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 A B S T R A C T

Hierarchical nanoscale network materials have gained increasing interest over the last decade attributing to 
their enhanced functional and mechanical performance, combined with reduced density. However, inves-
tigations into their Poisson’s ratio, a key fundamental mechanical property, remain lacking. In this work, 
monolithic hierarchical nanoporous gold with tunable structure size and solid volume fraction were prepared 
via a two-step electrochemical dealloying method. By using in-situ digital image correlation technique, we 
measured their elastic and plastic Poisson’s ratios during macroscopic compression. The effects of solid 
fraction, upper level ligament size and strain were explored systematically. We found that both the elastic 
and plastic Poisson’s ratios are independent of the upper level ligament size and compressive strain. Notably, 
we introduced a novel scaling law of elastic Poisson’s ratio with solid fraction in hierarchical nanoscale network 
materials and verified it experimentally. This study addresses a knowledge gap in the mechanics of hierarchical 
nanoscale network materials, offering a comprehensive understanding of their structure–mechanical property 
relationships. This insight provides a foundation for the design of novel materials and the optimization of their 
functional and mechanical properties.
1. Introduction

Nanoporous gold (NPG) with bicontinuous network structure made 
by electrochemical or chemical dealloying has served as a model ma-
terial system to study the relationships between microstructure and 
mechanical properties (such as stiffness, strength and Poisson’s ratio) 
in nanoscale network materials. This is attributed to its facile fabrica-
tion, high chemical resistance and tunable structure parameters such 
as ligament size and solid fraction [1–9]. Moreover, understanding 
the mechanical properties of nanoporous metals is essential to opti-
mize their performances in various applications such as lightweight 
structural materials, actuators, strain sensors and catalysts [10,11].

Beyond unimodal nanoporous metals, nanoporous metals with hier-
archical structure (e.g., two or three well-defined ligament/pore sizes) 
have attracted increasing attentions in the last two decades [12–21]. 
This is because the large pores at upper hierarchical levels are benefi-
cial for fast mass transport and small pores at lower hierarchical levels 
for a large surface-to-volume ratio, thus providing an efficient approach 
for optimizing functional performances in various applications such 
as batteries, supercapacitors and fuel cells. Recently, the successful 
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fabrication of crack-free macroscopic hierarchical nanoporous gold 
(HNPG) with independently tunable structure size and solid fraction 
at two hierarchical levels [19,20] has opened the door to study the 
mechanics of such a class of materials via conventional mechanical 
testing methods. This allows HNPG to serve as a model material sys-
tem to understand the fundamental structure–mechanical properties 
in hierarchical nanoscale network materials in general. For instance, 
mechanical studies on HNPG demonstrated that structural hierarchy 
can lead to enhanced specific stiffness and strength of network mate-
rials at the nanoscale and simultaneously reduced densities. Moreover, 
ligament size effect at each hierarchical level and quantitative scaling 
equations between stiffness/strength and solid fraction have already 
been explored [19,21]. However, studies on Poisson’s ratio 𝜈, a material 
property that complements Young’s modulus in describing the elastic 
behavior of materials under stress, remain absent. 𝜈 quantifies the 
deformation of a material in directions perpendicular to the applied 
force and can be expressed as: 

𝜈 = −
𝛿𝜀t
𝛿𝜀a

(1)
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Fig. 1. Preparation process, appearance and microstructure of hierarchical nanoporous 
gold (HNPG). (a) Scheme describing the synthesis route and structural features of each 
stage from Ag93Au7 master alloy to nanoporous Ag75Au25 (NPSG) alloy and then to 
HNPG, (b) SEM images showing the fracture surface microstructure of HNPG. The lower 
level ligaments were embedded in the upper level ligaments to form a hierarchical 
structure. (c) Optical microscope images of HNPG free from cracks and defects. The 
dimensions and weight are then measured to obtain the solid volume fraction.

where 𝜀t denotes transverse strain and 𝜀a denotes axial strain when a 
material is stretched or compressed. Indeed, even for non-hierarchical 
NPG, the studies on Poisson’s ratio are quite limited comparable to 
Young’s modulus and yield strength, mainly due to the difficulties 
in producing high-quality samples and accurate measurements of the 
transverse strain. In this work, we fabricated crack-free HNPG bulk 
samples with tunable upper level ligament sizes by a dealloying-
coarsening-dealloying method. Using digital image correlation (DIC) 
and loading/unloading protocols during macroscopic compression, the 
elastic Poisson’s ratio and plastic Poisson’s ratio were successfully 
measured at different stages of engineering strain for HNPG samples 
with different structure size and density. Moreover, we propose a novel 
scaling law for the elastic Poisson’s ratio of hierarchical nanoscale 
network materials, and verify it by our experimental results.

2. Experimental procedures

2.1. Master alloy

Ag93Au7 (at.%) master alloy was produced by alloying Au wires 
(99.95%, Alfa Aesar) and Ag wires (99.99%, Heraeus Metals) through 
repeated melting and solidification in an arc-melter (MAM-1, Edmund 
Bühler) under Ar gas atmosphere. Subsequently, the master alloy ingot 
was sealed in an evacuated quartz tube and homogenized at 850 °C for 
over 7 days. The ingot was then cold rolled to a 1.2 mm thick plate 
using a manual rolling mill, using small increments of strain each time 
to avoid cracking. Finally, the plate was cut into cuboids 0.8 mm ×
0.8 mm × 1.2 mm with a diamond wire saw.

2.2. Hierarchical nanoporous gold

The hierarchical nanoporous gold samples were prepared by using 
the ‘‘dealloying-coarsening-dealloying" synthesis protocol in [19]. As 
illustrated in Fig.  1a, this synthesis method consists of three stages: 
in Stage I, the samples were electrochemically dealloyed from the 
Ag93Au7 master alloy to nanoporous Ag75Au25 (NPSG) alloy; in Stage II,
the NPSG samples were annealed at a given temperature 𝑇𝑎 (from 
300 °C to 450 °C in this work) for 30 min in vacuum (< 10−6 bar, 
MILA-5000, ULVAC) to form a coarsened porous network structure, 
which is the upper hierarchical structure; in Stage III, the fine porous or 
network structure, which is the lower hierarchical level structure, was 
formed inside the coarsened upper level ligaments through a second 
2 
Fig. 2. The digital image correlation (DIC) setup for measuring Poisson’s ratio of a 
HNPG sample during uniaxial macro-compression. (a) Photo of the setup. Left side of 
the image is a high-precision/high-speed camera and a matching adjustable illumination 
device. The sample to be tested is placed between the conical push rods of a universal 
mechanical testing device, which are designed to provide an enhanced illumination on 
the surface of the sample being tested. (b) Simplified schematic diagram of the setup, 
illustrating that the random characteristics of the sample surface are created using 
artificial spray paint to enhance contrast and allow more accurate DIC analysis. (c) A 
high-resolution image of one HNPG sample under the camera with proper exposure 
and focus to ensure the accuracy of DIC analysis. εt and εa represent the transverse 
and axial strain respectively. Virtual strain gauge maps of (d) εt and (e) εa when the 
engineering strain is 10%.

dealloying process. During dealloying, a potentiostat (PGSTAT 302N, 
Metrohm) was used. The scanning electron microscope (SEM) and 
optical microscope images of one representative sample, as-prepared 
HNPG, are presented in Fig.  1b and c, respectively.

