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Abstract
Herein, this work aims to develop a facile method for the fabrication of metallic mechanical metamaterial with a well-
ordered diamond structure from a bottom-up approach using a self-assembled block copolymer for templated
electrochemical deposition. By controlling the effective volume fraction of PDMS in PS-b-PDMS via solvent annealing
followed by HF etching of PDMS, it is feasible to obtain nanoporous PS with diamond-structured nanochannels and
used it as a template for templated electrochemical deposition. Subsequently, well-ordered nanonetwork gold (Au)
can be fabricated. As evidenced by nanoindentation and micro-compression tests, the mechanical properties of the
diamond-structured Au after removal of PS give the combination of lightweight and mechanically robust
characteristics with an exceptionally high reduced elastic modulus of 11.9 ± 0.6 GPa and yield strength of 193 ± 11 MPa
above the Hashin-Shtrikman upper bound of 72 MPa with a bending-dominated structure at equivalent density. The
corresponding deformation mechanism can be elucidated by morphological observations experimentally and finite
element analysis (FEA) numerically. This work demonstrates the bottom-up approach to fabricating metallic monolith
with diamond structure in the nanoscale, giving a superior performance as mechanical metamaterials.

Introduction
Historically, the creation of lightweight cellular materials

with mechanically robust characteristics has been the most
sought-after engineering pursuit. The idea to explore
mechanical properties with characteristic cellular archi-
tectures emerged from various lightweight biological sys-
tems such as bone1, sea urchins2, knobby starfish3, and
nacre4. Inspired by these natural cellular materials, a new
paradigm in material science has emerged for fabricating
artificial cellular materials possessing various topologies
for a wide range of applications5. According to the com-
plexity and structural features, cellular materials are

categorized into strut-based open-cellular networks or
bending-dominated structures with strength factor ρ3/2

and surface-based closed-cellular networks or stretching-
dominated structures with strength factor ρ6.
Recent progress in material science for the fabrication of

architectural materials can explore and extend the structure-
property relationship. Despite their geometrical complexity,
it is possible to fabricate well-ordered cellular architectures
with a variety of structures using a top-down method like
additive manufacturing (3D printing and interference litho-
graphy). By taking advantage of the deliberate structuring
effect it is possible to create a superior mechanical perfor-
mance with lower density by fabricating hierarchical net-
work structures7,8. On the definition of metamaterials by
Pendry et al.9,10, the materials whose effective properties are
not from the bulk behavior of the materials that are com-
posed it but mainly from their deliberate structuring. Those
artificially engineered structures with the character of
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metamaterials offer unique emergent properties like high
stiffness, negative Poisson’s ratio, and specific energy
absorption7,11,12. However, the stochasticity and structural
inhomogeneity in such structural features can pre-
dominantly reduce mechanical properties due to the
reduction of density. Moreover, the manipulation of archi-
tectural features in the nanoscale for the fabrication of
mechanical metamaterials remains challenging. Note that
recent advances in the top-down methods are reaching
400–500 nm13. For octa-truss structured carbon fabricated
by the top-down method, the theoretical strength of glassy
carbon can be achieved by reducing the size of the ligament
as studied by Bauer et al.14. It is reasonable to expect that
further reduction of ligament size to tens of nanometer scale
can be able to exhibit superior properties due to the nano-
sized effect. In fact, the fabrication of cellular structures with
nanoscale ligaments has been reported to exhibit high
mechanical properties due to the nanosized effect, where
nanosized ligaments in network structures play a vital role in
enhanced mechanical properties15,16. As demonstrated by
the dealloying approach, it is possible to reach the theore-
tical strength of nano ligament Au17. Yet, the fabrication of
well-ordered hierarchical structures by the top-down
approach is still limited due to their constraint to go
beyond the submicron length scale; also, the top-down
approach might not be cost-effective for material fabrication.
In the past decade, mechanical metamaterials using

metallic materials have gained immense attention due to
the novel design principles, which combine with the
material size effect at the micro/nanoscale and topology
effect of well-ordered texture, giving the combined effect
of nanosize and architecture on mechanical properties.
Depending on their material characteristics and nanos-
tructures, the nanonetwork metals with hollow struts can
show exceptional properties such as low relative density,
high mechanical properties, and enhanced plasmonic
behavior18–21. However, the hollow metallic micro/
nanolattice exhibits low strength due to the significant
reduction in their density22,23, leading to poor energy
absorption capability. Note that recent advances in the
‘bottom-up approach’ can generate deliberately structured

