading states. 

Likewise, the effective elastic and plastic properties of the solid-wall double gyroid unit9 

has been computed for continuum elements by unit cell finite element analysis. The 

predicted variations of elastic modulus 𝐸 and yield strength 𝜎𝑦 with relative density 𝜌̅ 

for both the beam model and solid-wall double gyroid were found to scale as 𝐸~𝜌̅2𝐸𝑠 

and 𝜎𝑦 ~𝜌̅3/2𝜎𝑦𝑠, consistent with bending-dominated behavior. Nanoindentation 
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measurements of a fabricated nickel double gyroid lattice were used to calibrate an 

inverse finite element analysis, extracting the associated properties of the parent 

nickel9.  It was found that the predicted yield strength of the struts (5.7 GPa) approaches 

the theoretical strength of nickel, and this was explained by dislocation starvation in the 

struts of nanoscale dimension due to the attraction of dislocations to the free surfaces 

of the struts.   

The mechanical properties of hollow-wall graphene gyroid lattices have also been 

predicted by simulations employing molecular dynamics (MD) or density functional 

theory (DFT).  These models assume that the walls of the gyroid lattice are made from a 

single layer of graphene, and they predict exemplary electrical20 and mechanical21–23 

properties. However, in practice, the cell walls of graphene gyroid foams and lattices 

comprise multiple layers of graphene2,24. The interplanar shear modulus 𝐺𝑆 and shear 

strength 𝜏𝑦𝑠 of layered graphene are orders of magnitude less than their in-plane 

counterparts, owing to the weak interlayer van der Waals interactions25. Interlayer 

shear within wavy multilayered  (10+ layers) graphene walls leads to a multiplicative 

knock down in the macroscopic properties of graphitic foams26; this deformation 

mechanism may also be active in few-layered (< 10 layers) hollow-wall graphene gyroid 

lattices.  

Here, we report on the manufacture and measurement of the mechanical properties of 

a nickel gyroid and of a hollow-wall graphene gyroid lattice.  These nanolattices contain 

stocky cell walls of thickness on the order of 15 nm and graphitic wall thicknesses of 

approximately 3 nm.  A combination of indentation tests and multi-scale finite element 

analysis are used to deduce the effective macroscopic properties of these gyroid-based 

materials in terms of the underlying cell wall properties. 

 

2. Experimental Protocol and Measurements 

2.1 Manufacture of nano gyroid lattice layers 

Solid-wall nickel gyroid lattices and hollow-wall graphene gyroid lattices were 

manufactured in the form of a coating of thickness between 300 nm and 700 nm by 

block copolymer self-assembly, as described in detail elsewhere27; the graphene 

deposition methodology is based on that developed by Cebo et al.2 The production 

process and morphology of the resulting nano-gyroid lattices are sketched in Figure 2. 

The solid-wall nickel gyroid lattice was manufactured as a coating on a 350 nm thick 

layer of fluorine-doped tin oxide (FTO), which in turn sat on a borosilicate glass slide of 

thickness 2.2mm.  The nickel lattice was obtained by electroplating a template in the 
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form of a polymeric gyroidal layer; this polymeric lattice was prepared by self-assembly 

of a polyisoprene‐block‐polystyrene‐block‐polyethylene oxide (ISO) triblock copolymer.  

The main details are as follows. 

Solid-wall nickel gyroid lattices: Block copolymer samples of selected thickness between 

300 nm and 700 nm were prepared on the FTO-coated glass slide.  The thickness of the 

copolymer coating was dictated by the spin speed during deposition.  The samples were 

annealed in a vacuum oven at 180oC to encourage the self-assembly of the gyroidal 

structure then slowly cooled. The polyisoprene (PI) block of the ISO triblock copolymer 

was degraded by UV exposure and removed by dissolution in ethanol.  Nickel was 

electroplated into the void left after PI removal. The remaining polymers were then 

removed by oxygen plasma etching. A hydrogen annealing process removed any trace of 

organic residues, resulting in a self‐supporting lattice, henceforth referred to as the 

solid-wall nickel gyroid. The resulting solid-wall nickel gyroid has a unit cell size of 60 nm 

and a fill fraction of 40% (i.e. relative density 𝜌̅=0.40), as confirmed through analysis of 

cross-sectional images obtained via scanning electron microscopy (SEM) (see 

supplementary section SI-1).  

Hollow-wall graphene gyroid lattices:  The nickel gyroid was used as catalytic template 

for the deposition of few-layer graphene in a custom-built low-pressure chemical 

vapour deposition (CVD) reactor.  Acetylene gas was introduced into the system at room 

temperature at a flow rate of 5 sccm and a working pressure of 2.2x10-3 mbar.  Samples 

were heated for 5 minutes at 650°C, reached by ramping the temperature at 50°C/min.  