2.3. Scanning electron microscopy

A scanning electron microscope (FEI Helios Nano Lab G3) equipped 
with an immersion lens was used to characterize the microstructure of 
NPSG and HNPG. A working distance of around 4 mm and an acceler-
ating voltage of 2 kV were used. To characterize the internal structure 
and confirm the structural uniformity, SEM images are taken of the 
fracture surfaces of the samples. The cross-sectioning was performed 
by precision cutting of the center of the samples using a scalpel for 
as-prepared samples. For the cutting of plastically deformed samples, 
focused ion beam (FIB) milling with gallium source was used to initially 
fabricate a micropillar with a diameter of 8 μm and a height-to-diameter 
aspect ratio of 2.5. To avoid excessive damage by the ion beam to the 
microstructure, the micropillar was milled stepwise, gradually reducing 
the ion beam current from 5.0 nA to 0.5 nA at an accelerating voltage 
of 30 kV. To minimize FIB-induced surface artifacts, such as curtaining, 
a protective platinum layer was deposited on top of the micropillar 
prior to cross-sectioning, which was subsequently carried out at 30 kV 
and 0.5 nA. Ligament size, defined as the mean diameter of the liga-
ments, was determined by measuring the neck of at least 50 ligaments 
in a single SEM image using ImageJ software (version 1.53k) [22]. 
The chemical compositions of the NPSG and HNPG samples were 
determined by means of energy-dispersive X-ray (EDX) analysis. EDX 
measurements were also performed on the fracture surfaces of the 
samples with a working distance of around 4 mm and an accelerating 
voltage of 15 kV.

2.4. Mechanical tests

Uniaxial compression tests were performed using a universal me-
chanical testing machine (Zwick 1474). The testing machine is equipped
with a high-resolution camera (LaVision, Phantom Miro M-series) to 
capture detailed images during deformation, enabling precise strain 
measurements based on the high-resolution images. In-situ DIC analysis 
was performed using professional software (DaVis 8.3.0) to process 



H. Sun et al. Acta Materialia 298 (2025) 121393 
and analyze the captured digital images. An engineering strain rate 
of 10−4 /s, a preload of 0.5N, and unload/reload cycles were applied 
in all tests. The effective Young’s modulus E at a given strain was 
determined by calculating the secant modulus from the corresponding 
loading/unloading segment. To obtain high-quality images suitable 
for the DIC analysis, proper illumination and specific features on the 
surface of the specimen are essential. In our setup, we constructed a 
cylindrical push rod, as shown in Fig.  2a and b, to ensure uniform 
illumination across the samples. Furthermore, a multi-color painting 
technique using black, white and gray was applied to generate random, 
high-contrast features, enhancing image quality for accurate strain 
measurement, as illustrated in Fig.  2c. This approach ensures accurate 
strain measurements. Virtual strain gauges were positioned on the 
sample surface in a manner that allowed for the measurement of 
the axial strain parallel to the loading direction, denoted as 𝜀a, and 
transverse strain perpendicular to loading direction, denoted as 𝜀t (see 
Fig.  2c–e) [5,23]. Poisson’s ratio is measured during both elastic and 
plastic deformation regimes and is called elastic Poisson’s ratio (𝜈E) and 
plastic Poisson’s ratios (𝜈P), respectively.

3. Scaling laws

For open porous materials with a small solid fraction (𝜑), their 
mechanical properties (𝑃 ) often follow the Gibson–Ashby scaling laws 
𝑃 = 𝑏𝑃𝟢𝜑𝛽 with 𝑏 and 𝛽 constants [24,25] and 𝑃0 denotes the mechan-
ical properties of the massive or local materials. Gibson–Ashby power 
laws provide a robust foundation for predicting mechanical properties 
including elastic modulus and strength of low-density cellular solids 
such as foams and porous materials having connectivity invariable with 
solid volume fraction [25], while for random porous structure having 
connectivity varying with solid volume fraction and a percolation 
threshold (𝜑per), the following modified Roberts–Garboczi scaling laws 
were introduced, 

𝑃𝗇𝖾𝗍 = 𝑃0𝐶
(𝜑net − 𝜑per

1 − 𝜑per

)𝑚
(2)

where C and m are constants.
In a hierarchical nanoscale network material, the overall mechanical 

response, 𝑃𝑛, is composed of the individual mechanical contributions 
provided by each hierarchy level, 𝑃𝑗 . Analogous to Eq. (2), 𝑃𝑛 can be 
therefore expressed as: 

𝑃𝑛 = 𝑃0𝐶
𝑛

𝑛
∏

𝑗=1

(𝜑𝑗 − 𝜑per
1 − 𝜑per

)𝑚
(3)

where n denotes the number of hierarchical levels.
For simplicity, assuming identical solid volume fraction and similar 

geometry at each hierarchical level (nested network [13,19]), Eq. (3) 
becomes: 

𝑃𝗇𝖾𝗍 = 𝑃𝟢 𝐶
𝑛

(

𝜑1∕𝑛
𝗇𝖾𝗍 − 𝜑per
1 − 𝜑per

)𝑚𝑛

(4)

where 𝑃𝗇𝖾𝗍 denotes the mechanical property of a n-level hierarchical 
network material for 𝜑𝗇𝖾𝗍 ≤ 2−𝑛.

It has been reported that Roberts–Garboczi scaling laws can describe 
fairly well the dependency of both Young’s modulus and shear modulus 
on solid volume fraction for random porous network materials having a 
percolation threshold [26]. According to equation Eq. (4), the Young’s 
modulus E and shear modulus 𝐺 of hierarchical random network 
materials can be written as: 

𝐸net = 𝐶𝑛
E𝐸0

(

𝜑1∕𝑛
net − 𝜑per
1 − 𝜑per

)𝑛𝑚E

(5)

𝐺net = 𝐶𝑛
G𝐺0

(

𝜑1∕𝑛
net − 𝜑per

)𝑛𝑚G

(6)

1 − 𝜑per

3 
where 𝐶E and 𝑚E are the characteristic constants for Young’s modulus; 
𝐶G and 𝑚G are the characteristic constants for shear modulus; 𝐸0 and 
𝐺0 denote the Young’s modulus and the shear modulus of the solid 
material, respectively.

