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Abstract
Graphene, a two-dimensional (2D) carbon allotrope, has been widely used in various fields due to its excellent inherent
properties. Graphene and its derivatives usually possess poor printability, which makes it challenging to create three-
dimensional (3D) structures. The objective of this work is to investigate a nanoclay-assisted 3D printing approach to print 3D
structures from self-supporting graphene oxide (GO)-laponite nanocomposites. Due to the physical crosslinking between
nanoclay and GO, the resulted nanocomposites can be directly printed into complex geometries in air. A significantly large
range of laponite to GOmass ratio (5.00 to 32.00) was achieved by a mixing and centrifuging method as compared to previously
reported GO-laponite composites made by the solvent evaporation method. It is found that the concentrations of nanoclay
additives and GO can significantly affect the extrudability. In addition, the formability of the extruded filaments was studied
by assessing the filament shapes/dimensions as well as the filament deflections when printing between supporting structures. Our
results show that operating conditions such as dispensing pressure, path speed, nozzle diameter, and stand-off distance can be
used to control the width of printed filaments on a substrate. Due to the self-supporting property of the proposed GO-laponite
nanocomposites, it is possible to form continuous filaments with negligible deflections between supporting structures. Thus, 3D
scaffolds with well-defined shape and controllable geometries have been successfully fabricated, which proves the proposed
nanoclay-assisted 3D printing technology to achieve complex 3D graphene structures is feasible.
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1 Introduction

Graphene, a two-dimensional (2D) carbon allotrope with sp2

hybridization and a densely packed honeycomb lattice [1], has
been heavily studied in recent years. Due to its excellent in-
herent electrical, mechanical, optical, and thermal properties,
graphene and its derivatives have beenwidely used for various
applications such as energy storage, sensing, mechanical
damping, photo-detectors, and thermal insulation [2–6].

Traditional methods and 3D printing techniques are two
different strategies that have been utilized to fabricate 2D
and 3D graphene structures. Traditional methods include hy-
drothermal [7–9], freeze-casting [10–12], chemical reduction
[13, 14], and chemical vapor deposition [15], which all have
several limitations, such as the low resolution of fabricated
parts and inefficiency in the fabrication of large and complex
3D structures. Fortunately, the development of 3D printing
provides a powerful tool to overcome these challenges. Of
seven 3D printing techniques [16], material extrusion is wide-
ly used due to its easy implementation, low cost of processing,
wide range of material selection, and high efficiency [17].
Fused deposition modeling (FDM) and direct ink writing
(DIW) are the two main categories of material extrusion-
based 3D printing. In FDM, solid polymer fibers such as
polylactic acid (PLA) [18] and acrylonitrile butadiene styrene
(ABS) [19] are used as build materials. These fibers are fed
into printhead with a working temperature higher than the
melt temperatures and extruded out to form continuous melt
filaments. Due to a low ambient temperature, the extruded
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filaments rapidly solidify with sufficient mechanical strength
to hold subsequently deposited filaments. For 3D printing
graphene structures via FDM, graphene particles must be
mixed with matrix polymers [20] first to prepare composite
polymer fibers, which complicates the pre-printing process
and constrains the selection of matrix polymers. In addition,
the high temperature during the preparation of composite
polymer fibers, as well as the FDM-based 3D printing process,
may deteriorate the intrinsic properties of graphene [20],
which limits this method in 3D graphene structure fabrication.
DIW is different from FDM such that the liquid build mate-
rials, like suspensions and/or solutions, are used as “inks.”
These inks are extruded through printhead to form continuous
filaments, rapidly solidified via different crosslinking mecha-
nisms (either physical [21–23] or chemical [24–26]), and 3D
structures are constructed in a layer-by-layer manner [27].
Since it is unnecessary to prepare composite polymer fibers
before printing, the technical challenges in FDM can be con-
quered by using DIW for graphene printing.