Samples were then allowed to cool at a rate of 50°C/min to ambient temperature, 

within the reactor. The samples were immersed in an etchant solution (0.1 M 

ammonium persulfate) for 24 hours in order to remove the nickel lattice and were then 

repeatedly rinsed in de-ionised (DI) water in order to obtain a freestanding graphitic 

lattice, henceforth referred to as the hollow-wall graphene gyroid. The hollow-wall 

graphene gyroid was stable during the etching and rinsing stages and remained adhered 

to the substrate.  

2.2 Characterisation of nano gyroid lattice layers  

Atomic force microscopy (AFM) micrographs and SEM images (2kV, 50pA) of the top 

surface of the solid-wall nickel gyroid coating are shown in Figure 3a and b. AFM 

micrographs were taken in PeakForce tapping mode with Bruker MMP-11200-10 tips 

(40N/m, 300kHz, asymmetric tip) at a 0.5Hz scan rate. A cleaved cross-section in Figure 

3c displays the layered structure of the gyroid/FTO/glass. Cross-sections of the gyroid 

coatings were prepared using focused ion beam (FIB) milling (Figs. 3, 4) in order to 

determine the coating thickness. Long-range order is evident through a vertical slice of 
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the gyroid coatings, and it is clear that the hollow-wall graphene gyroid inherits its 

topology from the nickel gyroid template. Similar images were used to measure the 

coating thickness at multiple locations for each sample; the coating thickness of each 

sample is 300, 500 and 700 nm, each with a standard deviation of ± 25 nm. The gyroid 

coatings tested in this study have an arithmetic average roughness of Ra = 25 nm, as 

measured by AFM across a 5 μm by 5 μm area.  

In order to determine the level of graphitisation, Raman spectra were taken with a 

Renishaw inVia spectrometer using 532 nm excitation, see Fig. 5a. Characteristic D, G, 

and 2D peaks are observed, with a G:2D ratio and a broad 2D peak that are consistent 

with the growth of few-layer graphene gyroids2. A prominent D-band and red-shifted G-

band are present, consistent with the presence of numerous small, disordered28, and 

strained29 graphene domains. These characteristics arise from the nanoscale growth 

surface and high local curvature of the nickel gyroid template2 used to prepare the 

graphene gyroids. 

In order to confirm the complete removal of the internal nickel template from the 

freestanding graphene gyroid, time of flight-secondary ion mass spectrometry (ToF-

SIMS) depth profiling was performed in a ToF-SIMS IV instrument (ION-TOF GmbH, 

Muenster, Germany), at a vacuum pressure of < 5 × 10−9mbar, equipped with an argon 

gas cluster ion beam (GCIB) mounted to impact the sample at 45° on a graphene gyroid 

coating, see Fig. 5b. Argon cluster sputtering (10 keV, Ar2500
+ ions, 1.0 nA) over an area 

of 400 µm × 400 µm was used to sputter across the entire hollow-wall graphene gyroid 

coating. 25 keV, with a Bi3+ ions from a liquid metal ion gun were used for analysis, 

operating in interlaced mode at an ion current of 0.1 pA and a cycle time of 200 µs, 

raster scanned randomly in an area of 150 µ × 150 µm (256 × 256 pixel density) in the 

center of the sputter crater to mitigate crater edge effects on the generated. Data 

processing was carried out by selecting relevant ion peaks in the ToF-SIMS spectra and 

monitoring their change in intensity over the course of the sputter profiling. The 

selected depth profiles were normalised to the total ion intensity using a point-to-point 

normalisation. The C+ carbon signal is stable throughout the thickness of the gyroid layer 

but then reduces as a SnO+ signal appears, indicating the bottom of the graphene gyroid 

coating, and the top of the FTO layer. The nickel Ni+ signal is low throughout the scan, 

suggesting that the etching and rinsing steps have successfully removed the internal 

template. Other process contaminants such as Na+ and Ca+ were found at similarly 

negligible concentrations.  

Transmission electron microscopy (TEM) samples were prepared from as-grown 

graphene gyroids by first removing the graphene gyroid coating from its substrate with 

a razor blade and then using wet transfer via water lift‐off onto Au‐supported holey 
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carbon grids. Bright-field TEM images were taken at 80 kV accelerating voltage in order 

to prevent beam damage to the material. The TEM images possess a lattice spacing of 

0.33 nm, consistent with few-layer graphene. The walls of the hollow-wall gyroid 

comprise 8-10 layers of graphene, see Fig. 5c, corresponding to a wall thickness of 3 nm. 

