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Abstract
Creating 3D cellular structures out of 2D nanomaterials such as graphene is an active area of research since most realistic 
applications require multi-functional 3D objects. Graphene aerogels that are taking the topology of stochastic foam micro-
structures have been extensively studied. Additive manufacturing has shifted the focus from stochastic aerogels to architected 
3D graphene lattices (3DGL). In this paper and for the first time, we synthesized, characterized, and mechanically tested 
3DGLs with microstructures taking the topology of shell-based gyroid structure and compared their properties to tubular 
3DGL. 3DGLs were fabricated using a hydrothermal-assisted dip-coating method based on 3D-printed polymer templates. 
Effects of number of unit cell, graphene oxide (GO) concentration, and polymer template volume fraction have been inves-
tigated. It was found that smaller polymer template volume fraction, smaller unit cell, and larger GO concentration lead to 
increased mechanical properties. It was found that the mechanical properties of the synthesized gyroid shell-based 3DGLs 
outperformed tubular and 3DGLs and stochastic graphene aerogels. Furthermore, both gyroidal shell and tubular 3DGLs 
exhibit stretching-dominated behavior making them ideal for synthesizing stiffer and stronger graphene lattices. This study 
serves as a guideline for designing multi-functional shell-based lattices made of 2D materials with enhanced mechanical 
properties for various applications.
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1 Introduction

Two-dimensional materials such as graphene [1] and 
MXenes [2] have seen enormous research interest in the past 
decade owing to their extraordinary mechanical, thermal, 
and electrical properties [2, 3]. Extensive studies have shown 
that graphene has the potential to revolutionize the existing 

technologies in an unprecedented manner [4]. However, 
graphene needs tailoring to become readily usable in three-
dimensional (3D) applications [5]. Therefore, several tech-
niques have been developed to tailor 2D materials into 3D 
ones in order to make the most of the exceptional properties 
offered by the base 2D materials like graphene. An excellent 
review on the synthesis techniques of 3D graphene aerogels 
is provided by Sun et al. [6]. In addition, several fabrication 
methods have been employed to produce graphene foams 
[7], graphene aerogels [8], and graphene hybrid 3D networks 
[9–11]. One obvious disadvantage of these fabrication meth-
ods lies in the fact that the generated graphene structures 
are purely stochastic porous networks, thus limiting their 
functionality when compared to engineered graphene archi-
tectures [12].

Recent research focus has shifted toward utilizing archi-
tected graphene materials or metamaterials and structures 
[13, 14]. Several potential candidate lattice architectures 
can be investigated to improve the physical and mechanical 
properties of 3D graphene cellular structures. For example, 
the mathematically known triply periodic minimal surfaces 
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(TPMS) have fascinating topologies that provide excellent 
physical and mechanical properties when utilized as lattices 
or metamaterials [15]. TPMS were used to design and fabri-
cate architected cellular structures in a wide range of appli-
cations, such as catalytic substrates [16], feed-spacers [17], 
bio-scaffold [18, 19], and thermal management and energy 
storage [20, 21]. TPMS structures have shown superior per-
formance in these applications compared to conventional 
lattices. TPMS has a zero-mean curvature at every point 
on the surface, non-self-intersecting, smooth, and intercon-
nected in the 3D space. TPMS can be either thickened to 
produce sheet/shell networks, or one of the volumes sepa-
rated by the surface can be filled to produce solid/ligament/
strut networks [22]. Schwarz [23] reported earlier TPMS 
surfaces, i.e., primitive and diamond. Later, Schoen [24] 
worked extensively on TPMS surfaces discovering many 
other TPMS topologies, with the most famous one known 
as the gyroid.

Generally, when these architected lattices are subjected 
to a macroscopic loading, their deformation behavior can 
be classified as bending-dominated, stretching-dominated, 
or a mix of bending and stretching [25]. Al-Ketan et al. [26] 
experimentally concluded that sheet-based TPMS cellular 
materials exhibited a near stretching-dominated deformation 
behavior, whereas ligament-based TPMS showed a bending-
dominated behavior.

In fact, few recent works have highlighted synthesizing 
3D graphene structures with TPMS or TPMS-like lattice 
topologies. Garcia et al. [27] reported a scalable synthesis 
method using a porous Ni template for chemical vapor dep-
osition (CVD) to fabricate a gyroid-inspired 3D graphene 
structure with tunable, uniform, co-continuous microstruc-
tures with a high Young’s modulus of 30 MPa. Hensleigh 
et al. [28] used the micro-stereolithography additive manu-
facturing (AM) technique to fabricate complex micro-archi-
tected graphene structures based on octet-truss lattice having 
an approximated gyroid structure within its struts. The fab-
ricated graphene structure exhibits a stretching-dominated 
behavior. Cebo et al. [29] used CVD and 3D Ni templating 
of self-assembled voided triblock terpolymer to fabricate 
free-standing gyroidal graphene tube networks of sub-60 nm 
unit cell sizes. Similarly, Kashani et al. [30] used CVD and 
nanoporous Ni template to produce large-scale ultralight 
nanoporous graphene with a 3D bi-continuous nanoarchitec-
ture approximating the tube-network gyroidal topology. The 
obtained 3D graphene structure exhibits Young’s modulus 
of 3.8 to 6.6 MPa. Ashraf et al. [31, 32] have developed a 
simple method to fabricate 3D graphene structures based on 
3D-printed polymer templates using a hydrothermal-assisted 
dip-coating method and applied the method for fabricating 
tube-ligament networks (i.e., tubular) gyroidal graphene lat-
tices. This scalable fabrication technique enables the fabrica-
tion of any designed 3D topologies out of 2D nanomaterials. 

In fact, Fu et al. [33] applied the same approach to fabricate 
tube-ligament networks gyroidal lattices out of MXene 2D 
material.

In this regard, this study focuses on fabricating sheet/
shell-based gyroidal TPMS graphene lattices using the 
hydrothermal-assisted dip-coating method developed in 
[32] with modified synthesis parameters and compare their 
properties to tubular counterparts in our previous work [31, 
32], which to the authors’ best knowledge has not been 
done before. For that purpose, we additively manufacture, 
synthesize, and mechanically test gyroidal TPMS graphene 
metamaterials based on both the sheet- and tube-ligament 
networks. The uniaxial compressive mechanical properties 
of the 3DGL for the sheet- and tube-ligament networks are 
obtained, where the effects of the network-type (i.e., shell vs 
tube), unit cell size, template’s relative density, and graphene 
oxide concentration on the mechanical properties are thor-
oughly assessed. It was found that the mechanical properties 
of the synthesized gyroid shell-based 3DGLs outperformed 
both the tubular 3DGLs and stochastic graphene aerogels.