For isotropic materials, the above three elastic constants have the 
following relationship [27]: 

𝜈E = 𝐸
2𝐺

− 1. (7)

Taking Eq. (5) for 𝐸 and Eq. (6) for 𝐺 in Eq. (7), the scaling equation 
for the elastic Poisson’s ratio of a n-level hierarchical network material 
(𝜈Enet ) is derived as: 

𝜈Enet = (𝜈E0 + 1)
(

𝐶E
𝐶G

)𝑛
(

𝜑1∕𝑛
net − 𝜑per
1 − 𝜑per

)𝑛(𝑚E−𝑚G)

− 1 (8)

where 𝜈E0 denotes the elastic Poisson’s ratio of the solid material.
Young’s modulus
For uni-modal nanoporous structure produced by dealloying, a self-

organization process, at low 𝜑net, ligaments with high aspect ratios 
are prone to disconnection due to the Plateau–Rayleigh instability [3,
28,29] and finally form disconnected clusters when 𝜑net decreases 
to a limit value, namely the critical percolation threshold, 𝜑per = 
0.159 [30]. Modified Roberts–Garboczi equations have been introduced 
to describe the relationship between mechanical properties and solid 
volume fraction in dealloying-made NPG by Soyarslan et al. [30]. The 
fitting with simulation results gave 𝐶E ≈ 2.0 and 𝑚E ≈ 2.5, which 
values are also supported by experimental data on NPG with 𝑛=1 in 
literature. These constants remain valid when describing the scaling 
behavior of Young’s modulus in HNPG with 𝑛=2 [19]. The scaling 
law for Young’s modulus in hierarchical nanoporous metals with nested 
network structure and equal solid volume fraction at each hierarchical 
level takes the form [19]: 

𝐸𝗇𝖾𝗍 = 𝐸𝟢 2𝑛
(

𝜑1∕𝑛
𝗇𝖾𝗍 − 𝜑𝗉𝖾𝗋

1 − 𝜑𝗉𝖾𝗋

)5𝑛∕2

(9)

for 𝜑𝗇𝖾𝗍 ≤ 2−𝑛, where n denotes the number of hierarchy levels, 𝐸0 = 
79GPa for Au [31].

Shear modulus
Direct measurements on the shear modulus of NPG are not available 

in the literature. According to Eq. (7), we estimated the values of 𝐺
based on the measured 𝜈𝐸 and 𝐸 of NPG in literature [5,23,32,33,33–
35]. By fitting the data using Eq. (6) with n = 1 and taking 𝐺0 = 27 
GPa for Au [31], we obtained the characterized constants 𝐶G ≈ 2.0 
and 𝑚G ≈ 2.4. The fitting curve is shown in Fig.  A.1(a). The modified 
Roberts–Garboczi scaling equation for shear modulus then takes the 
form: 

𝐺𝗇𝖾𝗍 = 𝐺𝟢 2𝑛
(

𝜑1∕𝑛
𝗇𝖾𝗍 − 𝜑𝗉𝖾𝗋

1 − 𝜑𝗉𝖾𝗋

)2.4𝑛

(10)

Elastic Poisson’s ratio
Taking the characteristic constants for E in Eq. (9) and for 𝐺 in 

Eq. (10), thus we have the scaling equation of 𝜈E as: 

𝜈Enet = (𝜈E0 + 1)

(

𝜑1∕𝑛
net − 𝜑per
1 − 𝜑per

)0.1𝑛

− 1 (11)

Scaling curves of elastic Poisson’s ratio with solid volume fraction for
n = 1 and 2 are shown in Fig.  A.1b.

4. Results

4.1. Microstructure

The microstructure variation in NPSG and HNPG when adjusting 𝑇𝑎
in Stage II are characterized by SEM. Fig.  3a - d shows that the ligament 
sizes of NPSG samples increase from 60 nm to 180 nm when 𝑇
𝑎
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Table 1
Structural parameters of hierarchical nanoporous gold (HNPG) samples.
𝑇𝑎 (◦C) 𝜑net 𝜑1 𝜑2 𝐿1 (nm) 𝐿2 (nm)
300 0.146±0.013 0.457±0.021 0.319±0.020 20 ± 2 60 ± 3
350 0.131±0.014 0.402±0.022 0.327±0.019 20 ± 2 100 ± 9
400 0.129±0.020 0.385±0.028 0.336±0.021 20 ± 2 140±11
450 0.126±0.015 0.390±0.035 0.322±0.046 20 ± 2 180±12

Note: 𝑇𝑎, annealing temperature. The data for solid volume fraction and ligaments 
size take the mean value of at least 10 samples. 𝜑1 and 𝜑2 denote solid volume 
fraction of the lower and upper level hierarchical structures, respectively. 𝜑net
denotes net or total solid volume fraction of HNPG, where 𝜑net = 𝜑1 × 𝜑2.
Fig. 3. Microstructure of NPSG alloy and HNPG samples at different annealing 
temperatures. (a–d) SEM images of NPSG alloy annealed at 300 °C, 350 °C, 400 °C and 
450 °C, respectively, showing ligament sizes of 60 nm, 100 nm, 140 nm and 180 nm. 
(e–h) SEM images of the HNPG samples dealloyed out of NPSG alloy samples in (a–d), 
showing the same lower level ligament size (𝐿1) of 20 nm, while the upper level 
ligament size (𝐿2) retain the original ligament size of the corresponding nanoporous 
Ag75Au25 alloys.

increases from 300 °C to 450 °C. Fig.  3e–h shows that the upper ligament 
sizes (𝐿2) of HNPG also increase with increasing 𝑇𝑎. Clearly, the values 
of 𝐿2 in HNPG are similar to the ligament sizes of corresponding 
NPSG, increasing from 60 nm to 180 nm as 𝑇𝑎 increases from 300 °C to 
450 °C. By contrast, all HNPG samples show the same ligament size of 
𝐿1 =20 nm at the lower hierarchy level irrespective of 𝑇𝑎, attributing to 
the same dealloying conditions at Stage III. The mean values of 𝐿1 and 
𝐿2 that obtained by measuring at least 10 samples for each synthesis 
condition are listed in Table  1. EDX measurements indicate that the 
residual Ag contents in NPSG and HNPG are 75 ± 1 at.% and less than 
2 at.%, respectively.