The primary requirement of DIW is the suitable print-
ability of ink materials, which is defined by two methods:
extrudability and formability. Extrudability is the capaci-
ty of extruding continuous filaments out of the dispens-
ing nozzle, and formability is the capacity of forming
filaments with controllable shape, dimension, and deflec-
tion after deposition. To improve the extrudability of
graphene and its derivatives such as graphene oxide
(GO), two methods have been used including (1) increas-
ing graphene or GO concentrations and (2) adding addi-
tives as binders and/or viscosifiers. For the former, GO
concentration has been increased to 13.3 mg/mL to facil-
itate the 3D printing process as reported in prior work
[28, 29]. For the latter, various polymers [30, 31] and
particle additives [32] have been investigated. For exam-
ple, Garcia-Tuno et al. [33] added branched copolymer
surfactant and gluconic- -lactone into GO and successful-
ly fabricated scaffolds; however, this process required an
additional high-temperature reduction treatment to de-
compose the additives. Thus, the printed structures after
reduction usually had poor density and mechanical prop-
erties. Similarly, Zhu et al. [32] added silica into GO
suspensions to tune the rheological properties. In their
studies, the isooctane bath was used to support the
printed structures and prevent dehydration during print-
ing, which makes the fabrication process complicated.
Besides, additional treatments such as carbonization at
high temperatures and etching were required, which
may weaken the mechanical stiffness of printed struc-
tures. Yao et al. [34] prepared concentrated GO suspen-
sions via a time-consuming redispersion process and
mixed polymer and inorganic nanoparticle additives to-
gether to prepare a graphene-based ink. Their results
showed that these additives ultimately weakened the

mechanical properties, reduced the electrical conductivi-
ty, and required tedious post-processing for etching.
Jakus et al. [35] demonstrated the printing of a composite
consisting of polylactide-co-glycolide (PLG) and
graphene dissolved into dichloromethane (DCM).
However, rapid evaporation of DCM must be guaranteed
in their study to form self-supporting filaments and pre-
vent the deformation and/or collapse of the printed struc-
tures. To summarize, current DIW approaches have lim-
itations for graphene 3D printing applications. Therefore,
it is necessary to develop a new method for 3D printing
of complex structures from graphene and its derivatives
with any concentrations.

In this study, a nanoclay-assisted DIW technique is pro-
posed to print 3D graphene structures. The low dispersion
ability of graphene limits the formation of inks with the de-
sired concentration of graphene [29]; hence, GO is selected as
an exemplary graphene derivative because of its higher dis-
persing ability attributed to its hydrophilic functional groups.
GO is graphene laced with oxygen-containing groups [36]
with a two-dimensional structure similar to graphene [37].
GO is widely used in energy storage [38–40], corrosion re-
sistance [41, 42], and stimuli response [43–45]. Pure GO
colloid has low viscosity and poor printability. Thus, laponite
nanoclay (Na0.7Si8Mg5.5Li0.3O20(OH)4) suspension is select-
ed as the additive to improve the printability of GO colloids.
Laponite nanoclay suspension is composed of numerous
nanosilicates. When dispersed in an aqueous solution, sodium
ions dissociate from each nanosilicate, leaving the faces with
negative charges, while hydroxide ions dissociate from the
edge, resulting in slight positive charges on the nanosilicate.
The charge distribution enables laponite nanoclay to form a
unique “house-of-cards” arrangement due to the electrostatic
balance [46]. This specific nanoscale arrangement makes
laponite nanoclay suspension possess yield-stress property
in that it easily flows out of the dispensing nozzle, then rap-
idly supports itself after extrusion. Interestingly, when mixing
with other matrix solutions, laponite nanoclay functions as an
internal scaffold additive and the resulted nanocomposite sus-
pensions inherit this yield-stress property and self-supporting
capacity, making direct printing of complex liquid 3D struc-
tures in air feasible as reported in the previous studies [46,
47]. Thus, a GO-laponite nanocomposite is investigated as
the ink for 3D printing applications. Herein, the extrudability
of GO-laponite nanocomposites is characterized by their rhe-
ological properties and the nanocomposites with different
laponite to GO mass ratios are studied. In addition, formabil-
ity is explored by unveiling the effects of operating condi-
tions and assessing the deflection of deposited filaments.
Finally, complex 3D scaffolds are successfully printed based
on the obtained knowledge, validating the effectiveness of the
proposed 3D printing approach for the fabrication of
graphene structures.
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2 Materials and methods