2  Materials and methods

In this section, the methodology adopted for performing the 
study reported is explained. This includes the design and 
fabrication of lattices as well as the material characterization 
and mechanical testing for property evaluation.

2.1  Gyroid ligament‑ and sheet‑lattice topology 
design

The TPMS gyroid ligament and sheet networks were 
designed via the MSLattice in-house software [34] (see 
Fig. 1a). Gyroid is defined mathematically using the fol-
lowing level-set equation:

where x = 2�X∕l , y = 2�Y∕l , and z = 2�Z∕l with X, Y, and 
Z as the Cartesian coordinates, l as the size of the unit cell, 
and c as the level-set constant. For gyroidal solid/ligament 
networks, a value of c ≤ 0 solidifies one of the two volumes 
separated by the iso-surface (c = 0), whereas a value of c ≥ 0 
solidifies the other volume; thus, c controls the volume frac-
tion of the lattice (or equivalently, the relative density (RD) 
of the lattice, which is the density ratio of the cellular mate-
rial to that of the base material). For gyroidal sheet net-
works, the volume fraction or RD is increased by thickening 
the iso-surface, such that both void subdomains are equal in 
volume (see Fig. 1a).

One important parameter of porous structures is the sur-
face area-to-volume (SAV) ratio. Generally, a larger SAV 

(1)sin xcos y + sin ycos z + sin zcos x = c
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ratio results in greater heat transfer [15]. Figure 1b shows the 
variation of SAV ratio (per unit size L) with RD of gyroid 
ligament and sheet networks. The sheet-based lattices have 
higher SAV ratio compared to the ligament-based networks 
at the same relative density. Also, the sheet networks have a 
higher SAV ratio at low RDs and decreases with increasing 
RD. While for the ligament network, SAV ratio increases 
with increasing RD until it reaches a maximum value at 
RD = 50%, after which it starts decreasing. In this work, 
gyroidal ligament and sheet network cube templates of 20% 
RD were generated for 5 × 5 × 5, 10 × 10 × 10, and 15 × 5 × 15 
unit cell lattices. The size of the 3D-printed cubic samples 
was 20 mm with a unit cell size of 4, 2, and 1.333 mm for the 
5, 10, and 15 unit cell tessellations. Additionally, gyroidal 
sheet network templates with 5 × 5 × 5 unit cell were also 
designed to study the effect of two different polymer tem-
plate RDs (7% and 20%) on mechanical properties.

2.2  Experimental synthesis

The polymer templates of gyroid ligament and sheet net-
works of 7 and 20% relative density were additively 

manufactured using the Formlabs (Boston, MA, USA) 
(Form2) stereolithography (SLA) 3D printer with a layer 
thickness resolution of 100 µm. The Formlabs SLA tech-
nique is based on solidifying a photopolymer resin with 
each layer being exposed to a 405-nm blue laser with a spot 
size of 140 microns and power of 250 mW. The liquid resin 
employed in this work was the Formlabs Castable Wax Resin 
with 20% wax fill. In post-printing, the samples were washed 
in isopropyl alcohol (IPA) to remove any residual polymer 
on the surface of the 3D-printed lattices. Four replicates of 
each lattice type were fabricated for mechanical properties 
measurements.

To fabricate the free-standing gyroidal graphene lattices, 
a combination of template-assisted method and hydrother-
mal-assembly and subsequent thermal etching of the poly-
mer scaffolds was employed, following the synthesis tech-
nique in [31]. In this method, graphene oxide (GO) solution 
(Graphenea Inc., Spain) of different concentrations (2, 4, 10, 
and 15 mg/mL) was coated onto the 3D-printed lattice poly-
mer templates under hydrothermal conditions, after which 
the polymer template was removed via direct sublimation at 
elevated temperatures. The GO was chemically reduced to 
rGO by hydrazine hydrate (Sigma-Aldrich, USA) via elimi-
nation of the excess oxygen-functional groups in the GO, 
causing an increase in the π–π conjugated bonds of rGO. 
Here, we briefly describe the synthesis process which is 
schematically depicted in Fig. 2. To start, 15 mL of the GO 
dispersion and 2.5 v/v% of the hydrazine hydrate solution 
(64% concentration) were mixed. The solution was stirred at 
room temperature for 5 min at 300 rpm to achieve a homog-
enous mixture. The 3D-printed lattices were then placed in 
the prepared mixture and ultra-sonicated for 1 h. Finally, 
the GO/hydrazine hydrate mixture and the 3D-printed scaf-
fold were transferred to an autoclave (TOPTION, Shaanxi, 
China) and hydrothermally treated for 6 h at 120 °C, which 
resulted in the rGO-coated polymer scaffolds. These were 
rinsed with deionized water several times to wash out any 
traces of hydrazine and then dried for 24 h at 60 °C. Lastly, 
the samples were thermally etched for 1.5 h at 400 °C with 
a heating rate of 1 °C/min in a tube furnace (MTI Corpora-
tion Company, USA) to remove the polymer scaffold and 
obtain free-standing 3D graphene lattices (3DGL). The 3D 
graphene lattice based on tube-ligament and sheet networks 
is labeled 3DGL-T and 3DGL-S, respectively, throughout 
the paper.

After fabrication, the dimensions of the 3DGL were meas-
ured, that were approximately 14 mm × 14 mm × 14 mm, 
resulting in a shrinkage of ∼ 30% (based on the length 
dimensions) with a unit cell size of 2.8, 1.4, and 0.9331 mm 
for the 5, 10, and 15 unit cell tessellations, respectively. To 
verify the complete removal of the polymer, five samples 
of the 10 × 10x10 unit cell 3DGL-S with 20% polymer RD 
were further heat-treated at 400 °C three times with the 

Fig. 1  a Unit cells of cellular structures based on the gyroid surface 
showing the iso-surface, ligament- and sheet-based one unit cell lat-
tice. b The surface area-to-volume (SAV) ratio as a function of rela-
tive density for gyroid ligament and sheet networks
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density being measured after each process. It was found 
that the density of the lattices remained the same: 121.79, 
121.26, and 121.21 mg/cm3 after the first, second, and third 
thermal etching processes, respectively, thus corroborating 
the complete removal of the polymer template.