Hence, the continuous surface of the fabricated graphene gyroid lattice can be 

considered as a foam with stocky hollow-wall struts, possessing a relative density of 𝜌̅ ≈

0.14 and a unit cell size of 60 nm.  

2.3 Indentation Measurement Protocol 

Nanoindentation tests were performed on sets of three thicknesses of nickel gyroid and 

graphene gyroid coatings, using a Hysitron Ub1 Nanoindenter system of depth 

resolution 0.04 nm. The Berkovich tip had a tip radius of 50 nm and an included half 

angle of 65.35°, as measured from the central axis to a pyramidal flat, and was 

calibrated against a standard fused silica sample. The tip was sufficiently sharp to be 

pyramidal at an indentation depth δ ≥ 50 nm. Sixteen repeat indentation tests were 

carried out on each of the gyroid coatings. Samples were indented in a 4 by 4 array 

with a 50 μm spacing in both lateral directions to ensure that the strain fields due to 

the indent did not interact with each other. For each test, the peak load was 

progressively increased up to the maximum load of 11 mN for nickel and 1 mN for the 

hollow-wall graphene gyroids. Twelve partial load/unload cycles were performed per 

test.  Each loading and unloading segment were of 2s duration, with a 2s hold time 

between each segment. During each unloading cycle, the load was reduced to 50% of 

the prior load. The modulus and hardness were extracted from these measurements 

using the standard Oliver and Pharr30 procedure. The detailed assumptions of this 

analysis are outlined in the supplementary information section SI-2. 

2.4 Measured properties of the gyroid coatings 

Fig. 6 shows SEM micrographs and surface profiles of the coatings post-indentation. 

For the solid-wall nickel gyroid coatings, indentation occurs by plastic deformation of 

the gyroid lattice with limited elastic recovery of the indent (see Fig. 6a). In contrast, 

for the hollow-wall graphene gyroid lattice, significant elastic recovery occurs; for 

example indentation to 𝛿𝑚𝑎𝑥/ℎ ≈ 0.79 leads to a residual indent of 𝛿𝑓/ℎ ≈ 0.13. SEM 

images of the hollow-wall graphene gyroid after indentation show minimal plastic 

deformation and damage (Fig. 6c). The level of elastic recovery remained high 

(𝛿𝑓/ℎ ≈ 0.39) even after indentation to 𝛿𝑚𝑎𝑥/ℎ ≈ 0.99.  It is emphasised that deep 

indents lead to plastic deformation of the underlying FTO layer, thereby reducing the 

relative degree of elastic recovery of the indent.  
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The measured values of unloading modulus ER and of hardness 𝐻 are plotted in Fig. 7 

as a function of the normalised indentation depth 𝛿/ℎ. The hardness H is 

approximately independent of indent depth 𝛿, for 0.2 < 𝛿/ℎ < 0.5. At high values of 

indent depth (𝛿/ℎ > 0.5), 𝐻 increases with increasing δ/h due to indentation of the 

substrate. The largest scatter in the measured values of 𝐸𝑅 and of 𝐻 occur for the 

thinnest gyroid coatings, due to the finite roughness of the FTO layer relative to the 

layer thickness ℎ.  

3. Numerical simulations of the indentation of the solid-wall 

and hollow-wall gyroid lattice   

The Young’s modulus and uniaxial compressive yield strength of the cell wall material in 

the solid-wall gyroid and in the hollow-wall gyroid cannot be determined directly from 

the nanoindentation measurements reported above. In this section, a multi-scale 

numerical analysis is utilised to extract the effective mechanical properties of the gyroid 

lattice and parent materials, for both the solid-wall nickel and hollow-wall graphene 

cases. Khaderi et al.19 have previously derived power-law scaling relations for the elastic 

constants of the solid-wall gyroid lattice through numerical simulation of an idealised 

slender-beam model of the gyroid lattice.  However, at high relative densities, the struts 

of the gyroid lattice become stocky and will vary in size and cross-sectional shape along 

their length. Consequently, the slender beam approximation underestimates the 

modulus and strength of solid-wall gyroid lattices when 𝜌̅ exceeds 0.15. Analysis of the 

double gyroid lattice, which comprise two interpenetrating single gyroids of opposite 

chirality, has also been previously performed up to a limit of each single gyroid 

possessing a relative density of 𝜌̅ = 0.19, see Khaderi et al.9. The solid-wall gyroid tested 

herein possesses a relative density 𝜌̅ = 0.40, motivating the numerical simulation of 

solid-wall gyroid unit cells of relative density 𝜌̅ up to 0.5.  A comparative plot of the 

effective properties of the solid-wall single gyroid calculated herein against the slender 

beam model19 and double gyroid model9 can be found in Figure SI-2. 