Table  1 also includes the information on solid volume fraction of the 
investigated NPSG and HNPG samples. The net solid volume fraction 
(𝜑 ), or relative density, of as-prepared NPSG and HNPG samples was 
net

4 
estimated by measuring samples’ mass and volume. Under the assump-
tion of invariable solid volume fraction for the upper level hierarchical 
structure during annealing and in Stage III, the solid volume fraction of 
structure at upper hierarchical level (𝜑2) is supposed to equal to 𝜑net of 
corresponding NPSG. The values and error bars for 𝜑net and 𝜑2 listed 
in Table  1 are obtained by measuring at least 10 samples. The solid 
volume fraction of structure at lower hierarchical level (𝜑1), is then 
estimated by: 

𝜑1 =
𝜑net
𝜑2

(12)

It is observed that HNPG samples with the smallest 𝐿2 = 60 nm show 
the highest 𝜑net =0.146, while HNPG samples with larger 𝐿2 show 𝜑net
in the range of 0.126 to 0.131. This is consistent with the trend for 
𝜑2 of HNPG and 𝜑net of NPSG. That is mainly due to the relatively 
small size of upper level 𝐿2. During the dealloying process, nanoporous 
gold can densify near its external surface which has been reported by 
previously published work [36]. This induced a higher 𝜑1 and then 𝜑net
in 𝐿2 = 60 nm sample for all the lower level ligaments are relatively 
more closer to the external surface due to the smaller upper level 
ligaments’ size compared to other samples.

4.2. Mechanical properties

The uniaxial compression tests were carried out on millimeter sized 
HNPG samples by using a conventional mechanical testing device as 
shown in Fig.  2a. Mechanical properties, including Young’s modulus 
and both elastic and plastic Poisson’s ratio, were obtained by mea-
suring more than 40 crack-free HNPG samples. All samples have a 
similar lower level ligament size of 𝐿1 = 20 nm. The mean values 
for 𝐿2 (60 nm–180 nm), 𝜑net (0.126–0.146), 𝜑1 (0.319–0.336) and 𝜑2
(0.385–0.457) varying with annealing temperature are listed in Table 
1. All samples were compressed to an engineering strain exceeding 
60%. Note that only the Young’s modulus and Poisson’s ratio in the 
deformation stage of the first 35% 𝜀eng was further analyzed and 
discussed subsequently.

Fig.  4a shows the engineering stress–strain curves featuring load-
ing/unloading segments of four representative HNPG samples with 𝐿2
varying from 60 nm to 180 nm but nearly the same 𝜑net (0.142). 
It shows that all samples can undergo large plastic strains over 60% 
without cracks or failure. The flow stress increases continuously with 
the increasing engineering strain for all four samples, due to the effects 
of strain hardening and densification. The variation of E, 𝜈E and 𝜈P
during compression are shown in Fig.  4b–d, respectively. Fig.  4b shows 
that E increases with 𝜀eng for all HNPG samples due to the densification-
induced increase in solid volume fraction. It is also observed that, 
despite having nearly the same 𝜑net, HNPG with the smallest 𝐿2 shows 
a slightly higher elastic modulus value than the other three samples. 
This might be explained by a greater reduction in connectivity during 
the annealing stage for the other three samples with larger 𝐿2 [9,29].

Fig.  4c and d show 𝜈E and 𝜈P versus 𝜀eng, respectively. Different 
from the relationship between 𝐸 and 𝜀eng, both 𝜈E and 𝜈P remain nearly 
constant during the entire compression, irrespective of 𝐿2. There is a 
slight increase in 𝜈E with strain even until a compressive strain of 𝜀eng
= 60%; there is a slight decrease in 𝜈  with strain at the small strain (<
P
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Fig. 4. Results of uniaxial loading/unloading compression test of 4 representative HNPG samples with different 𝐿2 varying from 60 nm to 180 nm and approximate initial solid 
volume fractions of 0.144, 0.142, 0.141 and 0.142, respectively. (a) Engineering stress–strain curves (𝜎 -  𝜀eng). The zoomed image shows a loading/unloading segment, (b) The 
log-linear plot of Young’s modulus E as a function of engineering strain 𝜀eng, (c) Elastic Poisson’s ratio (𝜈E) as a function of engineering strain (𝜀eng) and (d) Plastic Poisson’s ratio 
(𝜈P) as a function of 𝜀eng. The error bars represent the standard deviation, which are the max and min values of measured 𝜈E and 𝜈P during each elastic and plastic deformation 
stage.
Fig. 5. The log-linear plot of Young’s modulus (E) as a function of the network solid 
volume fraction (𝜑net) of HNPG at different compressive strains. The four HNPG samples 
have an approximately same initial 𝜑net = 0.142 and 𝐿2 vary from 60 nm to 180 nm.

30%) and then an increase in 𝜈P with strain at the large strain regime 
(> 30%). This indicates that the deformation changed solid volume 
fraction and morphology/topology, but the change of these parameters 
have different influences on E and 𝜈.

Fig.  5 plots E versus 𝜑net for the four HNPG samples from Fig. 
4. The values of 𝜑net of all these four HNPG samples increase to 
around 0.26 as 𝜀eng increases to 60%. These deformed HNPG samples 
show an increase of E with increasing 𝜑net. In addition, we observed 
that the four E versus 𝜑net curves gradually converge, indicating E
becomes independent of 𝐿2 in the highly deformed state. This sug-
gests that the new connections resulting from the compression process 
5 
effectively compensate for the different reduction in connectivity or 
disconnections that occur during the annealing stage of synthesis.

Fig.  6 presents the relationship between 𝜈E and 𝜑net for HNPG 
samples with distinct 𝐿2 values under a compressive strain of up to 
35%. The results for the four samples from Fig.  4, one for each 𝐿2
(60 nm, 100 nm, 140 nm and 180 nm), are indicated by the open 
symbols in Fig.  6a–d, respectively. The plots of 𝜈E in response to 
engineering strain are shown in Fig.  A.2a - d. It is interesting that even 
though a large compression deformation leads to an increase in 𝜑net, 
it has no significant effect on the 𝜈E across all the samples. 𝜈E shows 
very slight increase, almost invariable, during compression, although 
both the solid volume fraction and the network connectivity increase 
substantially during deformation. Some possible underlying causes of 
this unexpected observation are included in our Discussion Section.

In addition to these four samples, at least additional 9 samples for 
each 𝐿2 were measured. The yellow shaded areas in Fig.  6a - d represent 
the average results obtained from at least 10 HNPG samples for each 𝐿2. 
These HNPG samples show 𝜑net in the range of 0.14–0.22 and 𝜈E in the 
range of 0.11–0.21. Focusing on low 𝜑net regimes (𝜑net = 0.14–0.16) 
or in other words small plastic deformation regions, all HNPG samples 
have 𝜈E close to 0.15, except for a slightly higher 𝜈E observed for HNPG 
with 𝐿2 = 140 nm in Fig.  6c. This observation agrees overall with the 
size independence of 𝜈E in non-hierarchical nanoporous metals [5]. The 
deviations between samples with identical or different 𝐿2, especially for 
samples with relatively larger 𝐿2, might be attributed to the variations 
in connectivity resulting from the coarsening and shrinking processes 
in the synthesis.