2.1 Material preparation

Preparation of GO colloids GO was synthesized by the im-
proved Hummers’ method [48]. Expandable graphite flakes
(CAS #12777876, > 50 mesh, Sigma-Aldrich, St. Louis, MO)
of an appropriate amount were thermally expanded using a
microwave oven for 30 s. The expanded graphite flakes were
then transferred into an appropriate volume of concentrated
H2SO4/H3PO4mixture (9:1 in volume) and kept in an ice bath.
After slowly adding a given amount of KMnO4 into the mix-
ture within 2 h, the solution was transferred to a 50 °C water
bath and further stirred for 5 h. Finally, iced deionized (DI)
water with H2O2 (30 wt.%) was prepared with the volume
ratio of 150:1 and added into the solution. The obtained solu-
tion was repeatedly centrifuged with 1 M HCl solution and
sequentially with DI water at 8000 rpm via centrifuge (BKC-
TH21, Biobase Biotech (Jinan) Co., Ltd., Shandong, China)
until the supernatant was neutral. The obtained GO paste was
freeze-dried for 48 h and redispersed in DI water to produce
GO colloids (10 mg/mL, sonicate for 1 h). Other colloids with
different GO concentrations (2.5, 5.0, and 7.5 mg/mL) were
diluted by adding DI water to the 10 mg/mL GO colloids
without further sonication.

Preparation of GO-laponite nanocomposites Laponite RD
nanoclay (BYK Additives Inc., Gonzales, TX) was used in
this study. The appropriate amount of laponite powder was
dispersed into GO colloids with different concentrations as
shown in Table 1. Then, a vortex mixer (4ESS-MI0101002,
Guangzhou Four E’s Scientific Co., Ltd, Guangdong, China)
was used to uniformly distribute the laponite powder in the
colloids for 2 min. The obtained nanocomposites were moved
to the centrifuge (CL4M, Waverly Scientific, Waverly, IA) at
3500 rpm for 10 min to remove entrapped air bubbles. All of
the preparation steps were performed at room temperature
under standard pressure. Nanocomposites with different
laponite to GO mass ratios, as listed in Table 1, were prepared
and sealed in dark for 24 h for aging before use, which were
used for the extrudability characterization and formability
investigation.

2.2 Printing system and printing protocols

An extrusion 3D printer (EFL-BP-6601, Suzhou Intelligent
Manufacturing Research Institute, Suzhou, China) was used
to perform all printing experiments at room temperature.
During printing, the nanocomposite inks were fed into the
3D printer via high-pressure air. By extruding through a micro
dispensing nozzle, continuous filaments were formed at the
exit of the nozzle. With the movements of the print bed and
printhead along horizontal and vertical directions respectively,
filaments were deposited into 3D structures in a layer-by-layer
manner.

For the formability investigation, a series of filament print-
ing experiments were performed to investigate the effects of
operating conditions including dispensing pressure, path
speed, nozzle diameter, and stand-off distance on the filament
shapes/dimensions on a substrate. First, different dispensing
pressures (5, 6, and 7 psi (i.e., 3.45 × 104, 4.14 × 104, and 4.83
× 104 Pa)) were applied to extrude nanocomposite inks
through a 20-gauge nozzle (inner diameter of about 600 μm)
and the path speed and stand-off distance were set as 2 mm/s
and 0.6 mm, respectively. Then, to understand the effects of
path speed, the dispensing pressure was set as 6 psi (4.14 ×
104 Pa), the 20-gauge dispensing nozzle was used, and the
stand-off distance was controlled as 0.6 mm, while the path
speed was increased from 0.5 to 4.0 mm/s with an increment
of 0.5 mm/s. After that, different dispensing nozzles (22-
gauge with an inner diameter of approximately 400 μm, 20-
gauge, and 18-gauge with an inner diameter of approximately
800 μm) were used for filament extrusion, while the dispens-
ing pressure, path speed, and stand-off distance were kept as 7
psi (4.83 × 104 Pa), 2 mm/s, and 0.6 mm, respectively. Finally,
the effects of stand-off distance were studied by setting the
dispensing pressure as 6 psi (4.14 × 104 Pa), path speed as 2
mm/s, and nozzle diameter as 600 μm (20-gauge), while vary-
ing the stand-off distance from 0.4, 0.6, to 0.8 mm.