3.1. Effective properties of the solid-wall and hollow-wall gyroid  

The unit cells of the solid-wall gyroid and hollow-wall gyroid are shown in Figure 9. 

These unit cells are constructed using the approximation to the single gyroid 

morphology as proposed by Lambert et al.31 In this approximation, the surface of a 

single gyroid is represented by a function 𝐹(𝑥, 𝑦, 𝑧) − 𝑡0 = 0, where 

𝐹 ≡ 𝑠𝑖𝑛(2𝜋𝑥)𝑐𝑜𝑠(2𝜋𝑦) + 𝑠𝑖𝑛(2𝜋𝑦)𝑐𝑜𝑠(2𝜋𝑧) + 𝑠𝑖𝑛(2𝜋𝑧)𝑐𝑜𝑠(2𝜋𝑧) 

 in terms of the Cartesian coordinates (𝑥, 𝑦, 𝑧) aligned with the cubic directions of the 

gyroid lattice, as shown in Fig. 9. The scaling parameter 𝑡0 controls the distance of the 
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surface from the 𝑡0 = 0 surface, and hence determines the relative density of the gyroid 

lattice. The solid-wall gyroid is constructed by infilling the space 𝐹 − 𝑡0 ≥ 0 to obtain 

the volume shown in Figure 9a. The hollow-wall gyroids were based on the templated 

surface growth of graphene, and hence had a fixed value of 𝑡0 such that the internal 

surface was equal to that of a solid-wall gyroid of relative density 𝜌̅ = 0.4. The hollow-

wall gyroid was constructed by adopting an additional second scaling parameter t1 and 

by infilling the space between two gyroid surfaces 𝐹 − 𝑡0 = 0 and 𝐹 − 𝑡1 = 0, to obtain 

the hollow-wall gyroid, as shown in Figure 9b.  

Periodic cell finite element (FE) calculations were performed on each of the constructed 

volumes to determine the macroscopic, effective elastic and plastic properties using the 

commercial finite element package ABAQUS. The gyroid geometry was meshed using 

uniform 4-noded linear tetrahedral elements (C3D4 in ABAQUS notation). As the 

thickness to diameter ratio of each of the hollow-wall gyroids simulated herein 

exceeded 0.03, shell elements were not used32. The mesh density was chosen such that 

a halving of the mesh size results in less than 1% change in the predicted macroscopic 

modulus or strength of the lattice, which required approximately 3x105 elements. The 

cell wall material was treated as an isotropic elastic, ideally plastic solid in accordance 

with J2 plasticity theory, with Young’s modulus 𝐸𝑆, Poisson ratio 𝜈𝑆 and yield 

strength 𝜎𝑆. We assume that  𝜈𝑆 = 0.3 and the yield strain 𝜖𝑆 = 𝜎𝑆/𝐸𝑆  equals 0.03.  

The unit cell is subjected to periodic boundary conditions, such that every pair of nodes 

on two opposing faces of the unit cell was linked through linear constraint equations for 

each degree of freedom33. Reference nodes were linked to nodes of an entire face and 

used to impose boundary displacements as well as to extract the reaction forces. 

Simulations were then conducted to determine the three independent elastic constants 

of the double gyroid.  The stress at 0.2% offset plastic strain was taken as the yield 

strength  𝜎𝑆. The macroscopic Poisson ratio  𝜈 was calculated from the initial elastic 

strain increment. The plastic Poisson’s ratio, 𝜈𝑃 was determined from the incremental 

Poisson’s ratio during plastic flow. Details of the homogenisation method and the 

extraction of effective mechanical properties are given in the supplementary 

information section SI-4.  