2.3  Microstructural characterization

Scanning electron microscopy (SEM, JEOL, Model JSM-
7610F) was used to depict the morphology of the fabricated 
3DGL and to measure the thickness of the gyroid sheets. 
Furthermore, micro-X-ray computed tomography (micro-
CT, Phoenix Nanotom) was employed to scan the internal 
structure of the specimens and to evaluate the volume frac-
tion (or equivalently the relative density) of the graphene 
in the lattices. ImageJ was then employed on the micro-CT 
cross-sectional scans to determine the rGO coating layer 
thickness in the lattices (with an average of 3 measure-
ments taken for each sample), and for measuring the spac-
ing between the rGO sheets after polymer etching. The 
presence of rGO was confirmed by Raman spectroscopy 
(WITec alpha300 RAS), while the crystallinity of the rGO 
base material was verified by X-ray diffraction (XRD Bruker 
D2 phaser). Thermogravimetric (TGA) analysis was carried 
out via the TA Instruments SDT 650 Simultaneous Thermal 
Analyzer to investigate the amount of residual polymer in 
the graphene gyroid specimens after etching the 3D-printed 
templates. TGA tests were done for the rGO sheets (of ini-
tial 4 and 15 mg/mL concentrations) with a heating profile 
like the one employed in the thermal etching process, i.e., 
25–500 °C at a heating rate of 1 °C  min−1. Moreover, since 
the 3D printing resin used was the same as studied in [31], 

the TGA data were obtained from the aforementioned work. 
Nanoindentation by the atomic force microscope (AFM, 
Asylum Research) was employed [35] to measure the elas-
tic modulus of the synthesized rGO sheets following the 
procedure in [36]. The AFM with a diamond cube corner 
tip on a silicon cantilever was operated in a tapping mode 
(AC-mode) with a drive frequency of 270.376 kHz close 
to its resonant frequency of 300 kHz. The rGO sheets were 
placed onto a glass substrate and nine measurements in a 
square grid have been taken for three samples to obtain an 
average elastic modulus.

2.4  Mechanical testing

Quasi-static uniaxial compression testing was performed 
using the Instron 5940 (Instron, Norwood, Massachusetts, 
USA) equipment under 0.005 mm/s displacement-controlled 
rate and using a 2 kN load cell. The samples were positioned 
carefully in the center of the smooth parallel compression 
plates to ensure uniform loading, reduce friction, and elimi-
nate any undue moments induced by specimens’ eccentricity. 
The test was stopped when the densification of the sample 
was reached. Four sample replicates of each case have been 
tested. The following mechanical properties are extracted 
from the stress–strain diagrams: (1) The elastic modulus 
was determined by obtaining the maximum slope of linear 
part of the stress–strain diagram before yielding, (2) plateau 
strength was calculated by taking the average flow stress for 
the strain values between 20 and 50%, and (3) the toughness 
(or energy absorption) was obtained as the area under the 
stress–strain curve up to 70% strain.

Fig. 2  Schematic of the synthe-
sis process for free-standing 3D 
graphene lattice (3DGL)

Preparing the GO and
Hydrazine Solu
on

3D Prin
ng the
Polymer Template

Hydrothermal-assisted 
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Thermal
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The theoretical values for topological stiffness and 
strength of isotropic cellular structures are bounded by 
Hashin–Shtrikman (HS) and Suquet upper bounds [37]. The 
HS and Suquet bounds for a composite material consider 
the homogenization of voids. The upper bound of HS and 
Suquet for the effective elastic modulus ( EHSU) and strength 
( �y,SU) , respectively, of isotropic materials can be deter-
mined using the following equations:

 where Es is the elastic modulus, �s is the strength, v is the 
Poisson’s ratio for the base material (rGO), and � is the rela-
tive density of the graphene lattice.

3  Results and discussion

3.1  Microstructural characterization

Figures 3 and 4 illustrate examples of 3D-printed poly-
meric samples, 3D-printed gyroid after rGO coating, and 
the free-standing 3D graphene gyroid after the thermal 

(2)
EHSU

Es

=
2�(5v − 7)

13� + 12v − 2�v − 15�v2 + 15v2 − 27

(3)
�y,SU

�s

=
2�

√

4 +
11

3
(1 − �)

etching process for sheet networks and tube-ligament net-
works, respectively, with different periodicities of 5 × 5 × 5, 
10 × 10 × 10 , and 15 × 15 × 15 unit cell. The SEM images 
(Fig. 5 (a-f)) showed that the morphology of the gyroid 
sheet networks was well retained after the GO coating and 
polymer etching process. A high degree of replication was 
noticed despite increasing the number of unit cells from 
5 × 5 × 5 to 10 × 10 × 10 and 15 × 15 × 15 (a total increase 
of 27 times), proving the fabrication technique’s scalability 
along with its ability to maintain structural accuracy for up 
to 3375 unit cell lattices. The thickness of the 3DGL-S was 
derived from the SEM micrographs which were, on average 
for 5 measurements each, 59.8 ± 3.68 μm for the 5 × 5 × 5 
unit cell, 48.3 ± 4.59 μm for the 10 × 10 × 10 unit cell and 
34.5 ± 3.43 μm for the 15 × 15 × 15 unit cell lattices (Fig. 5), 
justifiably decreasing as the number of unit cells increases 
since both the lattice dimensions as well as the polymer 
template’s relative density (20% RD) are kept constant, 
while the surface area increases with increasing number 
of unit cells. In fact, this relation of decreasing thickness 
with increasing number of unit cells was also noticed by 
measuring the thickness of the 3D-printed gyroid polymer 
templates at 20% RD, which showed a value of 0.26 mm 
for the 5 × 5 × 5 unit cell and 0.15 mm for the 10 × 10 × 10 
unit cell sheet networks (see Figure S1 of the supplementary 
document). The rGO sheet thickness was also determined for 
5 × 5 × 5 unit cell lattice of 7% polymer RD and was found 

Fig. 3  Illustrations of sample 
images for 5 × 5x5, 10 × 10x10 
and 15 × 15x15 unit cell a 
3D-printed gyroid sheet-
network lattices, b 3D-printed 
gyroid sheet networks coated 
with rGO (4 mg/mL GO con-
centration) after the hydrother-
mal process, and c free-standing 
3DGL-S after the thermal 
etching process

(a) (b) (c)
3D printed gyroid 3D printed gyroid 

sheet coated with rGO
3DGL-S after thermal 

etching process

x5x5 5

10x10x10
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to be approximately 28 μm (see Figure S2(a) of the supple-
mentary document).