materials, which help to improve the fabrication of
nanonetwork structures. More precisely, the evolution of
metamaterials made from a bottom-up approach or self-
assembly seek to develop entirely new or significantly
enhanced properties by rational design24. Recently, block
copolymers (BCPs) have been extensively investigated due
to their ability to self-assemble into a variety of periodic
nanostructures depending on their molecular weights and
constituent compositions25,26. Among them, diamond
structure finds a prominent position due to their unique
nanonetwork structure with tetrapod texture for high
mechanical properties27–29. Indeed, the mechanical
enhancement from the deliberate structuring of nano-
network textures will be strongly dependent upon the
number of struts and nanosized ligaments in an isotropic
periodic structure. As demonstrated in our previous work,
the diamond structure with four struts is better than the
gyroid structure with three struts due to the higher cap-
ability to distribute the loading stress28. Recently, the
fabrication of nanonetwork materials using bottom-up
approaches has been developed using a polymer template
by atomic layer deposition, electroless plating, sol-gel
reaction, and electro-deposition30–34.
Herein, this work aims to demonstrate the mechanical

characteristics of a well-ordered nanonetwork gold (Au)
with tens of nanometer scale struts (25 nm) (the smallest
strut size for mechanical metamaterials so far) from a
cost-effective method fabricated by a bottom-up approach
using self-assembled polystyrene-b-polydimethylsiloxane
(PS-b-PDMS) with diamond structure as a template for
templated electrochemical deposition. As illustrated in
Fig. 1, the network phase with a diamond structure in the
nanoscale can be acquired through the self-assembly of
PS-b-PDMS. The PDMS block can be selectively etched
using hydrofluoric acid (HF), and a diamond-structured
PS template can be fabricated. Subsequently, the fabri-
cated well-ordered nano-channeled PS can be used as a
template for templated electrochemical deposition using a
cyanide-based electrolyte. Accordingly, after the removal
of the PS template, nanonetwork metallics with free-
standing characteristics can be fabricated, particularly in

Fig. 1 Design and fabrication process. Schematic illustration for fabrication of well-ordered nanonetwork Au from a bottom-up approach.
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the thin-film state. By taking advantage of this bottom-up
approach, it is feasible to fill the material property chart
by Gibson and Ashby with enhanced performance. A
systematic representation of “diamond structure” in
mechanical properties using a bottom-up approach has
not been reported before. Moreover, the top-down
approach for the fabrication of a well-ordered micro-
truss or octa-truss cannot reach the nanosized effect to
show the “smaller the stronger” behavior for a bending-
dominated structure but it can be achieved by the
demonstrated approach in this study. This bottom-up
approach for the fabrication of well-ordered nanonetwork
metallic (Au) nanonetwork should provide com-
plementary knowledge for fabricating low-density mate-
rials with superior mechanical performances resulting
from the deliberate structuring with nanosized texture
and a high degree of order.

Methods and materials
Materials
The PS-b-PDMS block-copolymer was synthesized by

anionic polymerization, which was described in our pre-
vious publications. The PS-b-PDMS used in this study has
a total molecular weight of 86,000 g/mol (M̅n

PS: 51,000 g/
mol; M̅n

PDMS: 35,000 g/mol). The diamond-structured PS
template nanochannels were fabricated by solvent
annealing followed by Hydrofluoric acid (Sigma Aldrich)
etching. The electrochemical deposition was performed
using a cyanide-based aqueous electrolyte from Potassium
dicyanoaurate (I) (Sigma Aldrich).

PS-b-PDMS self-assembled monolith fabrication
The BCP thin film (monolith) can be fabricated by dip

coating using 10 wt % of PS-b-PDMS solution in chloro-
form. The controlled retraction of the silicon wafer
through the precursor solution can result in a thin film of
PS-b-PDMS in the silicon wafer. Moreover, the thickness
of the film can be controlled using the concertation of the
solution and the withdrawing rate of the silicon wafer. The
fabricated film was dried at 50°C for 1 h. By taking
advantage of the solvent annealing apparatus, it is possible
to acquire desired morphology using PS selective solvent
(Chloroform). By using the solvent annealing apparatus, it
is possible to control the solvent flow rate and the nitrogen
purge flow. With the use of selective solvent, the swelling
behavior of the PS block can be varied, and eventually, the
effective volume fraction of PDMS (fPDMS

eff) can be
reduced to 0.35. After solvent annealing with chloroform
at the flow rate of 20ml/min for 30 h a well-ordered dia-
mond structure PS-b-PDMS can be formed. Selective
etching of PDMS using hydrofluoric (HF) acid from PS-b-
PDMS to fabricate nanoporous diamond-structured PS as
templates and collected to an Indium Tin Oxide (ITO)
substrate for templated electrochemical deposition of Au.