Fig.  7 shows the effect of 𝐿2 on the relationship between 𝜈P and 
𝜑net. Same to Fig.  4 and Fig.  5, results from the four HNPG samples 
with different 𝐿2 and an approximately identical 𝜑 are presented here. 
It shows in the regime of 𝜑net = 0.15 - 0.22, 𝜈P varies from 0.05 to 0.12. 
Similar to the effect of 𝐿  on 𝜈  shown in Fig.  6, the HNPG sample with 
2 E
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Fig. 6. The variations in the 𝜈E of HNPG with different 𝐿2 as a function of 𝜑net evolution are presented. (a), (b), (c) and (d) 𝜈E for HNPG samples with 𝐿2 ranging from 60 nm to 
180 nm. The yellow-shaded region in each figure represents the spread of 𝜈E for at least 10 samples, with the upper and lower boundaries defined by the maximum and minimum 
values at the corresponding 𝜑net. Additionally, the 𝜈E of a representative sample is included within each shaded region. The error bars represent the standard deviation, which are 
the max and min values of measured 𝜈E during each elastic deformation stage.
Fig. 7. The variations of the 𝜈P of 4 representative HNPG samples with different 𝐿2, 
ranging from 60 nm to 180 nm, and approximate initial 𝜑net, are shown as a function 
of 𝜑net. The error bars represent the standard deviation, which are the max and min 
values of measured 𝜈P during each plastic deformation stage.

𝐿2 = 140 nm shows a slightly larger 𝜈P than the other three samples, 
irrespective of 𝜑net. It is also observed that 𝜈P of each sample shows 
much larger fluctuation as 𝜑net varies from 0.15 to 0.22, especially for 
HNPG with smaller 𝐿2. This is not unexpected, as even non-hierarchical 
NPG has exhibited larger variations in 𝜈P with engineering strain, as 
reported in [5].
6 
5. Discussion

5.1. Impact of upper level ligament size

Based on the mechanical measurements for HNPG with 𝐿2 and 
similar 𝐿1, the impact of upper level ligament size on the Poisson’s 
ratio, Young’s modulus and effective solid volume fraction (𝜑eff) were 
analyzed and illustrated in Fig.  8. The Poisson’s ratio and Young’s 
modulus at 𝜀eng = 10% are taken and plotted against 𝐿2. Each data 
point in Fig.  8 means an average value of at least 10 HNPG samples, 
and the upper and lower limits of each error bar are the maximum and 
minimum values, respectively.

As shown in Fig.  8a, in the investigated regime 𝐿2 from 60 nm to 
180 nm, 𝜈E does not show obvious upper level size dependence. The 
average values of 𝜈E remain close to 0.15. This trend is very consistent 
with the conclusion of Lührs et al. who observed size independent 
elastic Poisson’s ratio through investigating NPG with the same 𝜑net
= 0.25 and varying ligament size from 50 nm to 180 nm [5]. However, 
in HNPG, we can see relatively large error bars for 𝜈E especially at 
low 𝐿2 cases. This deviation can be caused by the different 𝜑net among 
samples, consistent with the error bars for solid volume fraction at each 
synthesis variable in Table  1. Although it has been demonstrated that 
HNPG shows improved specific stiffness and specific strength compared 
to NPG, the absolute stiffness and strength of HNPG are smaller than 
that of NPG. This is due to the fact that the HNPG samples explored 
in this work have a much lower relative density, which is only half of 
the density of the monolithic NPG samples studied by Lührs et al. [5]. 
Moreover, practically, the smaller sample sizes of HNPG may increase 
the possibility of different plastic deformations caused by the pressure 
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Fig. 8. Average values of 𝜈E, 𝜈P, E and 𝜑eff at 10% 𝜀eng as a function of 𝐿2. (a) 𝜈E, 
(b) 𝜈P, (c) E and (d) 𝜑eff. 𝜑eff is calculated from the E using Eq. (13). Each data point 
represents the average value of at least 10 HNPG samples, with an error bar showing 
the max and min values.

from sample holders during both dealloying and handling of the sam-
ples afterwards, therefore leading to a different degree of shrinkage or 
plastic deformation and then different solid volume fractions among 
samples. In addition, such variation in 𝜈E for HNPG with a small 𝐿2
might also be caused by the variation of connectivity among samples.

Similar to the effect of 𝐿2 on 𝜈E in Fig.  8a, Fig.  8b shows 𝜈P stays at 
around 0.075, half of 𝜈E. The similar 𝜈P can be attributed to the similar 
lower level ligament size, which typically plays a significant role in the 
plastic behaviors, in this case, transverse strain during plastic defor-
mation in compression. We suppose that the slight difference among 
samples is originated from the difference in network connectivity and 
solid volume fraction.

In addition, to explore the role of 𝐿1 on 𝜈P, 𝐿1 was adjusted to <
20 nm and 40 nm, respectively, while keeping 𝐿2 = 140 nm (Fig.  A.3). 
It can be seen that 𝜈P for the two new sets of samples are within the 
range of 0.05–0.10 (Fig.  A.4), consistent with the values for HNPG with 
𝐿1 = 20 nm. In contrast to the clear size effect observed in NPG by 
Lührs et al. [5,23], there is no obvious trend between 𝐿1 and 𝜈P in the 
HNPG samples studied here. This is reasonable, as tuning 𝐿1 introduces 
additional variations in chemical composition and topology. HNPG 
samples with 𝐿1 < 20 nm contain a high residual silver content up to 
16at.%, while coarsening processes for increasing 𝐿1 up to 40 nm and 
a reduced 𝐿2/𝐿1 ratio,both of which contribute to connectivity vari-
ation [19,29,37]. The effects of ligament size and 𝐿2/𝐿1 ratio on the 
connectivity are further discussed in the following paragraph. Our ob-
servations are consistent with the structure-insensitive 𝜈P phenomenon 
in NPG reported by Liu et al. [38]. In addition to ligament size, other 
factors such as network connectivity, residual Ag distribution and solid 
fraction all may vary significantly during coarsening, and these param-
eters may influence 𝜈P simultaneously. It is challenging to isolate the 
effect of a single factor. More dedicated and systematic experiments are 
needed to decouple the contributions of these individual parameters. 