Micro-CT layer-by-layer scans revealed near-hollow 
3DGL-S when using a sheet-network polymer template 
(Fig. 6d–f) and hollow/tubular ligaments when using a 
ligament-network polymer template (Fig. 7b), demon-
strating the successful polymer removal from the gyroid 
lattices and further reinforcing synthesis precision as a 
fair comparison was established between the micro-CT 
slices and the CAD cross sections of the gyroid sheet net-
works (see Fig. 6a–c). Figure 6g–i shows the 3D volume 
rendering of the micro-CT scanning indicating very good 
preservation of designed lattice topology. The graphene 
volume fraction in the fabricated lattices (i.e., the solid 
volume divided by the total volume or equivalently the 
relative density) was obtained from the micro-CT scans. 
It was found that in both, the 3DGL-T and 3DGL-S for 
5 × 5 × 5, 10 × 10 × 10, and 15 × 15 × 15 unit cell lattices, 
the graphene volume fraction is increasing as the number 
of unit cells increases (5.91, 7.61, and 9.83% for 3DGL-T, 
and 6.19, 10.94, and 15.22% for 3DGL-S) for 20% poly-
mer RD and a 4 mg/mL GO concentration (see Table S1 of 
the supplementary document). Furthermore, increasing the 
GO concentration from 2 to 4, 10 and 15 mg/mL increased 
the graphene volume fraction in the 3DGL-S from 5.78 
to 6.19, 7.14 and 8.18%, respectively (see Table S2 of 
the supplementary document). A similar trend is noticed 

for 3DGL-S lattices with polymer template RD of 7%; 
the graphene volume fraction increases from 5.90 to 
8.87% for 2 to 15 mg/mL GO concentrations, respectively 
(Table S3 of the supplementary document). An interest-
ing observation made here is that the rGO volume fraction 
surpasses that of the polymer RD (7%) at high GO con-
centrations (10 and 15 mg/mL), which can be attributed 
to the formation of much thicker rGO sheets constituting 
the resulting graphene gyroid lattices. For example, the 
rGO thickness is around 25 ± 2.00 and 28 ± 1.00 μm for 
the 2 and 4 mg/mL GO concentrations, respectively, while 
this increases to 33 ± 1.00 and 38 ± 2.00 μm for 10 and 
15 mg/mL, respectively (Figure S3 of the supplementary 
document). This proves that the fabrication process allows 
increasing rGO sheet thickness by altering GO concentra-
tion, through which the lattices’ structure can be tuned to 
achieve the desired properties. It is imperative to mention 
here that for both polymer template RDs (7 and 20%), the 
resulting rGO volume fractions are similar for the cor-
responding GO concentrations. This finding reiterates 
the successful sublimation of the polymer resin, which 
would otherwise show a higher solid volume fraction in 
the 20% RD lattices in case of larger amounts of polymer 
residue after thermal etching. On comparing the micro-CT 
slices for the TPMS lattices with 20% and 7% polymer 
RDs (Figs. 6d and S2(b), respectively), it is noticed that 
in the latter structures, the rGO sheets are closer to each 

Fig. 4  Illustrations of sample 
images for 5 × 5x5, 10 × 10x10 
and 15 × 15x15 unit cell a 
3D-printed gyroid ligament-
network lattices, b 3D-printed 
gyroid ligament networks 
coated with rGO (4 mg/mL 
GO concentration) after the 
hydrothermal process, and c 
free-standing 3DGL-T after the 
thermal etching process

3D printed gyroid 3D printed gyroid 
ligament coated with 

rGO

3DGL-T after thermal 
etching process

x5x5 5

10x10x10

15x15x15

1 cm 1 cm
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other (approximately 28 ± 2.00 μm or less) compared to 
the 20% RD (around 111 ± 4.00 μm), allowing the merging 
of rGO sheets at specific points throughout the network, 
which may account for the superior mechanical properties 
of these structures as will be further elaborated in the sub-
sequent sections. On the other hand, Fig. 7 shows the SEM 
image and micro-CT-scans of the 3DGL-T (15 × 15 × 15 
unit cell) with a polymer RD of 20%, with a rGO sheet 
thickness of 20 ± 1.00 μm. One can notice that gyroid 

ligament networks are well preserved after the GO coating 
and polymer etching processes, resulting in hollow tubular 
3DGL-Ts with smooth interconnected networks.

XRD peaks revealed the efficient reduction of GO to rGO 
via hydrazine hydrate for the 3DGL synthesized with all four 
GO concentrations (i.e., 2, 4, 10, and 15 mg/mL) for 5 × 5 × 5 
unit cell, with a prominent peak at 2θ = 26° (Fig. 8a), cor-
responding to a lattice spacing of 0.34 nm, which is only 
1.47% higher than 0.335 nm of graphene’s in a single crystal 

(a)

5x5x5

(b)

(c)

10x10x10

(d)

100500

1 mm 100500

(e)

15x15x15

(f)

500 100

Fig. 5  SEM images of 3DGL-S using GO solution of 4 mg/mL and polymer of 20% RD with a–b 5 × 5x5, c–d 10 × 10x10, and e–f 15 × 15x15 
unit cell lattices. Images in the right column shows decreasing sheet thickness as number of unit cells increases
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natural graphite with ABAB stacking [38], and a (002) dif-
fraction peak [39]. The peaks showed a slight rightward shift 
with decreasing GO concentration which could be related to 
increasing number of point defects in rGO flakes as a result 
of higher oxygen removal sites [40]. The XRD patterns for 
rGO lattices of 5 × 5 × 5 and 10 × 10 × 10 unit cell with a GO 
concentration of 4 mg/mL (Fig. 8b) showed no distinctive 
differences in the peaks, verifying that the resulting rGO 
crystallinity via the hydrothermal process is independent 
of the unit cell size. The same could be said for the poly-
mer template relative density (see Fig. 8a for RD = 7% and 

Fig. 8b for RD = 20%) that showed no difference in the XRD 
peaks, proving consistency in the quality of rGO produced.