Templated electrochemical deposition of Au
The precursor solution for electrochemical deposition

was prepared using 1 g of Potassium dicyanoaurate (I)
(Sigma Aldrich) dissolved in 50ml of methanol. The
electrochemical deposition of Au can occur by a simple
faradaic reaction with direct reduction of metal ions. An
electrochemical cell consisting of Ag/AgCl as a reference
electrode and a platinum mesh as a counter electrode was
used for the reaction. A small molecular-weight solvent
like methanol was used as a surfactant for the infiltration
of aqueous electrolytes. The electro-deposition was per-
formed with cyclic voltammetry from −1.8 V to −0.5 V
versus Ag/AgCl as a reference electrode. Gold metal was
deposited at room temperature at a potential of −1.4 V.
After the deposition, the samples are rinsed with metha-
nol and water and then dried at 50 °C for 12 h. The PS
template can be simply dissolved by an organic solvent. In
this study, styrene (monomer of PS) was applied as a
solvent to remove the PS template. After treatment with
styrene for 12 h, the PS template can be slowly dissolved.
Subsequently, the nanoporous Au was vacuum-dried
overnight to remove the residual styrene.

Nanoindentation measurements
For the mechanical characterization, a nanoindentation

(Hysitron Ti950 triboindenter) measurement with cali-
brated Berkovich and spherical indenter with a diameter
of 2 μm was used. The load-displacement (P-h) curve for
mechanical measurements was conducted using both the
intenders on a metallic monolith sample with a thickness
of 3.2 μm at room temperature. For consistency of results,
the indentation data were obtained after applying different
loads with a maximum load of 400 μN, 600 μN, 800 μN,
1000 μN, and 1200 μN at the same loading and unloading
rate (60 μN/s). The stiffness of the indented samples was
calculated using the initial slope of the unloading curve
S= dP/dh. The reduced elastic modulus of the samples
was calculated using the Oliver-Pharr model.

Er ¼
pπ

2
S
pA

t

Here Er is reduced elastic modulus (indentation mod-
ulus) which represents the elastic deformation that occurs
in both the sample and indenter tip. S is stiffness. At

represents the projected contact area.

Uniaxial micro-compression
The fabrication of the pillar for micro-compression was

performed using a dual beam FIB milling machine (Helios
NanoLab 600, FEI) with FESEM analysis attached to it.
The FIB was conducted in two steps: the surrounding area
of the micropillars was fabricated by fast milling (30 kV,
0.44 nA) followed by slow milling (30 kV, 9.7pA) for final
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cutting to reduce the beam damage, eventually giving a
well-defined pillar with a diameter of 2.4 µm and 3.2 µm
height. SEM imaging was taken at 52° tilt at 5 kV in the
immersion mode. By taking advantage of careful milling
of Au nanonetwork at a lower current, it is possible to
minimize the defects as further confirmed by the FESEM
image. By using a 10 µm diameter flat indenter was used
to apply compressive stress to the fabricated pillar until
the strain hardening. The engineering stress can be cal-
culated from the load at a specific area, whereas the
engineering strain can be calculated using displacement
with respect to the height of the pillar. The yield strength
(σY ) can be considered as the transition between elastic
and plastic deformation points.

Results and discussion
Diamond-structured nanonetwork gold (Au) via templated
electrochemical deposition
By taking advantage of large interaction parameter, PS-

b-PDMS block copolymer can be self-assembled into a
geometrically complex diamond phase by using solvent
annealing apparatus with controlled solvent annealing
using PS selective solvent (Chloroform) for stable lamellae
forming PS-b-PDMS35. Table S1 shows the sample
information (PS-b-PDMS) used in this study36. As shown
in Fig. S1, the characteristic development of diamond
structure from as-cast PS-b-PDMS was studied by FESEM
analysis. Primarily, the as-cast PS-b-PDMS shows network
structure without any particular order as shown in Fig.
S1a; eventually, after solvent annealing using chloroform
for 15 h at the flow rate of 20 ml/min, a partially ordered
diamond-structured PS-b-PDMS can be obtained (Fig.
S1b). Consequently, after annealing at the flow rate of
20 ml/min for 30 h a well-ordered diamond-structured
PS-b-PDMS can be acquired as shown in Fig. S1c. Fur-
thermore, the morphological evolution of PS-b-PDMS
can be reaffirmed by the 1D SAXS profile (Fig. S1d). A
primary peak can be obtained from the SAXS pattern for
the short range ordered texture as shown in Fig. S1d(i). As
exemplified in Fig. S1d(ii), the characteristic primary peak
shifted towards the low-q region after solvent annealing
with chloroform at the flow rate of 20 ml/min for 15 h.
Furthermore, gradual increase in the annealing time for
solvent annealing with a flow rate of 20 ml/min for 30 h,
clear scattering peaks with the relative q values at
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were obtained as shown in