The relative density of both unit cells were varied by suitable selection of the scaling 

parameters 𝑡0 and 𝑡1. The predicted macroscopic elastic properties and macroscopic 

yield strength are plotted as a function of relative density 𝜌̅ in Fig. 10. Curve fitting of 

these predictions for the solid-wall gyroid lattice (as denoted by the superscript •) 

provides the following scaling relationships for 0.1 < 𝜌̅ < 0.5:  
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𝐸•

𝐸𝑆
= 0.90𝜌̅2.11 (1) 

𝐺•

𝐸𝑆
= 0.38𝜌̅1.81 (2) 

𝜎𝑌𝑆
•

𝜎𝑆
= 0.48𝜌̅1.55 (3) 

In comparison, the scaling laws, as obtained by Khaderi et al.19, based on an idealised 

slender beam model of the gyroid lattice were 𝐸 = 0.426𝜌̅2𝐸𝑆, 𝐺 = 0.329𝜌̅2𝐸𝑆 

and 𝜎𝑌𝑆 = 0.415𝜌̅1.5𝜎𝑆. The pre-factor 𝐶 and exponent 𝑛 are in acceptable agreement 

between the two models. Differences are attributed to a lack of plateau borders in the 

slender beam model. The value of the exponents on 𝜌̅ in the power-law scaling of 𝐸•, 𝐺• 

and 𝜎𝑌𝑆
•  indicate that the lattice deforms mainly by bending and twisting of the struts 

under uniaxial strain and shear. This has also been observed in the macroscale 

compression of 3D printed gyroids19,34  and is associated with the low nodal connectivity 

of the gyroid lattice. 

The effective mechanical properties of the hollow-wall gyroid lattice (as denoted by the 

superscript ⚬) are plotted in Fig. 10c,d. The following scaling relationships are noted for 

0.02 < 𝜌̅ < 0.24: 

𝐸⚬

𝐸𝑆
= 0.41𝜌̅1.09 (4) 

𝐺⚬

𝐸𝑆
= 0.19𝜌̅1.13 (5) 

𝜎𝑌𝑆
⚬

𝜎𝑆
= 0.46𝜌̅1.08 (6) 

The magnitudes of the exponents for the hollow-wall gyroid lattice imply stretching-

dominated behavior, attributed to the high shape efficiency of the tubular struts of the 

hollow-wall gyroid: the cell walls have a high bending stiffness and strength. These 

exponents are consistent with the measured compressive mechanical response of 

hollow-wall gyroid lattices at comparable relative densities35. 

3.2. Indentation response of solid-wall and hollow-wall gyroid coatings 

The contact width of the indenter is significantly greater than the unit cell size of the 

gyroids (60 nm) for the majority of recorded indentation depths in the nanoindentation 
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experiments presented in Section 2.3. Hence, the discreteness of the gyroid 

microstructure plays a negligible role in the indentation response. Furthermore, 

previous analysis of the single gyroid lattice by Khaderi et al.19 has shown that both the 

elastic and plastic properties of the gyroid lattice are sufficiently isotropic that the 

Deshpande-Fleck isotropic foam model can be used to predict their mechanical 

response. The Deshpande-Fleck isotropic foam model has been previously used to 

successfully model the deformation response of nano-porous metals9,36,37 and is 

employed herein as a homogenised continuum model for the macroscopic deformation 

of the gyroid lattice during indentation. The main aspects of this model are outlined in 

the supplementary information section SI-5.   

Indentation simulations are reported herein for a solid-wall gyroid of relative 

density 𝜌̅ = 0.40 and for hollow-wall gyroid of 𝜌̅ = 0.14 made from a parent material 

with Young’s modulus 𝐸, Poisson’s ratio 𝜈𝑠 = 0.3 and yield strength 𝜎𝑌𝑆. From the 

effective material properties shown in Figure 10, it follows that, for the solid-wall 

gyroid,  𝐸• = 0.129 𝐸𝑆
•, 𝜎𝑌

• = 0.114 𝜎𝑌𝑆
• and 𝜈𝑝

• ≈ 0.32. Similarly, for the hollow-wall 

gyroid, 𝐸○ = 0.048 𝐸𝑆
○, 𝜎𝑌

○ = 0.056 𝜎𝑌𝑆
○  and 𝜈𝑝

○ = 0.40. Based on these values, the 

parent material modulus 𝐸𝑆 and strength 𝜎𝑌𝑆 are treated as unknown parameters and 

are chosen to bring the simulated and measured indentation responses into good 

agreement for each coating thickness.  

3.3. Finite element modelling of indentation experiments 

Quasi-static finite strain indentation calculations were conducted using the commercial 

finite element package ABAQUS. A simplified axisymmetric model is used (Fig. 11) to 

model the indentation of each gyroid coating. To achieve this, the Berkovich indenter 

was modelled as a conical indenter of included semi-angle 𝛽 = 70.3° such that the 

nominal contact area 𝐴𝐶  is the same as that of the Berkovich tip for any indent depth38. 