Raman spectroscopy measurements of the 3DGL-S 
(Fig. 8c) ensured the quality of rGO was preserved for the 
lowest and highest concentrations (2 and 15 mg/mL) of the 
GO solution used in the synthesis process. The customary 
D and G peaks that are attributed to the  sp3 carbon atoms 
(K-point phonons) and  sp2-hybridized carbon  (E2g phon-
ons), respectively, were recorded for both samples [41]. 
The G-band is present at a wavenumber of 1583.68  cm−1, 
corresponding to in-plane vibrations between the carbon 

5x5x5 10x10x10 15x15x15

(a) (b) (c)

(d) (e) (f)

1 mm

38

111

1 mm

28

1 mm

21

(g) )h( (i)

5 mm5 mm 5 mm

Fig. 6  a–c Cross-sectional views generated using CAD, d–f micro-CT scans of cross-sectional views, g–i 3D view of micro-CT scans of 
3DGL-S using 4 mg/mL GO solution concentration and polymer template of 20% RD
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atoms, and a D peak sits at approximately 1342.01  cm−1, 
relating to the disorder band. The high intensity of the D 
peak compared to a typical pristine graphene sample in 
which the D-band is minimum indicates structural defects 
due to the removal of oxygen-containing functional groups 
[42]. The curved and disordered domains of the result-
ing rGO sheets as opposed to a flat, continuous sheet of 
graphene also contribute to the widened D and G peaks 
in the 3D graphene networks [29]. The 2D peak (occur-
ring at 2672.06  cm−1), which is sensitive to the π-band in 

the graphitic electronic structure, is of negligible intensity 
in the rGO samples, signifying the multi-layered nature 
of the material. Moreover, a slight D + G band is also 
observed around a wavenumber of 2916.91  cm−1, which 
is induced by disorder in the material. The  ID/IG intensity 
ratio, according to the Tuinstra–Koenig relation, is used 
as a measure of defect density. Here, the 3DGLs samples 
with 2 and 15 mg/mL GO concentrations have a peak 
intensity ratio of 1.24 and 1.20, respectively, showing a 
slightly higher number of defects in the sample of lower 

(a) (b) (c)

500
5 mm1 mm

20

Fig. 7  a SEM image, b micro-CT-scan of cross-sectional view and c 3D view of micro-CT scans of 3DGL-T (15 × 15x15 unit cell) using 4 mg/
mL GO solution concentration and polymer template of 20% RD

Fig. 8  a XRD analysis of 3DGL-S of 5 × 5x5 unit cell at different GO 
concentrations with a polymer RD of 7%, b XRD analysis of 3DGL-S 
of 5 × 5x5 and 10 × 10x10 unit cell lattices with GO concentration of 
4 mg/mL and a polymer RD of 20%, c Raman spectra of 3DGL-S 

with 2 and 15 mg/mL GO concentrations, and d TGA results for 
3D-printed polymer [31] and 3DGL-S with GO concentrations of 4 
and 15 mg/mL
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concentration due to the larger number of oxygen removal 
sites.

TGA results (Fig. 8d) confirmed the efficient etching of 
the polymer scaffolds during the fabrication process which 
is evident from the low percentage of the material at high 
temperatures, while the rGO was thermally unreactive, with 
only 8–12% reduction in the total mass, confirming its excel-
lent thermal stability at temperatures even above 400 °C.

3.2  Mechanical properties

After the design, manufacturing, and characterization of the 
gyroidal graphene lattices, the mechanical properties’ evalu-
ation using uniaxial compression testing was performed to 
determine the mechanical behavior of optimized 5, 10, and 
15 unit cells free-standing 3DGL.

3.2.1  Effect of gyroidal network type: sheet 
versus tube‑ligament networks

A typical stress–strain curve of 3DGL under compression 
testing can be seen in Figure S4 of the supplementary docu-
ment for 3DGL based on tube-ligament and sheet networks. 
Excellent repeatability is shown in Figure S4 when testing 
two replicates and when even testing four replicates (see 
Figure S5). It can be readily observed that the 3DGL exhib-
its a mechanical behavior typical of cellular materials [43]. 
The stress–strain curve for such materials is usually consist 
of three regions: the first region is the elastic region under 
low-stress conditions, the second region is the long collapse 
plateau, and a region where stress starts to rise dramatically, 
and the material gets densified under the applied compres-
sive load. For objective comparisons, Fig.  9 shows the 
normalized (per density) stress–strain responses of 3DGL 
based on the two different topologies (i.e., tube-ligament and 
sheet networks) using different periodicities (5, 10, and 15 
unit cell) for 20% polymer template RD and 4 mg/mL GO 
concentration along with their deformation patterns. One 

Fig. 9  a Comparison of normalized (per density) stress–strain curves 
of 3DGL-T and 3DGL-S using GO concentration of 4 mg/mL for 
20% polymer template RD and 5 × 5x5, 10 × 10x10, and 15 × 15x15 
unit cell. Deformation patterns at � = 0% and 50% of 3DGL with pol-

ymer RD 20% using GO concentration of 4 mg/mL for b 3DGL-S 
(15 × 15x15), c 3DGL-T (15 × 15x15), d 3DGL-S (10 × 10x10), e 
3DGL-T (10 × 10x10), f 3DGL-S (5 × 5x5), and g 3DGL-T (5 × 5x5), 
scale bar 1 cm
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can notice that the 3DGL samples of the same architecture, 
the overall mechanical behavior improves with decreasing 
the unit cells size, while comparing the two topology types, 
one can notice that sheet networks outperformed the tube-
ligament networks.

Table S1 summarizes the extracted compressive mechani-
cal properties and their specific values (i.e., per density) of 
the 3DGL-T and 3DGL-S for GO concentration of 4 mg/
mL using a polymer template of 20% RD. An inspection of 
Table S1 reveals that 3DGL-S exhibited higher density than 
the 3DGL-T ones due to the higher surface area of the sheet 
networks (see Fig. 1b) and, more importantly, offered better 
mechanical properties. Therefore, at fixed unit cell size, fixed 
polymer template relative density, and a fixed GO concen-
tration, the sheet networks significantly outperformed tube-
ligament networks. For the case of 5 × 5x5 unit cell, Young’s 
modulus, plateau strength, and toughness of sheet configura-
tion were found to be 4.38, 2.73, and 2.85 times higher than 
that of tube-ligament configuration, respectively. For a more 
objective comparison, the specific mechanical properties are 
calculated and listed in Table S1. The specific stiffness, spe-
cific plateau strength, and specific toughness are 1.88, 1.49, 
and 1.6 times higher for sheet networks as compared to the 
tube-ligament networks. A similar observation can also be 
made in the case of 10 and 15 unit cells. Hence, network 
type has a pronounced effect on the measured mechanical 
properties of 3DGL. Al-Ketan et al. [15] also observed this 

effect of enhanced mechanical properties under compression 
testing for metallic TPMS sheet networks. The comparison 
of sheet- and tube-ligament networks of graphene gyroid 
lattices is reported herein for the first time in the literature 
as per the authors’ best knowledge.