Fig. S1d(iii), which reaffirms the FESEM analysis of the
double diamond phase. Note that the primary peak of the
disordered state should be different from the one with the
developed texture of the ordered phase so that it might
not be appreciated to compare the results between dis-
ordered and ordered ones. As a result, with the use of a PS
selective solvent (chloroform) for solvent annealing, it is
possible to acquire the DD-structured monolith as shown

in Fig. S1c, with the least structural defects but reasonable
long-range ordering. By taking advantage of hydrofluoric
acid etching, diamond-structured nanochannels can be
acquired as a template for templated electrochemical
deposition of gold.
In general, the electrochemical deposition of metals

through the nanochannels of template might encounter a
variety of difficulties for pore-filling. For a better elec-
trochemical deposition of gold, an inert platinum (Pt)
electrode was used as a counter electrode and Ag/AgCl as
a reference electrode. With the use of cyanide-based
electrolytes, pore filling of the aqueous solution of Au ion
into the nanochannels of the PS template can be ensured.
The electrochemical deposition of Au characteristically
involves a faradaic reaction with a direct reduction of
metal cations in the cathode to yield the preferred
deposition of Au into the nanochannels. Moreover, con-
sidering the slow reduction rate, multiple cyclic voltam-
metry was used to ensure the complete pore filling of
nanochannels (Fig. 2a). In contrast to the electrodeposi-
tion of metal oxides and hydroxides, metal electro-
chemical deposition involves the reduction of metal
without any intermediate reactions. For better disposition
characteristics, as shown in Fig. 2b, multiple cyclic vol-
tammetry for electrochemical deposition was conducted
from −1.8 V to −0.5 V versus Ag/AgCl as a reference
electrode. Considering the successive cyclic voltammetry,
the reduction of Au metal ions will occur at −1.4 V
(Fig. 2b). Subsequently, successive reduction proceeds
without any intermediate reactions involved, which favors
a compact deposition; note that for a successful pore-
filling process, a suitable solvent like ethanol should be
used to enhance the accessibility of electrolytes toward PS
template nanochannels. The initial deposition starts with
a nonuniform metal layer after five cycles of CV as shown
in Fig. 2c. However, with the gradual increase in the
number of cycles (20 cycles) for electrochemical deposi-
tion, a uniform layer of reduced Au can be deposited on
the ITO substrate as shown in Fig. 2d. Moreover, after
fifty cycles of CV, well-developed Au nanonetworks in the
PS template can be obtained by controlling the accumu-
lation rate. The electrochemical reaction would be stop-
ped before the overgrowth. By controlling the Au
accumulation rate, a uniform diamond-structured Au in
the PS matrix as a monolith can be successfully fabricated.
The fabricated samples were rinsed with methanol and
washed using deionized water, then dried at 50 °C for 12 h.
Furthermore, the fabricated samples were electively freed
from the PS template by the dissolution of the PS phase
using styrene monomer. As shown in Fig. 2f, the
diamond-structured Au can be fabricated with two
interpenetrated single diamond nanonetworks; note that
the least shifting of nanonetworks can be observed after
the removal of the template (see inset of Fig. 2e).
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Moreover, the fabricated Au nanonetwork with a thick-
ness of ~3.2 μm, as evidenced by the cross-sectional-view
FESEM imaging (Fig. 2f), can be used for a comprehensive
study of mechanical properties. Accordingly, the multiple
cycles of cyclic voltammetry can gradually deposit the
reduced gold into the template. However, for the
mechanical characterization, it is necessary to avoid
overgrowth deposition over the template to preserve the
diamond structure for the nanoindentation test. By taking
advantage of cyclic voltammetry, it is possible to control
the deposition rate in an electrochemical deposition. As a
result, a well-controlled thickness of diamond-structured
Au can be possible for the mechanical test.
The fabricated diamond-structured nanonetwork Au

can be confirmed by the FESEM micrograph as demon-
strated above. To reaffirm the nanostructured Au, one-
dimensional small-angle X-ray scattering (1D SAXS) was
acquired to further examine the observed morphology. As
shown in Fig. S3a, the characteristic reflections at relative
q values of
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can be identified (red line) for

double diamond-structured Au. An appearance of an
additional peak (blue line) is attributed to the shifting of
double-diamond network geometry after removal of the
template, which shows