For the filament deflection investigation, a measuring tool
was designed in SolidWorks (Dassault Systemes SolidWorks
Corp., Waltham, MA) with a series of gaps between adjacent
supporting structures and fabricated using an FDM 3D printer
(Ender-3 Pro, Shenzhen Creality 3D Technology Co. Ltd.,
Shenzhen, China). The measuring tool had 8 gaps with the

Table 1 Preparation of the
nanocomposites with different
laponite to GO mass ratios

No. Laponite concentration % (w/v) GO concentration (mg/mL) Laponite to GO mass ratio

1 8.0 2.5 32.00

2 8.0 5.0 16.00

3 6.5 5.0 13.00

4 5.0 5.0 10.00

5 5.0 7.5 6.67

6 5.0 10.0 5.00
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increasing spacings from 0.5 to 4.0 mm and an increment of
0.5 mm. The nanocomposite with the laponite to GO mass
ratio of 16.00 was used as the ink due to its superior extrud-
ability and formability. When printing the filaments atop this
measuring tool, the dispensing pressure, path speed, nozzle
diameter, and stand-off distance were selected as 6.5 psi
(4.48 × 104 Pa), 2 mm/s, 310 μm (24-gauge), and 0.6 mm,
respectively.

The same operating conditions were used for 3D printing
of scaffolds from GO-laponite nanocomposites with a mass
ratio of 16.00. The scaffold was designed with the overall
dimensions of 11.25 mm × 11.25 mm × 4.50 mm, which
had six layers, and each layer was composed of five uniformly
distributed horizontal filaments. The distance between two
adjacent filaments was 2.5 mm. After printing a layer, the
printhead was moved along the vertical direction at a step
distance of 350 μm to print the next layer by changing the
trajectory direction perpendicular to the previous one.

After 3D printing, the as-printed scaffolds were dried for
24 h at – 70 °C in a freeze dryer (BK-FD10S, Biobase Biotech
(Jinan) Co., Ltd., Shandong, China) and then annealed at 700
°C for 2 h under argon atmosphere using tube furnace (OTF-
1200X, MTI Corporation, California).

2.3 Rheological property measurements

Rheological properties of the nanocomposites were measured
using a rheometer (MCR 92, Anton Paar GmbH, Graz,
Austria) at room temperature. The cone-plate measuring sys-
tem had a plate diameter of 50 mm, a cone angle 1.002o, and a
cone-to-plate gap distance of 102 μm. First, steady shear rate
sweeps were performed to determine the relationship between
shear stress and shear rate and characterize the yield-stress
property by varying the shear rate from 0.01 to 100 s-1.
Then, frequency sweeps were conducted to explore the stor-
age modulus (G’) and loss modulus (G”) at different frequen-
cies ranging from 0.1 to 100 rad/s at a low shear strain of 1.0%
(this strain corresponded to the linear viscoelastic region of the
nanocomposites). G’ and G” were used to quantify the solid-
like and liquid-like behaviors of the nanocomposites, respec-
tively. Finally, transient sweeps were carried out to determine
the repeatability of the nanocomposites to switch their states
between liquid and solid-like. During testing, the nanocom-
posites were sheared at a low shear strain of 1.0% for 300 s
and then at a high shear strain of 100.0% for another 300 s,
repeating this process for 1500 s in total. Both G’ and G”were
recorded to characterize the liquid-solid-like transition at dif-
ferent shear strains.