3.2.1.1 Effect of  varying the  number of  lattice unit 
cells The focus of this section is on the effect of number 
of unit cells (or equivalently the effect of unit cell size) on 
the mechanical properties of 3DGL-S and 3DGL-T, while 
the size of the cubic samples is fixed. Upon inspection of 
Table S1, it becomes evident that a higher number of unit 
cells results in increasing the graphene relative density and 
enhanced mechanical properties of 3DGL for a fixed value 
of GO concentration (4 mg/mL) and polymer relative den-
sity (RD = 20%). The graphene relative density in 5 × 5 × 5, 
10 × 10 × 10, and 15 × 15 × 15 unit cells was 6.19, 10.94, and 
15.22%, respectively, as this increase with the increase in 
number of unit cells can be attributed to the increased surface 
area. For the case of 5 × 5 × 5 unit cells of 3DGL-S, the val-
ues for measured specific stiffness, specific plateau strength, 
and specific toughness were 11.06, 0.73, and 48.4 kJ.cm3/
mg.m3, respectively. Upon increasing the number of unit 
cells to 10 × 10 × 10 of 3DGL-S, the values of measured 
specific stiffness, specific plateau strength, and specific 
toughness increased by 1.64, 2.11, and 1.80 times, respec-
tively. Upon further increase in the number of unit cells 

Fig. 10  Effect of number of unit cells for 3DGL-S and 3DGL-T for 4 mg/mL GO concentration and 20% polymer template relative density a 
relative density, b specific stiffness, c specific plateau strength, and d specific toughness for 3D graphene
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to 15 × 15 × 15 unit cells, the values of measured specific 
stiffness, specific plateau strength, and specific toughness 
increased by 2.0, 5.76, and 2.77 times, respectively, than the 
ones obtained for 5 × 5 × 5 unit cells. The same observation 
can be made in the case of 3DGL-T. Notably, the enhance-
ment owing to the increase in the number of unit cells is 
more pronounced as compared to the mechanical properties’ 
enhancement effect owing to the network type. To highlight 
this further, Fig. 10 shows the relative density, specific stiff-
ness, specific plateau strength, and specific toughness of the 
considered two topologies at the three unit cell tessellations 
(or equivalently at different unit cell sizes). From Fig. 10, 
we can clearly see that the 3DGL based on sheet networks 
always show superior mechanical properties. Also, as the 

number of unit cells increases (or equivalently as the size 
of the unit cell decreases), the mechanical properties are 
increased for both 3DGL-S and 3DGL-T. One expects that 
with further decrease in the unit cell size, further enhance-
ments are expected in specific mechanical properties. How-
ever, we could not explore this further due to the limitations 
in the SLA 3D printing technique. Micro/nano-3D printing 
techniques such as two-photon lithography direct laser writ-
ing [22] and large-area projection micro-stereolithography 
[44] can be used to 3D print polymer templates with much 
smaller unit cell size, but the challenge would be the diffi-
culty of using the current dip-coating.

2 mg/mL 4 mg/mL 10 mg/mL 15 mg/mL

(c)(b)

(a)

1 cm 1 cm 1 cm 1 cm1 cm

2 mg/mL 4 mg/mL 10 mg/mL 15 mg/mL

1 mm

28

1 mm

33

1 mm

38

1 mm

25

(d)

Fig. 11  a Optical images of 5 × 5x5 unit cell 3DGL-S samples for 
20% polymer template RD using four GO concentrations, b 3DGL 
relative density in relation with GO concentration. c 3DGL density 

in relation with GO concentration. Samples with 5 × 5x5 unit cells. d 
Micro-CT scans of cross-sectional view of 3DGL-S (polymer RD of 
20%) using four GO concentrations
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3.2.1.2 Effect of  varying GO concentration and  polymer 
template relative density To assess the effect of GO con-
centration and polymer template RD on the compressive 
mechanical properties of 3DGL, four GO concentrations 
(2, 4, 10, and 15 mg/mL) and two polymer template RDs 
(7% and 20%) were considered. Figure 11a shows examples 
of fabricated samples at different GO concentrations for 
3DGL-S with 5 × 5 × 5 unit cell using a polymer template 
of 20% RD. Figure 11b and c shows the relationship of GO 
concentration with 3DGL relative density and density for 
both tube-ligament and sheet networks; the tube-ligament-
network data are taken from [31]. The data in Fig. 11b and 
c are fitted with a power law that can be used to estimate the 
expected 3DGL density (or relative density) for a specific 
GO concentration and gyroid network type.

Figures S6 and S7 (see supplementary document) show 
the compressive stress–strain curves of 3DGL-S using dif-
ferent GO concentrations for polymer template RDs 7% and 
20%, respectively. Figure S8 provides a comparison of the 
normalized stress–strain curves for both 20 and 7% polymer 
template RD for the four GO concentrations. Tables S2 and 
S3 provide the densities, relative densities, and the extracted 
mechanical properties of 3DGL-S of both 20% and 7% poly-
mer template RD, respectively, for the four GO concentra-
tions. Figure 12a shows that graphene lattices based on 7% 
polymer template RD have higher graphene relative den-
sity as compared to 20% template which is attributed by the 
higher surface area for the former as evident in Fig. 1b. Also, 

from Fig. 12, we can notice that the mechanical behavior for 
7% template RD yields slightly higher specific stiffness than 
20% template RD but significantly higher specific plateau 
strength and specific toughness. This can be attributed to 
the good stacking of the graphene micro-sheets after etch-
ing the polymer scaffold using a 7% RD polymer template, 
where the thickness of the polymer sheet is less compared to 
the one with 20% RD (see Figure S1 in the supplementary 
document). This produced smaller air gaps inside the gra-
phene coating after thermal etching, as evidenced by micro-
CT images in Figs. 6d and S2(b). Moreover, it is observed 
from Fig. 12 that by increasing the GO concentration at a 
fixed polymer RD, there is an increase in the 3DGL-S den-
sity or relative density due to increase in coating thickness 
(see Fig. 11d). Also, it can be seen from Fig. 12 that upon 
increasing the GO concentration at a fixed polymer RD, the 
3DGL-S is stiffer due to an increase in 3DGL density or 
relative density.