ffiffiffi
3

p
peak of a single diamond-like

structure. Moreover, a wide-angle X-ray diffraction pat-
tern was used to examine the crystalline Au with a
diamond-structured texture. As shown in Fig. S3b, the
diffraction peaks of 2θ at 38.31° (111), 44.46° (200), 64.67°
(220), 77.45° (311), and 83.3° (222) suggest that the
diamond-structured gold is identified as a crystalline
phase with face-centered cubic (FCC) lattice. Note that
those additional diffraction peaks of 2θ at 30.85°, 51.02°
and 60.66° (Fig. S3b) are the results from the indium tin
oxide (ITO) with crystalline planes of (400), (440), and
(622), respectively. As a result, the templated electro-
chemical deposition of cyanide-based electrolytes gives
the formation of highly crystalline gold. The diamond-
structured Au was further characterized by using FESEM-
EDS with corresponding elemental mapping as exempli-
fied in Fig. S4. Moreover, Fig. S4b and S4c show the
elemental mapping and corresponding EDS-spectra,
respectively, which shows the pure Au after reduction
without any further reactions. Indeed, the results are in
line with the suggested crystalline Au with a diamond-
structured texture. The fabricated nanonetwork Au is in
the highly crystalline FCC form with diamond nanonet-
works. Accordingly, the superior mechanical properties of
the diamond-structured Au including elastic modulus and

Fig. 2 Well-ordered nanonetwork Au thin film fabricated using electrochemical deposition. a Schematic illustration for templated
electrochemical deposition of gold; b Cyclic voltammetry (CV) curve of the multiple cycles for electrochemical deposition; Top-view FESEM
micrograph of nanonetwork Au after (c) 5 cycles, (d) 20 cycles and (e) 50 cycles of electrochemical deposition. e Cross-sectional-view FESEM
micrographs of diamond-structured Au. The inset shows the magnified image of observed morphology.
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yield strength are from the highly crystalline state with
strong metallic bonding instead of an amorphous one.

Mechanical characterization of diamond-structured Au
The mechanical properties of the well-ordered nanonet-

work Au were investigated using a nanoindentation test
fitted with a calibrated Berkovich indenter in Hysitron
Ti950 triboindenter (Hysitron Inc. Minneapolis, MN,
USA.). Note that the Berkovich intender has included angle
of 142.3° and a half angle of 65.27°. Primarily, the indenta-
tion measurements with a maximum load of 400 μN were
used to determine the mechanical properties of intrinsic
(bulk) Au. As shown in Fig. S5, a typical load-displacement
curve for intrinsic Au by nanoindentation can be acquired.
Based on the unloading curve, a reduced elastic modulus
(Er) of intrinsic Au was determined as 76.6 GPa from the
initial slop (S= dp/dh), which is considered as stiffness
from the unloading curve. For a comprehensive study on
mechanical properties of the nanonetwork Au, the
nanoindentation experiments were conducted with a max-
imum load of 400 μN, 600 μN, 800 μN, 1000 μN, and
1200 μN by using Berkovich indenter at the same rate of
loading and unloading (60 μN/s).
As a result, the reduced elastic modulus of diamond-

structured nanonetwork Au using the Berkovich indenter
can be determined as 11.9 ± 0.6 GPa (Fig. 3a). Note that
the maximum indentation depth by the Berkovich
indenter was ~320 nm; the low retracting while unloading
indicates the occurrence of plastic deformation for the
diamond-structured Au as compared to stiffer intrinsic
Au as shown in Fig. S5. To acquire reliable results for
reduced elastic modulus and corresponding deformation
mechanism, further nanoindentation experiments were
conducted using a spherical indenter with a diameter of
2 μm (Fig. 3b). The calculated reduced elastic modulus
using the spherical indenter was ~12.3 ± 0.8 GPa, reaf-
firming the results obtained from the Berkovich indenter.
Herein, the scaling law proposed by Gibson and Ashby for
open-cell network materials (i.e., the open cellular
bending-dominated structure) is typically used to semi-
quantitatively describe the distinctive relationship
between structure and property37. The effective Young’s
modulus of the strut-based structures can be expressed in
terms of relative density, Er=Es � ρ=ρs

� �2
where Er is the

Young’s modulus of metallic nanolattice, Es is Young’s
modulus of intrinsic materials, and ρ=ρs