2.4 Visualization and measurement of filaments

A microscope (SW380T, Swift Optical Instruments, Schertz,
TX) with a digital camera (SC 1003, SWIFTCAM, Swift

Optical Instruments, Schertz, TX) was used to view the
printed filaments on a glass slide substrate and ImageJ soft-
ware was utilized to calculate the width of the printed fila-
ments from the photographs. To measure the millimeter-
scale filaments, a digital caliper was used.

2.5 Deflection evaluation

Filaments were printed over the measuring tool and the de-
flection depth at each spacing was imaged by a camera (PC
2275, Canon Inc., Tokyo, Japan). A home-made holder was
designed in the lab to keep a constant distance between the
measuring tool and the camera. The deflection in each image
was measured using ImageJ.

2.6 Statistical analysis

All measurements and experiments were repeated 3 times and
the quantitative values in the text and figures were reported as
means ± standard deviation (SD) with n = 3 samples per
group.

3 Extrudability investigation

The rheological properties determine the extrudability of the
nanocomposites directly. Herein, the results of rheological
property measurements are presented and the explanations
behind different phenomena are discussed.

3.1 Results

Different rheological property measurements including steady
shear rate sweeps, frequency sweeps, and transient sweeps
were performed to the different nanocomposites with the
laponite to GO mass ratios of 32.00, 16.00, 13.00, 10.00,
6.67, and 5.00. The results are illustrated in Fig. 1.

Figure 1a shows the relationship between shear stress and
shear rate of the nanocomposites with different mass ratios. It
is found that the shear stress of each nanocomposite increased
with the increase of shear rate. The yield stress for each nano-
composite can be obtained by fitting the shear stress-shear rate
data into the Herschel-Bulkley model [49]: τ = τ0 + kγ̇n

where, τ is the shear stress, γ̇ is the shear rate, τ0 is the yield
stress, k is the consistency index, and n is the flow index. This
yield stress can be used to evaluate the self-supporting capac-
ity of ink materials. As shown in Fig. 1a, the nanocomposite
with the highest laponite to GO mass ratio of 32.00 presented
the highest yield stress of 224.56 Pa. When the mass ratio
decreased to 16.00, the yield stress of the corresponding nano-
composite decreased to 167.64 Pa. Further, the decrease of
mass ratio from 13.00 to 10.00 resulted in the pronounced
decrease of the yield stress from 33.77 to 11.25 Pa. When
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the mass ratio decreased from 10.00 to 5.00, the yield stress of
the nanocomposites first increased to 13.26 Pa at the mass
ratio of 6.67 and then decreased to 6.08 Pa at the mass ratio
of 5.00. The mass ratio of 6.67 was the critical laponite to GO
mass ratio in this range.

Then, frequency sweeps were carried out to determine the
storage modulus (G’) and loss modulus (G”) of the nanocom-
posites with different laponite to GO mass ratios. The results

are illustrated in Fig. 1b and c, respectively. By comparing the
storage modulus (Fig. 1b) with the loss modulus (Fig. 1c) of
each nanocomposite, it is found that G’ was greater than G”,
which indicated that these nanocomposites demonstrated
solid-like behavior during shearing. In addition, shear moduli
of the nanocomposites with higher mass ratios were indepen-
dent on the mass ratio change. The nanocomposites with the
mass ratios of 32.00 and 16.00 had nearly equivalent G’ and
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G”. However, with the decrease of the mass ratio from 16.00
to 10.00, both G’ and G” decreased. When the mass ratios of
the nanocomposites decreased from 10.00 to 5.00, G’ and G”
first increased and then decreased, which were consistent with
the yield-stress property results. The critical laponite to GO
mass ratio was 6.67.

Finally, transient sweeps were used to determine the capac-
ity of the nanocomposites with different laponite to GO mass
ratios to frequently switch between liquid and solid-like states
at different shear strains. The results are illustrated in Fig. 1d
and e. It is observed that at a low shear strain of 1.0%, the
storage modulus of each nanocomposite was higher than the
loss modulus, indicating the solid-like behavior of the nano-
composite, while at a high shear strain of 100.0%, the loss
modulus was higher than the storage modulus, illustrating
the transition from solid-like to liquid. In addition, both G’
and G” of each nanocomposite presented excellent repeatabil-
ity during each strain decrease/increase cycle, which proved
that the GO-laponite nanocomposites can rapidly and fre-
quently switch between solid-like and liquid states.