The gyroid coating thickness adopts the values as measured by FIB. The glass substrate 

is modelled as a linear elastic solid, of thickness and radius 100 μm, possessing a 

modulus of 69.6 GPa and Poisson ratio of 0.3. A 350 nm thick FTO layer is present 

between the gyroid coating and glass substrate, and this is treated as a linear elastic 

solid of modulus 150 GPa and Poisson’s ratio 0.3 as determined via a separate 

indentation test on an annealed FTO/glass substrate (see supplementary information 

Fig. SI-4). These values are consistent with previous indentation studies on thermally 

annealed FTO layers39 of similar thicknesses. It is assumed that the layers are ideally 

bonded together. The bottom of the mesh rests on a rigid, frictionless surface, with a 

symmetric boundary condition imposed on the centerline. The mesh was refined until 

the point was reached whereby a doubling of the mesh density led to less than 1% 
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difference in the predicted indentation response (see supplementary information Fig. SI-

5.) 

Contact between the indenter surface and gyroid coating was modelled using the 

Master-Slave surface contact algorithm within ABAQUS. The indenter was assumed to 

be rigid and frictionless, with a tip radius of 50 nm, and was incrementally driven into 

the gyroid coating under successive loading and unloading cycles, with unloading after 

increments of indentation depth 𝛿 of 50 nm. Preliminary calculations revealed that the 

Oliver and Pharr method gives an accurate measure for the true area of contact 𝐴𝑡 from 

the FE simulations, at any indentation depth 𝛿. Further, the true area of contact 𝐴𝑡 is 

within a few percent of the nominal area of contact 𝐴𝑐 = 𝜋𝛿2 tan2 𝛽, with negligible 

pile-up or sink-in. Thus, it is adequate to define the hardness 𝐻 as the nominal contact 

pressure 𝐻 = 𝑃/ 𝐴𝑐 in the present study. The reduced modulus 𝐸𝑅 is obtained by fitting 

a power law to the unloading curve and subsequent use of the Sneddon equation as 

described in the supplementary information.  

Predictions of the reduced modulus 𝐸𝑅 and hardness 𝐻 as a function of the normalised 

indentation depth 𝛿/ℎ are included in Figure 9. The measured and predicted 

indentation responses were brought into agreement across each coating thickness when 

the Young’s modulus and uniaxial compressive strength of the solid-wall gyroid coating 

were ascribed the values of 𝐸 = 25 GPa and  𝑌𝑆 = 0.51 GPa. This implies that the 

apparent modulus of the parent nickel is 𝐸𝑆 = 194 GPa and the parent solid yield 

strength equals 𝑌𝑆= 4.49 GPa. Hence, the inferred Young’s modulus of the cell wall is 

consistent with that of electroplated nickel thin films40. However, the strength 𝑌𝑆  of 

cell wall material exceeds the bulk value of pure nickel by more than an order of 

magnitude41. This result is consistent with previous findings of the inferred strut-

strength of lattice materials with nanoscale strut diameters9,37.  

For the hollow-wall gyroid lattice, the coating properties were found to be to 𝐸 = 1.2 

GPa and 𝜎𝑌𝑆
⚬  = 0.055 GPa, implying parent material properties of 𝐸𝑆 = 25.0 GPa and 𝑌𝑆 

= 0.99 GPa. These values are significantly lower than the commonly quoted values of 𝐸 = 

1060 GPa and 𝑌𝑆 = 130 GPa for monolayer graphene42. However, for δ/h > 0.6, the 

measured increase in 𝐻 and 𝐸𝑅  exceeds the predicted response for the foam model 

due to interaction with the hard FTO underlayer. To account for the significant 

reduction in the predicted stiffness and strength of the parent graphene material we 

seek an explanation at a lower length scale - that of the wavy walls of the hollow-wall 

graphitic struts.  A detailed explanation is now provided. 

3.4. Effect of cell wall waviness on the in-plane cell wall modulus and strength 
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The high-resolution TEM images such as Figure 8a reveal that a small degree of cell wall 

waviness is present (wavelength 𝜆 ≈ 5-15 nm) in the cell wall of the hollow-wall gyroid 

lattice due to the relaxation of the 3 nm thick cell walls upon removal of the solid-wall 

nickel template. Upon loading, the walls of the gyroid lattice undergo stretching and 

bending; however the axial compliance of each cell wall is degraded by waviness. When 

the wavy stack of sheets is subjected to an axial strain, the misalignment induces 

longitudinal shear on the cross-section of the cell wall. Thus axial shortening is 

accommodated by longitudinal shear of the wavy stack of graphene layers. 

Consequently, the axial stiffness and axial strength of each cell wall is dictated by the 

out-of-plane shear properties of the few-layer graphene. This cell-wall deformation 

mode also dictates the axial compliance of wavy cell walls in graphitic foams26. 