3.2.1.3 Deformation behavior Figure 9(b–g) shows defor-
mation patterns taken during testing the samples at two dif-
ferent strain levels ( � = 0% and � = 50%) for 3DGL-T and 
3DGL-S. Figure 9c, e, and g shows that the tube-ligament-
network sample undergoes a uniform deformation such that 
the 3DGL-T collapses in a layer-by-layer mode throughout 
the compression process, whereas the sheet networks col-
lapse due to strain localization and formation of shear bands 
that are triggered by manufacturing microstructural defects 

Fig. 12  Effect of GO concentration and polymer template RD on a relative density, b specific stiffness, c specific plateau strength, and d specific 
toughness for 3DGL-S
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(see Fig. 9b–f). Also, the deformation patterns of 3DGL-S 
(5 × 5x5 unit celled) at different GO concentrations can be 
seen in Figure S9 of the supplementary document. It was 
observed that all the 3DGL-S fabricated at various GO con-
centrations have the same deformation pattern. Therefore, 
this implies that the deformation mechanism is independent 
of GO concentration, and dependent on the topology net-
work (see Fig. 9).

To evaluate the bending- or stretching-dominated defor-
mation behavior of the current 3DGL, we plot the mechani-
cal properties (elastic modulus, plateau strength, and tough-
ness) as a function of density fitted with the Gibson–Ashby 
scaling power law � = C�s�

n as shown in Fig. 13. The 
power law exponent n typically indicates the deformation 
mode; stretching- or bending-dominated [43]. A value of 
n≈1 indicates a stretching-dominated mode for the elastic 
modulus and strength, whereas values of more than 1.5 or 
2 depict bending-dominated in the case of elastic modulus 
and strength, respectively. Furthermore, any value between 
these two bounds signifies a mixed deformation mode. From 
Fig. 13, it is observed for the case of 3DGL-S that the expo-
nents n for elastic modulus and strength are 1.33 and 1.13, 
respectively, indicating a stretching-dominated mode of 
deformation behavior. Similarly, the stretching-dominated 
mode of deformation behavior is dominant for 3DGL-T 
since the Gibson–Ashby power law exponents n for elastic 
modulus and strength are 1.26 and 1.16, respectively. It is 

also understood from Fig. 13c that the toughness, which is 
an indication of lattice’s energy absorption, of the 3DGL 
increases with increasing density, but sheet networks show 
a higher energy absorption trend with decreasing density 
compared to tube-ligament networks. The enhanced tough-
ness also indicates better shock-absorption capabilities. Fur-
thermore, Fig. 13 clearly shows that 3DGL-S outperform the 
stiffness, strength, and toughness of 3DGL-T.

The current 3DGLs exhibited a relatively much smaller 
scaling exponent, which is a significant improvement over 
3D porous graphene aerogels fabricated using hydrothermal 
reduction process with a scaling exponent of 2.67 [45], indi-
cating bending-dominated behavior. The scaling exponent of 
the current fabricated 3DGL has a similar value (n = 1.54) to 
the hierarchical micro-architected graphene assemblies fab-
ricated using 3D printing via projection micro-stereolithog-
raphy [28]. On the other hand, the current 3DGLs are also 
superior to the previously 3D-printed graphene aerogels that 
could only behave as bending-dominated structures with a 
scaling n = 2.5 [46]. This is an important finding because the 
type of deformation mode (i.e., bending, stretching, or mixed 
mode) dictates the potential application of such lattices.

3.2.1.4 Properties of the graphene lattices base material It 
is noteworthy that the upper bounds of the elastic modulus 
ES and strength �s for the rGO coating, which constitute the 
graphene lattices, can be back-calculated using the upper 

Fig. 13  Experimental results of compressive mechanical properties verses density for the 3DGL-T and 3DGL-S fitted with the Gibson–Ashby 
scaling power law a elastic modulus, b plateau strength, and c toughness
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bounds in Eqs. (2) and (3), respectively, using a Poisson’s 
ratio of 0.165, a value that is commonly used for rGO base 
material [47], and the relative density � of 3DGL measured 
using the micro-CT scans (see Tables S1, S2, and S3). Also, 
the density of rGO sheets �S can be calculated using the rela-
tive density (or equivalently the graphene volume fraction) 
values obtained from the micro-CT scans and measured 
3DGL density. The calculated values of �S,Es , and �s of rGO 
base material are listed in Table S4 of the supplementary 
document for different number of unit cells (or unit cell 
sizes) and graphene lattice networks (sheet and tube). For 
3DGL-S, there is a weaker dependence of the lattice base 
material properties, especially �S andEs , on the number/size 
of the unit cell as compared to that of 3DGL-T. This might 
indicate that the manufacturing defects in 3DGL-S are less 
than those in 3DGL-T. Furthermore, the base material prop-
erties in 3DGL-S are slightly denser, but stiffer and stronger 
than that in 3DGL-T.

Moreover, Table S5 in the supplementary document pre-
sents the calculated properties of rGO base material (i.e., �S
,Es , and�s ) for 3DGL-S with 5 × 5 × 5 unit cell for both 7 and 
20% polymer RD using different GO concentrations (2, 4, 
10, and 15 mg/mL). It can be noticed from Table S5 that �S
,Es , and �s slightly increase with increasing GO concentra-
tion with the highest difference at 2 mg/mL concentration. 
Overall, one can conclude that the base material properties 
do not change much when using GO concentrations higher 
than 4 mg/mL. The slight variation in the obtained values 
could be attributed to the slight variation in base material 
density and manufacturing defects. Also, it can be noticed 
from Table S5 that the dependence of the base material prop-
erties on the polymer template relative density can generally 
be neglected.

From the calculated results in Table S5, the average value 
of the elastic modulus of rGO sheets was calculated to be 
30.34 ± 9.40 MPa. The elastic modulus value obtained from 
the testing is comparable to the measured value of the rGO 
sheets obtained from the AFM (45.73 ± 5.70 MPa). Further-
more, the average value of rGO base material’s density was 
calculated to be 1,116.84 ± 168.26 mg/cm3, which is rela-
tively close to the reported rGO density (1,500 to 1,900 mg/
cm3) [48].