3.2 Discussions

From the aforementioned measurement results, it is found that
the laponite to GO mass ratio can significantly affect the rhe-
ological properties of the nanocomposites, which further de-
termines the extrudability of the nanocomposite inks. In this
study, a significantly larger range of laponite to GOmass ratio
(5.00 to 32.00) was provided by the vortex mixing and cen-
trifugation method as compared to that (up to 10.00) of the
solvent evaporation method reported previously [50].
Different phenomena with the change of mass ratios are sum-
marized and explained in a phase diagram as shown in Fig. 2.

As seen from Fig. 2, there are four representative mass ratio
regions: (1) laponite domination region, (2) GO lubrication
region, (3) critical region, and (4) GO domination region.
When dispersed in an aqueous-based solvent, hydroxide ions
dissociate from the edges of nanosilicates and leave the edges
with positive charges, while sodium ions dissociate from the
surfaces of nanosilicates, leading to the negative charges on
the surfaces [46, 47]. Thus, due to the electrostatic attraction
between edges and surfaces, the instinctive “house-of-cards”
arrangement is formed in the laponite nanoclay suspension. In
the laponite domination region, the amount of GO flakes is
limited which cannot change the extrudability significantly. In
contrast, the large amount of nanosilicates can still form stable
“house-of-cards” arrangement, dominating the extrudability.
That explains why the decrease of laponite to GO mass ratio
from 32.00 to 16.00 did not greatly affect the rheological
properties of the nanocomposite inks as shown in Fig. 1. In
this region, the nanocomposite inks present excellent self-
supporting property due to the relatively high yield stress
values as well as good fluidability due to the shear-thinning
property [51], which is defined as the decreasing viscosity
with the increase of shear rate as illustrated by the slopes of
shear stress-shear rate curves in Fig. 1a. Thus, the nanocom-
posite inks with the mass ratio in this region are promising to
be used for 3D structure printing applications.

Decreasing the laponite to GO mass ratio increases the
amount of GO flakes in the nanocomposite suspensions. In
particular, when the mass ratio changes in the range of 16.00
to 10.00, more GO flakes insert into the “house-of-cards”
arrangement. These GO flakes function as the lubricant to
weaken the interactions between laponite nanosilicates during
extrusion [29, 34], resulting in the significant decrease of the
extrudability. Thus, this mass ratio range is named as “GO
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lubrication region,” in which the rheological properties are
sensitive to the change of laponite to GOmass ratios as shown
in Fig. 1.

However, further decreasing the mass ratio from 10.00 to
6.67 does not result in a decrease in the rheological properties.
In contrast, the shear stress, storage modulus, and loss modu-
lus of the nanocomposite ink increase when the laponite to
GO mass ratio is 6.67. This region is called “critical region,”
as shown in Fig. 2. This is due to the increasing amount of GO
flakes in the nanocomposite provide sufficient carboxylate
ions (COO-) from the carboxyl (-COOH) functional group in
GO flakes, which can have an electrostatic attraction with
sodium ions (Na+) from the nanosilicates [50, 52, 53]. This
secondary electrostatic interaction leads to the formation of
another stable microstructure, named GO-assisted “house-of-
cards” arrangement, as shown in Fig. 2. As a result, the ex-
trudability of the nanocomposite inks in the critical region is
enhanced, which has the potential to be used for 3D printing
purpose.

When the mass ratio decreases from 6.67 to 5.00, GO
flakes still exist in the nanocomposites. The GO flakes form
a GO-assisted “house-of-cards” arrangement, where more
flakes can move freely in the suspensions during extrusion,
serving as the lubricants. This mass ratio range is called “GO
domination region,” in which the rheological properties and
extrudability can be shown to significantly decrease in Fig. 2.