The variation of E with 𝐿2 is shown in Fig.  8c. It is observed 
that there is a large difference in E for HNPG samples with 𝐿2 =
60 nm. This is very likely is due to the very small ratio between 𝐿2
and 𝐿1. The small 𝐿2/𝐿1 = 3 means a very limited number of lower 
level ligaments within one upper level ligament, in other words, a 
7 
non-representative volume element for the network at the lower hi-
erarchical level. Ligament structures formed from non-representative 
volume elements are subjected to considerable scatter in connectivity, 
which in turn causes variation of the mechanical properties such as 
Young’s modulus and yield stress [37]. Moreover, small 𝐿2/𝐿1 value 
may lead to more dangling lower level ligaments at the surface of upper 
level ligaments. These dangling lower level ligaments do not contribute 
to load bearing, resulting in a reduction in connectivity of the structure 
at the lower hierarchy level and hence reduction in Young’s modulus 
with a decrease in 𝐿2. The effect of 𝐿2 on the connectivity of the 
lower level network in HNPG is similar to the effect of the tested pillar 
diameter on the mechanical response of NPG with a fixed ligament 
size observed by Wu et al. [37]. Wu et al. found the representative 
volume element of NPG corresponds to a pillar-ligament size ratio of 
20, below which value, Young’s modulus decreases with increasing 
number of dangling ligaments at the surface of the tested pillar and 
eventually becomes stochastic when a pillar-ligament size ratio falls 
below 10 accompanied by non-uniform deformation and failure. This 
supports our observation that there is a large variation of 𝐸 even 
though they have the same 𝐿2 = 60 nm, while with increasing 𝐿2
or 𝐿2 /𝐿1, the scattering of 𝐸 among samples becomes smaller and 
eventually becomes negligible at 𝐿2/𝐿1 > 7.

In addition to the effect of 𝐿2 (in fact, 𝐿2/𝐿1) on the connectivity 
of the network at the lower hierarchical level, 𝐿2 plays a role on the 
connectivity of the network at the upper hierarchical level. According 
to the simulation by Li et al. [29] and evidence by experiments on 
NPG [6], there exists a connectivity loss during coarsening for low 
solid volume fraction NPG structures. This indicates a reduction in 
the connectivity of the network at the upper hierarchical level with 
increasing 𝐿2, hence a lower stiffness of the upper level structure at 
greater 𝐿2. To sum up, the effect of 𝐿2 on the network connectivity at 
both lower and upper hierarchical levels results in the different stiffness 
in HNPG with a fixed 𝐿2.

As an indication of the total connectivity of entire network, we es-
timated the effective solid volume fraction (𝜑eff), a concept introduced 
by Jin et al. [4], 

𝜑eff = ( 𝐸
𝐸0

)0.5 (13)

where E takes the measured Young’s modulus of HNPG sample and for 
𝐸0 takes the Young’s modulus of bulk Au, 79GPa [31]. Fig.  8d shows 
a large variation of 𝜑eff from 0.010 to 0.065 for HNPG samples with 
the same 𝐿2 = 60 nm. With the increase of 𝐿2, in other words, 𝐿2 /𝐿1, 
the scattering of 𝜑eff shows exactly the same trend as the scattering 
of E for each 𝐿2. At 𝐿2/𝐿1 >7, E and 𝜑eff becomes stable at around 
0.05GPa and 0.025, respectively. The upper level size dependence of 
Young’s modulus also agrees well with the previous work on HNPG by 
Shi et al. [19]. Furthermore, it appears that the network connectivity 
has a different or greater effect on 𝐸 compared to its effect on 𝜈E and 
𝜈P.

5.2. Impact of solid volume fraction

Scaling behavior of elastic Poisson’s ratio
Fig.  9 shows the scaling behaviors of 𝜈E in response to 𝜑net for NPG 

(n = 1) and HNPG (n = 2), respectively. The experimental data for 
NPG from literature and for HNPG from this work, and several scaling 
laws are plotted together for comparison. The scaling laws presented 
include Gibson–Ashby’s equation [25], Soyarslan’s equation [30] and 
our Eq. (11). It clearly shows that experimental results of both NPG 
and HNPG fit well with the prediction of our scaling law. The proposed 
scaling law describes the relationship well between 𝜈E and 𝜑net for 
nanoporous metals (n = 1) in general, while the other scaling curves 
(see gray dot line and blue dash line in Fig.  9) overestimate 𝜈E at low 
solid fractions particularly when approaching 𝜑per. Most importantly, 
our scaling equation addresses how 𝜈E scales with 𝜑net for hierar-
chical structure (𝑛 > 1). This resolves an important knowledge gap 
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Fig. 9. Scaling behavior of 𝜈E with respect to 𝜑net of nanoporous gold with different 
numbers of hierarchical levels. Close symbols: Literature experimental data, which 
were obtained from microscale NPG samples using compression testing [32,33], tensile 
testing [33,34], and ultrasonic testing techniques [39] and from compression tests 
on millimeter-sized NPG samples [5,23,35]. Open symbols: experimental data from 
compression tests on millimeter-sized HNPG samples in this work. Gray dot line: 
Gibson–Ashby equation, 𝜈E = 0.33 [25]. Blue dash line: Soyarslan’s law, 𝜈E =
𝐷1ln𝜑net+𝐷2, where 𝐷1 = 0.116, 𝐷2 = 0.363 [30]. Red solid lines: Scaling law proposed 
in this work by Eq. (11), with n = 1 and n = 2, respectively. The error bars for HNPG 
take the max and min values of measured 𝜈E for each sample; the error bars for NPG 
are taken directly from literature.

in understanding the fundamental structure–mechanical properties in 
hierarchical nanoscale network materials.

While the present work focuses on the relationship between Pois-
son’s ratio and the overall solid fraction in HNPG, it is recognized 
that topological features — particularly connectivity — can influence 
Poisson’s ratio to some extent. Prior studies have demonstrated that 
connectivity plays a critical role in governing mechanical stiffness [9]. 
This influence may be especially pronounced in coarsened, low-density 
nanoporous metals, regardless of the presence of hierarchy. Future 
investigations that incorporate 3D reconstruction [40,41] and quanti-
tative topological analysis [21,42–44] will be invaluable for refining 
current scaling laws and extending their applicability across a broader 
class of hierarchical nanoscale network materials.

It needs to emphasize that scaling equation for elastic Poisson’s 
ratio (Eq.  (8)) is derived under the assumption of isotropic structure 
at each hierarchical level. Consequently, it cannot be directly applied 
to anisotropic structures, such as unidirectional or periodic, archi-
tected networks, which typically exhibit orientation-dependent and 
even freely tunable mechanical properties [8,16,45–47]. However, the 
theoretical framework may still be applicable to a broader class of ran-
dom nanoscale network structures beyond dealloying-made spinodal-
like structures and leveled-wave structures. Moreover, the conceptual 
basis of this theory may provide a foundation for future efforts aimed 
at modeling the mechanical behavior of anisotropic nanoscale network 
structures.

Comparison of plastic Poisson’s ratio between HNPG and NPG
Fig.  10 shows 𝜈P versus 𝜑net of HNPG at 𝜀eng = 10%. The results 

for NPG from literature work are also presented for comparison [5,
8,23,35,48–50]. It shows that there exists a large scattering of 𝜈P at 
a given solid volume fraction particularly for NPG. This is not unrea-
sonable because of the varied testing methods and/or different sample 
conditions (e.g., geometry, plastic deformation, and structure size). It 
is obvious that 𝜈P shows an overall decrease trend as 𝜑net decreases. 
In practice, monolithic NPG samples typically have a solid volume 
fraction more than 0.2 and 𝜈P>0.075. Therefore, it is remarkable that 
our hierarchical nanoporous metals can reach not only much lower 
solid volume fraction (0.11) but also lower 𝜈P than widely studied uni-
modal nanoporous metals, providing more opportunities in materials 
design.