� �2
represents the

relative density of cellular materials. Moreover, the rela-
tive density of diamond-structured Au was calculated as
ρDD~ 0.35 with respect to the volume fraction of PDMS in
the PS-b-PDMS (fPDMS

v) (i.e., the etching out constituent).
Note that PS-selective solvent was used to fabricate the
PS-b-PDMS self-assembled film with network phase from
the intrinsic lamellar phase35. The effective volume frac-
tion was thus calculated; note that the swelling mainly

occurs in the PS domain as found. With the good pre-
servation of the templated texture (PDMS nanonetwork),
the volume fraction of the nanonetwork Au fabricated is
expected to be approximately equal to the one from the
PDMS (the pore volume after HF etching of PDMS in the
PS-b-PDMS). Subsequently, the relative density was
confirmed by the FESEM micrograph at which the dia-
meter of the strut shows approximately equal size to the
nanonetwork of the PDMS in the PS-b-PDMS (Fig. S6).
By taking advantage of a strut-based, bending-dominated
diamond structure, the expected modulus value for ideal
cellular materials can be calculated as ~8.89 GPa for the
nanonetwork Au with a relative density (ρDD) around 0.35.
Interestingly, the diamond-structured Au fabricated show
significantly high reduced elastic modulus with a value of
11.9 ± 0.6 GPa, which implies the nanonetwork Au with
lightweight characteristics can show outstanding stiffness
with lower density (Fig. 3c).
Note that there are no bending-dominated lattice

materials that can show high stiffness based on scaling law
except octet truss lattice due to the higher number of
ligaments38. This enhanced mechanical property could be
attributed to the combined effect of deliberate structuring
and the nanosized effect. The highest achievable elastic
modulus of porous cellular materials is limited by the
scaling law14,22,37,39,40. Note that the material strength can
be manipulated by fabricating nanonetwork materials
with the nanosized effect as reported before41. Such a
“smaller stronger behavior” has also been reported in
polymer systems by Mieszala et al.42 and ceramic systems
by Li et al. as well as metallic systems by Khaderi
et al.15,43–46. Similarly, the diamond nanonetwork Au
fabricated by templated electrochemical deposition can
show significant enhancement on elastic modulus with
respect to density as compared to predicted values from
bending dominated structure. Furthermore, the applied
stress while loading might lead to the deformation of one
strut where the isotropic periodicity and interconnected
nanonetwork will be able to guard against the complete
failure of the struts, resulting in high stiffness character-
istics. Consequently, there will be an obvious topological
effect on the performance of mechanical properties even
though the material shows a bending-dominated structure
(see below for details from numerical simulation). Fur-
thermore, the deformation mechanism of the nanonet-
work Au fabricated after the nanoindentation tests were
investigated using FESEM imaging at residual indented
locations. As shown in Fig. 4a, the deformation is indeed
confined in the specific contact area while using the
Berkovich tip; note that the neighboring regions after
indentation remain undeformed without any crack pro-
pagation or ligament slips. Moreover, the nanonetwork
struts have a slight bulge while loading due to compres-
sive shearing. By increasing the load, the deformation by
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bulging can be prominent. As evidenced by the load-
displacement curve (Fig. 3a, b), there is no specific
retraction of the unloading curve to indicate the plastic
mode of deformation, which is in line with deformation
behavior at intended locations. Furthermore, the spherical
indented location was also studied under FESEM micro-
graph; note that the further evaluation of post intended
location of the spherical indenter also indicates local
densification at the indented locations of diamond-
structured Au without any ligament slips depicts a plas-
tic mode of deformation as shown in Fig. S7.
To further examine the ligament deformation of nano-

network struts under compression, cross-sectional-view

FESEM with 52° tilt for imaging of milled samples by the
focused ion beam (FIB) was studied. As shown in Fig. 4b,
the initial deformation of the nanonetwork Au with the
loading of 400μN suggests primary distortion by bending
of the struts; note that the initial deformation of the struts
will occur on a specific contact area under the tip without
any substrate effect. Subsequently, after the initial bending,
the plastic deformation can gradually lead to the buckling
of the ligaments (Fig. 4c). Furthermore, the complete
distortion of nanonetwork Au can occur after plastic
bucking (Fig. 4d), which indicates that material failure can
happen through the bending of the structs followed by
buckling. To further examine the effect of deliberate