3.2.1.5 Comparison with data from the literature Figure 14 
provides Ashby charts comparing the elastic modulus and 
strength of 3D graphene cellular materials in literature [9, 
27, 28, 30–32, 45, 49–57], and the values reported in this 
study. For an objective comparison, the specific (i.e., den-
sity-normalized) stiffness and specific strength values of 3D 
graphene structures reported in literature are calculated and 
presented along with the current results in Table S6 in the 
supplementary document. It becomes clear that the 3DGLs 
reported in this study are stiffer than the 3D graphene struc-

tures fabricated using other techniques, including CVD 
[50], hydrothermal process [31, 45, 52, 53], 3D printing 
process [9], and dip-coating [54, 55]. The current fabricated 
3DGLs (both tube and sheet networks) show specific stiff-
ness values ranged from 5.90 to 22.10 kPa.cm3/mg, and spe-
cific strength values varied from 0.49 to 2.12 kPa.cm3/mg, 
while 3D graphene structures produced by CVD, hydrother-
mal process, 3D printing, and dip-coating processes show 
lower specific stiffness (2.50–7.65  kPa) and comparable 
specific strength (0.3–3.7  kPa.cm3/mg). Also, the current 
3DGLs are stiffer than the 3D graphene structures fabri-
cated recently through graphene injection into 3D-printed 
templates (2.27–17.59 kPa) [56] with specific stiffness val-
ues of 2.25–17.59 kPa.cm3/mg that are lower than the spe-
cific values of the current 3DGLs-S (11.6–22.10 kPa.cm3/
mg). The current measured values are in good agreement 
with the values for the graphene structures fabricated using 
3D printing [51], and hydrothermal process based on dif-
ferent 3D-printed TPMS topologies reported in our previ-
ous work [32]. Although the specific stiffness and specific 
strength values of the fabricated 3DGLs are lower than the 
graphene structures fabricated by CVD [27, 30, 49], 3D 
printing [28], and hydrothermal process using 3D-printed 
templates [57], there is a margin for improvement by chang-
ing several manufacturing parameters, such as increasing 
the coating material concentration, reducing further the 
unit cell size, decreasing the template relative density, and 
using high-quality graphene nanoplatelets instead of rGO. 
Furthermore, fabrication of the gyroidal graphene lattices 
using CVD and sacrificial templates will result in improved 
mechanical properties.

4  Conclusions

In summary, we reported for the first time the synthesis of 3D 
graphene lattices based on gyroid sheet networks that were fab-
ricated via hydrothermal-assisted dip-coating technique based 
on additive manufacturing polymer templates. The 3D-printed 
templates allow the obtained graphene lattices to maintain 
the complex architecture of the gyroid sheet-based structure, 
whereas the ligament-based gyroid polymer template resulted 
in a tubular-ligament hollow graphene networks as previ-
ously shown in our previous work [31–33]. The comparison 
between the sheet/shell and tubular graphene gyroid structures 
is reported herein for the first time as well. The mechanical 
properties of 3D graphene gyroidal lattices based on both 
sheet- and tube-ligament networks were systematically exam-
ined by varying the lattice number of unit cell (or unit cell’s 
size), GO concentration, and polymer template relative den-
sity. It was found that the mechanical properties of graphene 
gyroid sheet networks outperformed (almost double) the gra-
phene gyroid tubular-ligament networks. Also, both exhibited 
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stretching-dominated behavior in the elastic and plastic regions, 
which is beneficial for obtaining stiffer and stronger graphene 
architected structures as compared to 3D porous graphene aero-
gels that are mainly bending-dominated. Furthermore, the gra-
phene sheet networks showed a better energy absorption trend 
with decreasing graphene lattice relative density. It was shown 
that decreasing unit cell size, increasing GO concentration, 

and decreasing polymer template relative density, generally, 
increases the mechanical properties of the gyroid graphene lat-
tices, allowing for potential future enhancements in mechanical 
properties by adjusting these parameters. However, decreasing 
the unit cell size significantly increased the mechanical proper-
ties in comparison with increasing GO concentration or reduc-
ing polymer template relative density. Thus, further decrease 

Fig. 14  Ashby charts of the 3DGL compared to the 3D graphene cel-
lular materials in literature including CVD 1 [27], CVD 2 [30], CVD 
3 [49], CVD 4 [50], 3D printing process 1 [28], 3D printing process 
2 [51], 3D printing process 3 [9], hydrothermal process 1 [45], hydro-
thermal process 2 [52], hydrothermal process 3 [53], dip-coating pro-

cess 1 [54], dip-coating process 2 [55], hydrothermal process using 
3D-printed template 1 [31], hydrothermal process using 3D-printed 
template 2 [57], hydrothermal process using 3D-printed template 3 
[32], and graphene injection into 3D-printed template process [56] a 
Young’s modulus and b compressive strength
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in the template’s unit cell size, which is limited by the adapted 
3D printing technique, is an effective way for enhancing the 
mechanical properties of the current gyroidal graphene struc-
tures. Furthermore, polymer templates with smaller relative 
density resulted in better mechanical properties mainly due to 
better stacking of graphene micro-sheets and reduced defects.

Using theoretical stiffness and strength upper bounds, 
the density, stiffness, and strength of the rGO base mate-
rial that constitutes the current fabricated gyroidal gra-
phene lattices were calculated and found to slightly 
vary with GO concentration and unit cell size. This 
variation is mainly attributed to manufacturing defects. 
Close agreement between the calculated rGO density 
(1,116.84 ± 168.26 mg/cm3) and those from the literature 
is found. Furthermore, fair agreement between the cal-
culated rGO stiffness (30.34 ± 9.40 MPa) and measured 
stiffness (45.73 MPa) by Atomic Force Microscope is 
obtained. It is also concluded that the density-normalized 
stiffness and strength of the current sheet-based gyroidal 
graphene structures are higher than those of many gra-
phene cellular structures that are produced by various fab-
rication techniques in the literature.

The fabrication of gyroidal, and generally TPMS, gra-
phene cellular structures paves the way for multi-functional 
bulk materials for many applications, including energy stor-
age, thermal management, catalytic support, pressure sen-
sors, bio-scaffolds, and electromagnetic shielding/cloaking.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s41127- 023- 00066-2.
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