𝜈P is commonly regarded as a key parameter influencing the
hardness-to-yield strength ratio, 𝑓 = 𝐻∕𝜎 , in cellular materials. For 
y
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Fig. 10. 𝜈P of HNPG as a function of 𝜑net, compared to 𝜈P of NPG from various sources 
[5,8,23,35,48–50] in literature. The error bars for HNPG were obtained from at least 
5 samples at 𝜀eng around 10%, indicating the max and min measured values, while the 
error bars for NPG samples are taken directly from literature.

NPG, different 𝑓 values ranging from  1.0 to 3.0 have been reported 
in the literature [3,4,38,50,51]. According to the widely accepted 
empirical Shaw–Sata relation for porous materials [52], a 𝜈P of  0.075 
for our HNPG corresponds to 𝑓 = 2.0. In contrast, simulations by 
Miller [53] suggest that for porous materials with a low-to-moderate 𝜈P, 
indentation hardness is largely insensitive to 𝜈P and approximates the 
yield strength, implying 𝑓 ≈ 1.0, but deviations from this unity value 
may be caused by other factors such as strain hardening. Consistent 
with Miller’s simulation, recent experimental work by Liu et al. [38] 
on various NPG systems has shown that when the solid volume fraction 
is below 0.3, 𝑓 is governed mainly by the strain hardening rate, 𝜃, 
rather than by 𝜈P. All HNPG samples investigated in this study exhibit 
pronounced strain hardening, supporting the use of Liu’s equation: 𝑓 =
1.33+0.11𝜃∕𝜎y [38]. Using this equation, we take 𝜎y and 𝜃 determined 
at 𝜀 ≈ 0.1 for HNPG samples with 𝐿1 = 20 nm and 𝐿2 = 60 − 180 nm, 
obtaining 𝑓 values between 1.76 and 1.92. The deviation of 𝑓 from 
unity is anticipated in HNPG as a consequence of strain hardening.

5.3. Evolution of mechanical properties during compressive deformation

For NPG, it is well understood that the elastic modulus increases 
with compressive strain because of densification-induced increase in 
the solid volume fraction and the formation of new connections be-
tween ligaments, leading to a significant increase in the effective solid 
volume fraction [4]. For HNPG in this work, Fig.  4 exhibits similar 
evolution of Young’s modulus with strain during compression, which 
also agrees very well with the previous observation by Shi et al. [19]. 
Remarkably, we found that elastic Poisson’s ratio shows almost no 
changes even after a large plastic deformation, which means after a sub-
stantial increase in the actual solid volume fraction due to densification. 
This observation does not follow the scaling equations between 𝜈E and 
𝜑net in Fig.  9. The trend is similar to Gibson–Ashby model’s calculation 
but 𝜈E of our deformed HNPG is much smaller than 𝜈E = 0.33 from 
Gibson–Ashby [25]. It is reasonable that the scaling behaviors for 
non-deformed samples cannot apply for deformed samples because of 
obvious microstructure variation during compression.

For NPG, opposite trends of 𝜈E-strain relationships were observed in 
different strain regimes: a clear decrease trend with strain by Bürckert 
et al. [35] vs an increase trend by Lührs et al. [5]. The less obvious 
variation of 𝜈E with compressive strain in our HNPG may relate to the 
much lower actual 𝜑net, because HNPG is nearly two times lighter than 
NPG investigated in literature. 𝜑net of NPG usually starts at around 
0.25 and raises to 0.40 after 30% compressive deformation, while for 
HNPG, the 𝜑net usually varies from 0.12 to 0.25, almost no overlap 
with NPG. It is reported that compressive deformation on HNPG causes 
different microstructure variation at upper and lower hierarchical level: 
more severe change, in other words greater plastic deformation and 
densification, at the upper level structure compared to lower level 
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Fig. 11. Microstructure evolution during compression. Molecular dynamics (MD) 
simulated microstructure of virtual HNPG at a compressive strain of (a) 𝜀eng =0 and (b) 
𝜀eng =49% [19], Top: a three-dimensional overview, middle: cross section perpendicular 
to the compression direction, bottom cross-section parallel to the compression direction. 
The loading direction is indicated by red arrows. Reproduced with permission from Shi 
et al. [19]. Copyright (2021) by American Association for the Advancement of Science. 
SEM images of the cross sections (c) parallel and (d) perpendicular to the compression 
direction of HNPG samples at 𝜀eng =60%.

structure [19]. Bürckert et al. explained the decrease of 𝜈E with strain in 
NPG by the progressive increasing number of yielded ligaments, which 
therefore makes a limited contribution to the lateral elastic deformation 
of the sample. This can be the case at the lower level structure in 
HNPG. The clear increase in the elastic Poisson’s ratio with strain 
observed by Lührs et al. is at significantly large compressive strain, 
which leads to a much greater solid volume fraction, larger degree of 
yielding and different distribution in orientation and configuration of 
the ligaments. These phenomena dominantly occur at the upper level 
structure in HNPG. Due to the different yielding degree and structure 
change at upper and lower hierarchy levels during compression, it is 
also not appropriate to apply one of the conclusions from uni-modal 
NPG directly to HNPG, as non-uniform microstructure evolution at 
different hierarchical levels.

In addition, we suspect that Poisson’s ratio is dominated by the cross 
sectional structure perpendicular to the loading direction. This is well 
supported by the cross sectional images in parallel and perpendicular to 
the loading directions of real samples in this work and virtual samples 
taken from Shi et al. [19]. Both the molecular dynamics (MD) simula-
tions on virtual HNPG (Fig.  11 a–b) and the SEM images on real HNPG 
(Fig.  11 c–d) demonstrated that the cross section in perpendicular 
to the loading direction shows almost unchanged morphology during 
compression, while the cross section in parallel to the loading direction 
shows a clear densification at the upper hierarchical level.

6. Conclusion

This study investigated the elastic and plastic Poisson’s ratios in 
hierarchical nanoporous gold using an in-situ digital image correlation 
technique. Crack-free monolithic HNPG samples with two well-defined 
length scales and a nested network structure were fabricated through 
a dealloying–annealing–dealloying process.