Fig. 3 Nanoindentation tests for well-ordered nanonetwork Au. The load-displacement curve of the well-ordered nanonetwork Au fabricated by
using (a) Berkovich indenter and (b) spherical indenter under loads of 400 μN, 600 μN, 800 μN, 1000 μN and 1200 μN at a loading rate of 60 μN/s.
c Comparison of Young’s modulus versus density with different porous materials.
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structuring on the mechanical properties of the diamond-
structured Au, a uniaxial micro-compression test was
conducted on a micropillar with a well-defined compres-
sion volume. As shown in Fig. 5a for FESEM imaging with
an angle of 52° tilt, a micropillar with a diameter of
~2.4 μm can be fabricated by FIB milling. By performing
the micro-compression analysis using a flat indenter with a
10 μm diameter, it is feasible to provide comprehensive
evidence of the stress-strain curve as shown in Fig. 5b;
note that the load will be performed until strain hardening.
For a systematic comparison, the micro-compression
analysis was first performed for intrinsic non-structured
Au. As shown in Fig. S8, the yield strength for intrinsic Au
was calculated as 260MPa; note that the yield strength for
intrinsic gold according to the materials property chart
was ~250–275MPa.
Moreover, the intrinsic Au shows significant slips while

loading as shown in Fig. S9a; where the failure of the
material was predominantly by pillar slips. Interestingly,
the failure of the nanonetwork Au occurs after a sig-
nificant elastic limit with high yield strength at ~13% of
strain; after that, complete plastic deformation can be
evident. Interestingly, the plastic deformation of DD-
structures Au starts from the shear bulging of the pillars
without any pillar slips. As shown in Fig. S9b, the occur-
rence of shear bulging along the transverse direction of the
load can be attributed to the bending of the struts followed
by buckling after the elastic limit. Most interestingly, the
yield strength ðσY Þ of the nanonetwork Au calculated from
the stress-strain curve is ~193 ± 11MPa.
The potential of nanonetwork materials to fill the vacant

space in the Ashby plot was readily determined by

employing “continuum” bounds on properties. By taking
advantage of the density property chart of porous mate-
rials (Ashby plot) by Gibson and Ashby, the relationship
between yield strength and relative density of cellular
material can be given by σDD ¼ ρ=ρs

� �3=2
σY at relative

density ρ=ρs
� �

where σY and σDD indicate the yield
strengths of intrinsic Au and the nanonetwork Au,
respectively. The upper bound on the strength of an iso-
tropic porous solid can be estimated using the non-linear
Hashin–Shtrikman upper bound as shown in Eq. (1).

σDD
σY

¼ 2ρ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ρð Þ þ 4 1þ 3=2 1� ρð Þ½ �p ð1Þ

Note that there are few micro-structures of lattice mate-
rials that can be able to achieve the upper bound of the
predicated results from the non-linear Hashin-Shtrikman
model, yet the octet truss lattice is known to have theoretical
properties that might be able to reach the upper limit. As
shown in Fig. 5c, the yield strength ðσY Þ of the diamond-
structured Au is ~268% larger than the expected value
according to the Hashin-Shtrikman upper bound (72MPa);
note that the intrinsic Au shows a yield strength of
~260MPa (Fig. S8).
Moreover, the yield strength of diamond-structured Au is

two times higher than the previously reported nanoporous
Au (90MPa) by Biener et al. Furthermore, the diamond-
structured nanonetwork Au shows significant enhancement
in yield strength as compared to Ni-P hollow tube, Cu
mesolattice, Al-Si10-Mg47 and other nanoporous metals
such as Cu and Au17,22,38,40,43,48–53. Accordingly, those
results suggest the enhancement of the strength of the Au

Fig. 4 Microscopic analysis of post-indentation locations. a FESEM micrographs of diamond-structured Au after nanoindentation using
maximum loads of 400 μN, 600 μN, 800 μN, and 1200 μN with the use of Berkovich indenter. Cross-sectional-view SEM of diamond-structured Au after
nanoindentation using spherical indenter with the maximum loads of (b) 400 μN (c) 800 μN and (d) 1600 μN.
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by the deliberate structuring even with lower density, in line
with the concept of “smaller stronger behavior” reported by
Biener et al.43,52,54. Moreover, the exceptional yield strength
can be attributed to the combination of well- ordered dia-
mond texture and well-interconnected nanosized struts,
giving the synergistic effects from the topology of the well-
ordered nanonetwork Au with the character of mechanical
metamaterials. As shown in Fig. 5b, the deformation of the
nanonetwork Au shows high yield strength at the beginning
followed by plastic deformation.