In order to determine whether this deformation mode is active in the few-layered 

hollow-wall graphene gyroid lattice, the relevant knockdown factors for stiffness and 

strength are obtained as follows, by treating the wavy cell wall as a beam of height h 

and assume that an end tension T induces longitudinal shear of the wavy beam, and 

thereby axial straining of the beam, as depicted in Fig. 8b (see supplementary 

information Fig. SI-3 for details). Inferred values of waviness amplitude 𝜔0 < 2.6 nm are 

obtained from both the cell wall modulus and strength values, as measured in the 

indentation tests.  We conclude that a very small value of cell wall waviness is sufficient 

to knock-down the in-plane modulus and strength of the graphene cell-walls to the 

observed values.  

 

4. Solid-wall nickel gyroids and hollow-wall graphene gyroids in 

material property space  

A plot of compressive strength versus density is shown in Figure 1; it compares the 

properties of the gyroid lattices tested herein to other state-of-the-art lattice materials 

across a wide range of strut length-scales. The measured strength of solid-wall nickel 

gyroid rivals those of fully dense high strength Ni alloys, such as Inconel (highlighted in 

Fig. 1). This is consistent with other studies on nanoscale lattices such as nickel inverse 

opals37 and for nickel double-gyroids9.  Furthermore, the strength to density ratio of the 

bending-dominated solid-wall gyroid lattice exceeds that of the stretching-dominated 

micron-scale octet truss lattice, due to the size-strengthening effect present in the 

nanoscale gyroidal struts.  

It is noted that the post-indentation recovery of the hollow-wall graphene gyroids from 

high levels of compressive strain is remarkably high, in contrast to macroscale 
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templated graphene foams26. Lattice recoverability after compression is found in other 

low-density hollow lattices, owing to elastic buckling enabled by a size-strengthening 

effect44,45. Size-dependent effects can influence material properties beyond mechanical 

stiffness and strength, such as electrical conductivity. A plot of electrical conductivity 

versus density is shown in the supplementary information (Fig. SI-6), comparing the 

hollow-wall graphene gyroid against a range of graphene-based cellular materials. The 

measured conductivity of the hollow-wall graphene gyroid2 (80-90 𝑆/𝑐𝑚) greatly 

exceeds that of other CVD-based foams (10-17 𝑆/𝑐𝑚). Conductivity is increased by more 

than an order of magnitude compared to materials based on flake assembly methods 

such as graphene aerogels (0.01 – 2.5 𝑆/𝑐𝑚). This combination of mechanical strength 

and recoverability with electrical conductivity demonstrates the size-effect enhanced 

functionality of the hollow-wall graphene gyroid lattice.  

5. Conclusions  

Indentation measurements and numerical simulations are reported to estimate the 

mechanical properties of a nickel solid-wall gyroid lattice and hollow-wall graphene 

gyroid lattice. Nickel gyroid coatings of thickness 300, 500 and 700 nm, with unit cell 

sizes on the order of 60 nm and a relative density of 40%, were manufactured by block 

copolymer self-assembly and electro-deposition of Ni. Hollow-wall graphene gyroid 

lattices were prepared through a CVD method using these nickel lattices as a template 

for the formation of few-layer graphene, resulting in a cell wall thickness of 3 nm 

corresponding to a relative density of approximately 14%. Berkovich nano-indentation 

tests were then performed to determine both the hardness and modulus of the 

coatings. 

Multi-scale finite element analysis was performed to extract both the effective 

mechanical properties of the gyroid coatings and the associated properties of the parent 

material. The solid-wall gyroid lattice undergoes a bending-dominated deformation 

mode, in contrast to the stretching-dominated hollow-wall gyroid lattice. Both gyroid 

coatings have high yield strength to density ratios, exceeding many other state-of-the-

art lattice materials at equal relative densities. This is attributed to the size-

strengthening effect present in nanoscale gyroid struts and walls. However, the cell-wall 

strength of the graphene gyroids is significantly less than the value for pristine 

monolayer graphene. This discrepancy is attributed to interlayer shear within the wavy 

walls of the few-layered graphene.  The electrical conductivity of the hollow-wall gyroid 

lattice significantly exceeds that of other state-of-the-art graphene-based cellular 

materials. It is concluded that hollow-wall graphene gyroids combine size-dependent 

mechanical and electrical properties with a topology of high structural efficiency. These 
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structures offer enhanced functionality for a wide range of emerging applications where 

high conductivity, high surface area, mechanical strength, and high yield strain are 

required. 
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Figures 

 

Figure 1.  Chart of compressive strength versus density including the solid-wall nickel 

and hollow-wall graphene gyroids, as measured in the present study. Other state-of-the-

art lattice materials are highlighted according to the length scale of their cellular 

architecture. 