Remarkably, a novel scaling law was introduced to describe the 
relationship between elastic Poisson’s ratio and solid volume fraction 
in hierarchical nanoscale network materials, which was validated ex-
perimentally. By adjusting the annealing temperature during synthesis, 
the ligament size at the upper hierarchical level was tuned from 60 nm 
to 180 nm, while the ligament size at the lower hierarchical level 
9 
remained constant at 20 nm. The results revealed that hierarchical 
nanoporous gold exhibits negligible dependency of elastic and plastic 
Poisson’s ratios on the upper level ligament size. In contrast to NPG, 
both Poisson’s ratios of HNPG remained nearly unchanged during 
compression, regardless of upper level ligament size.

This work enables the understanding of the relationships between 
structural parameters—such as structural hierarchy, structure size, 
solid fraction—and Poisson’s ratios (both elastic and plastic), filling a 
knowledge gap in the mechanics of hierarchical network nanomaterials. 
Moreover, these findings can provide a foundation for designing and 
optimizing materials with tailored mechanical properties. The insights 
gained may pave the way for developing lightweight, strong materials, 
opening new opportunities for applications in aerospace engineering, 
automotive design, and other fields where Poisson’s ratios are crucial.
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Appendix. Sample appendix section

Fig.  A.1 shows the scaling behaviors for shear modulus G and elastic 
Poisson’s ratio 𝜈E in nanoporous gold with one and two hierarchical 
levels. We estimated 𝐺 from experimental 𝐸 and 𝜈E of NPG in literature 
according to Eq. (7) and fitted them with Eq. (6). Then we received 
𝐶G = 2.0 ± 0.7 and 𝑚G = 2.4 ± 0.4, or in other words the scaling 
equation of G for hierarchical nanoscale network materials, Eq. (10). 
We plotted the scaling curve of G for 𝑛 = 2, and compared it with our 
experimentally estimated 𝐺 for HNPG in this work. It shows that the 
trend for experimental 𝐺 fits well with the prediction by our scaling 
equation, but all the experimental data are slightly lower than the 
predicted values. This phenomenon can be explained by: (1) the scaling 
law is derived under the assumption of equal solid fraction at each 
hierarchical level while the real HNPG samples in this study in fact 
have different solid fractions at two hierarchical levels; and (2) there 
is connectivity loss during dealloying and coarsening in experimental 
HNPG samples compared with the leveled-wave structure in Soyarslan’s 
simulation or as-prepared NPG samples in the literature which we use 
to fit the constants in Eq. (6). Fig.  A.1b shows the prediction on 𝜈E
by our scaling equation, Eq. (11), which is obtained by taking (𝐶G = 
2.0, 𝑚G = 2.4) and (𝐶E = 2.0 and 𝑚E = 2.5 [30]) into Eq. (8). The 
comparison between prediction and experiments on 𝜈E for NPG and 
HNPG are discussed in the main text. 

Fig.  A.2a–d show the variations of the elastic Poisson’s ratio (𝜈E) 
with the engineering strain (𝜀eng) for HNPG samples with different 
upper level ligament sizes (𝐿2). The yellow area in each sub-figure 
represents the results from at least 10 samples, with results from a 
representative sample marked as open symbols. It shows that 𝜈E of all 
HNPG is around 0.15 at 𝜀eng < 35%, regardless of 𝐿2.

Fig.  A.3 shows the SEM images of hierarchical nanoporous gold 
(HNPG) with a fixed upper level ligament size 𝐿2 = 140 nm and 
different lower level ligament size 𝐿1 of < 20 nm, 20 nm and 40 nm, 
respectively. 𝐿1 is adjusted by changing the dealloying conditions in 
Stage III. HNPG with 𝐿 < 20 nm in Fig.  A.3a is fabricated by applying 
1
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Fig. A.1. Scaling behaviors of shear modulus (𝐺) and elastic Poisson’s ratio (𝜈E) with solid fraction (𝜑net) of nanoporous gold with different numbers (𝑛) of hierarchical levels. 
(a) 𝐺 versus 𝜑net for 𝑛 = 1 − 2. (b) 𝜈E versus 𝜑net for 𝑛 = 1 − 2. Open purple rhombuses: 𝐺 is estimated from experimental 𝐸 and 𝜈E of NPG in literature. Open red stars: 𝐺 is 
estimated from experimental 𝐸 and 𝜈E of HNPG in this work. Red solid lines in (a): Eq. (10). Red solid lines in (b): Eq. (11).
Fig. A.2. The variation of the elastic Poisson’s ratio 𝜈E during compression. (a), (b), (c) and (d) 𝜈E versus engineering strain 𝜀eng for HNPG samples with 𝐿2 sizes ranging from 
60 nm to 180 nm. The yellow-shaded region in each figure represents the spread of 𝜈E for at least 10 samples, with the upper and lower boundaries defined by the maximum and 
minimum values at the corresponding 𝜀eng. Additionally, the 𝜈E of a representative sample is marked as open symbols within each shaded region. The error bars on open symbols 
represent the standard deviation, which are the max and min values of measured 𝜈E during each elastic deformation stage.
a constant dealloying potential at 𝐸1 = 1.4V for 3600 s and then at 𝐸2
= 1.0V (vs. SHE) for 1800 s in Stage III; HNPG with 𝐿1 =40 nm in Fig. 
A.3c is fabricated by applying additional 60 CV cycles on HNPG with 
𝐿1 = 20 nm (Fig.  A.3b, same to Fig.  3g). A relatively high residual Ag 
content of around 16 at.% is observed in HNPG with 𝐿1 < 20 nm in 
contrast to < 2 at.% in HNPG with 𝐿  = 20 nm and 40 nm.
1
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Fig.  A.4a shows the effect of 𝐿1 on 𝜈P at different strains or net 
solid fractions. Consistent with the observation in Fig.  8, all samples 
exhibit similar 𝜈P irrespective of the degree of deformation. At 𝜀eng = 
10% (see Fig.  A.3a), or in other words at 𝜑net = 0.16 − 0.17 (see Fig. 
A.3b), the values of 𝜈P are mainly in the range of 0.05–0.10, which 
is also consistent with that of HNPG with different 𝐿  in Fig.  8 and 
2
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Fig. A.3. SEM images of HNPG samples with same upper level ligament size 𝐿2 = 140 nm and different lower level ligament size 𝐿1. (a) 𝐿1 < 20 nm; (b) 𝐿1 = 20 nm; (c) 𝐿1 = 
40 nm.
Fig. A.4. The variation of the plastic Poisson’s ratio 𝜈P during compression for hierarchical nanoporous gold with 𝐿2 = 140 nm and 𝐿1 < 20 nm (green triangles), 20 nm (black 
squares), and 40 nm (blue circles). (a) 𝜈P vs. engineering strain 𝜀eng; (b) 𝜈P vs. net solid fraction 𝜑net. Data points include error bars (one standard deviation) for each series.
Fig.  10. The slight difference in 𝜈P caused by 𝐿1 lies within the bounds 
of experimental uncertainty and is too small to provide compelling 
evidence of a definitive size effect.
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