Finite element analysis (FEA) of nanonetwork gold
To further explore the high mechanical properties and

deformation mechanism of the well-ordered nanonetwork

Au under equivalent stress, a numerical method for
examining the strain distribution under the loading of
diamond-structured Au models under nanoindentation
was conducted by finite element analysis (FEA). The
periodic boundary condition was applied for analysis
using FEA. The mesh of the finite element model was
provided as shown in Fig. 6a. The legends show von Mises
stress/strain distribution of single unit cell for diamond
structure. The unit for stress is Pa. As shown in Fig. 6b,
the isometric view of von Mises stress shows that tends to
maximize at the struts, reassuring the formation of
deformation through the strut centers, which explains the
microscopic failure confirmedly initiated from the struts
rather than the nodes. Moreover, the stress distribution

Fig. 5 Mechanical characterization of diamond-structured Au. a FESEM image of diamond-structured Au micropillar before uniaxial micro-
compression. The inset shows the enlarged image of the sidewall of the micropillar. b Engineering stress-strain curves of diamond-structured Au.
c Yield strength vs density material property chart comparing different porous metals with nanonetwork Au.
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happens at the whole strut reaching out to the center of
the strut as shown in the 2D demonstration, giving the
plastic deformation of the strut (Fig. 6c). Note that the
applied loading could lead to the failure of one strut,
giving neighboring struts start to involve guarding against
complete failure of a collective network system, giving
high elastic modulus and yield strength. As a result, the
diamond-structured Au can be able to prevent effective
failure that result from the slips as for the intrinsic Au;
instead, plastic deformation can be dominated without
slipping. Accordingly, the von Mises strain (εvon Mises) can
be distributed through the strut, in line with the
nanoindentation results (Fig. 4); note that the post-
deformation behaviors after nanoindentation (Fig. 4)
exhibit a bending mode of deformation followed by
buckling through the strut. As a result, the isotropic
periodicity in the diamond-structured Au can distribute
the applied stress through the neighboring struts equally
and symmetrically; that might be one of the reasons for
high mechanical properties with low density. Further-
more, the deformation mechanism was examined by
investigating the plastic strain on the nanonetwork Au at
different strains from 1%, 2%, 5%, and 10% as shown in

Fig. 6d. As found, the deformation strain (εplastic) at 1%
and 2% are within the elastic region; the computed strain
clearly shows the strain maximization at the middle of the
connective node; note that this might be attributed to the
linear elasticity by bending of the strut. Furthermore, the
nanonetwork Au exhibits plastic deformation at 5% and
10% of strain, the contours of equivalent plastic strain
indicate the location of buckling and morphological
rupture at plateau yield. As a result, the plastic deforma-
tion of well-ordered nanonetwork Au should occur
through elastic bending of the strut followed by plastic
buckling without any ligament slips; that is similar to the
results reported by Biener et al. and also in line with the
FESEM observations of post-indentation analysis. The
mechanical enhancement from the deliberate structuring
of nanonetwork textures for thermoset polymers fabri-
cated by templated polymerization has been demon-
strated by Ho et al. As reported in this article, the
diamond-structured monolith is better than the one with
gyroid, indicating that the higher number of struts in
tetrahedral geometry is indeed superior in terms of
mechanical performance than the trigonal planar geo-
metry in gyroid. As a result, diamond-structured

Fig. 6 Finite element analysis of diamond structured Au. a Finite element model and boundary condition b von Mises stresses distribution c von
Mises strain distribution and d Equivalent strain at different strain levels ε= 1%, ε= 2%, ε= 5%, and ε= 10%.
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nanonetwork Au was fabricated to scrutinize the
mechanical properties of deliberate structuring of metals
in the nanoscale.
In fact, the fabrication method can be extended into

various nanonetwork materials with a high number of
struts for the enhancement of the mechanical properties
of network materials. Here, this study aims to enhance the
mechanical properties of strut-based metallic materials
even though it shows bending-dominated behavior; note
that the bending-dominated structures can largely reduce
the dependence of mechanical properties with density. As
found in this study, the nanonetwork Au fabricated can
show significant enhancement in reduced elastic modulus
and yield strength above the upper limit of the Hashin-
Shtrikman upper bound14,54,55. Accordingly, the nano-
network Au fabricated can be used as a represented sys-
tem of open-cell porous materials with high strength at
low density for practical applications.

Conclusions
A well-ordered nanonetwork Au with precisely con-

trolled nanoscale dimension can be fabricated by a
bottom-up approach using a self-assembled block copo-
lymer as a template for templated electrochemical
deposition. The mechanical properties of the diamond-
structured Au were examined by nanoindentation and
micro-compression tests, showing superior reduced elas-
tic modulus and yield strength based on material
property-density plots using the scaling law proposed by
Gibson and Ashby even though the fabricated networks
are bending-dominated cellular material. The deforma-
tion mechanism of the nanonetwork Au was bending-
dominated as evidenced by FESEM imaging experimen-
tally and by numerical simulation using FEA at which the
applied stress can be distributed equally through the
struts. The enhanced mechanical performances are
attributed to the combined effects of deliberate structur-
ing with diamond network texture and nanosized liga-
ments in the well-ordered Au fabricated in this study.
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