  



 

19 
 

 

 

Figure 2. Schematic of the templated growth of the hollow-wall gyroid from a solid-wall 

gyroid. Sections shown are 2x2x2 segments of the gyroid lattice, with a unit cell 

highlighted. Solid-wall nickel gyroids are prepared from polymeric templates using 

electroplating. A few-layer graphene film is grown on the nickel gyroid using CVD and 

isolated with wet chemical etching to generate the hollow-wall graphene gyroid.  
   

  

Figure 3. SEM and AFM micro-graphs of the nickel solid-wall gyroid coating showing 

(a,b) the top surface of the coating, and (c) a cleaved cross-sectional image in which the 

gyroid, FTO and glass layers are clearly visible. Cross-sectional SEM display the nickel 

solid-wall gyroid coating across three thicknesses (d) 300 nm (e) 500 nm and (f) 700 nm. 

The capping layer is platinum, deposited as a part of the FIB milling process.   
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Figure 4. Cross-sectional SEM micro-graphs showing the templated growth of 

freestanding hollow-wall graphene gyroid coating across three thicknesses (a) 300 nm 

(b) 500 nm and (c) 700 nm. The capping layer is platinum, deposited as a part of the FIB 

milling process.   

 

Figure 5. (a)Representative Raman spectra of the hollow-wall graphene gyroid surface. 

Prominent D, G and 2D peaks are present, characteristic of few-layer graphene. (b) ToF-

SIMS depth profile of the hollow-wall graphene gyroid lattice. A negligible Ni+ signal is 

present throughout the bulk of the lattice, confirming removal of the internal template 

after etching. (c) HR-TEM image of a hollow-wall graphene gyroid channel with diameter 

of ~15nm.  
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Figure 6. SEM and surface micrographs of the solid-wall nickel gyroid and hollow-wall 

graphene gyroid taken post-indentation. (a, b) A clear impression of the Berkovich tip is 

present in the nickel solid-wall gyroid lattice after indentation, with minimal elastic 

recovery. (c) Surface SEM image of the hollow-wall graphene gyroid displaying minimal 

damage after indentation to δmax/h ≈ 0.79. Surface profiles after progressively greater 

indentation loading (d) 1000μN, (e) 2000μN, (f) 5000μN was applied to the hollow-wall 

graphene gyroid lattice. Significant elastic recovery is observed in all cases.  
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Figure 7. Hardness H and reduced modulus ER of the (a) solid-wall and (b) hollow-wall 

gyroid coatings as a function of the normalised indentation depth δ/h. The error bars 

indicate the standard deviation over the 16 tests conducted on each coating. The FE 

predictions with nickel solid-wall gyroid coating properties E•
 = 25 GPa, ν• = 0.3 and 
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σY
•  = 510 MPa and hollow-wall graphene gyroid coating properties E⚬

 = 1.2 GPa, ν⚬ = 

0.32 and σY
⚬  = 55 MPa are included.  
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Figure 8. (a) HR-TEM image of the edges of a hollow-wall graphene gyroid showing the 

waviness of the few-layer graphene structure. (b) Wall level schematic idealising the 

waviness as a sine wave of amplitude w0 and wavelength λ. In a wavy wall subjected to 

an axial tension, misalignment induces transverse shear forces on the cross-section of 

the cell wall, leading to interlayer shearing. 

 

Figure 9. Representative volume elements of the solid-wall gyroid and hollow-wall 

gyroid lattices. In this sketch, a solid-wall gyroid with ρ̅ = 0.40 and hollow-wall gyroid 

with ρ̅ = 0.14 are shown. 
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Figure 10. FE predictions of the effective mechanical properties of the solid-wall gyroid 

and hollow-wall gyroid lattices, made from isotropic elastic-perfectly plastic materials. 

The variation of normalised moduli E/ES, G/ES and ν with relative density ρ̅ for (a) the 

solid-wall gyroid and (c) the hollow-wall gyroid display different scaling behavior. A 

similar comparison can be made for the variation of  σYS/σS and ν𝑝  with ρ̅ for the (b) 

solid-wall gyroid and (d) hollow-wall gyroid.   
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Figure 11. Schematic of the axisymmetric conical indentation model used to simulate 

the Berkovich nanoindentation response of gyroid coatings on a FTO/glass substrate.  

 