4 Formability investigation

Formability, as aforementioned, is defined as the capacity of
forming filaments on a substrate with controllable shapes and
dimensions as well as the capacity of maintaining continuous
filaments between supporting structures with negligible de-
flections. The former is mainly affected by the operating con-
ditions including dispensing pressure, path speed, nozzle di-
ameter, and stand-off distance as shown in Fig. 3, while the
latter depends on the mechanical properties of the ink mate-
rials and geometries of the supporting structures. Herein, the
nanocomposites with different laponite to GO mass ratios
(32.00, 16.00, 13.00, 10.00, 6.67, and 5.00) were used as the

ink materials to print filaments. The effects of the operating
conditions on the filament width were first investigated and
then the deflections of the filament atop the supporting struc-
tures were discussed.

4.1 Effects of operating conditions

The effects of dispensing pressure on the filament width are
illustrated in Fig. 4a. When the dispensing pressure increased,
the filament width increased, which is consistent with the
reported results [54, 55]. In addition, when the laponite to
GO mass ratio was 32.00, due to the high yield stress of the
nanocomposite ink and insufficient dispensing pressure, no
continuous filaments were able to be extruded out of the dis-
pensing nozzle. Instead, only some droplets/segments were
observed on the receiving substrate as shown in the insets of
Fig. 4a. However, with the decrease of the laponite to GO
mass ratios, the yield stresses and viscosities of the nanocom-
posite inks decreased and continuous filaments can be formed
on the substrate. From Fig. 4a, it is found that the filament
width increased with the decreasing mass ratios, and the fila-
ment morphology changed from discontinuous filaments
(droplets/segments), to well-defined filaments with controlla-
ble geometries. Finally, the well-defined filaments changed to
over-deposited filaments [35] from the nanocomposite with
the mass ratio of 5.00, which had uncontrollable dimensions
as shown in the insets of Fig. 4a. It is noted that the width of
the filaments from the nanocomposite with the mass ratio of
6.67 was much smaller than that from the nanocomposite with
the mass ratio of 10.00. That is because the formation of GO-
assisted “house-of-cards” arrangement enhances the extrud-
ability of the ink materials in the critical region and improves
the filament diameter and morphology as shown in Fig. 2.

Path speed, which is also named as printing speed or feed
rate, is defined as the speed at which the dispensing nozzle
moves during ink material deposition. The filament morphol-
ogy is not only affected by the applied path speed but also
depends on the velocity of ink materials being extruded. From
Fig. 4b, it is found that the width of the filament decreased
with the increase of path speed. That is because the velocity of
the extruded nanocomposites is constant at a given dispensing
pressure. Thus, the dragging effect from the nozzle movement
on the extruded filaments is pronounced with the increasing
path speed, leading to the decrease of the filament width [38].
As seen from Fig. 4b, decreasing the laponite to GOmass ratio
caused the decrease of viscosity, which resulted in the increase
of the extrusion velocity of the nanocomposites. As a result, at
the same path speed, the filaments from the nanocomposites
with the lower laponite to GO mass ratios had the larger di-
mensions. In particular, when the mass ratio decreased to 5.00,
the viscosity of the nanocomposite ink was too low and the
extrusion velocity was too high to formwell-defined filaments
at any path speeds. Only over-deposited filaments can beFig. 3 Schematic of nanocomposite filament printing
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observed as shown in the insets of Fig. 4b. However, when the
path speed was much higher than the extrusion velocity of the
nanocomposites, the deposited filaments can break up into
droplets/segments on the substrate due to the dragging effect
as shown in the photographs of the filament printing results
from the ink with the mass ratio of 32.00.

Nozzle diameter directly affects the dimensions of extruded
filament.With the increasing nozzle diameter, the filament width
increased as shown in Fig. 4c. FromFig. 4c, it is observed that for
the nanocomposites with the higher laponite to GO mass ratio
(such as 32.00), discontinuous filaments can be formed due to the
insufficient dispensing pressure and small nozzle diameter (e.g.,
0.4mm). In contrast, for the nanocomposites with the lowermass
ratio (e.g., 5.00), over-deposited filaments were formed due to
the decreasing viscosity of the corresponding nanocomposites as
shown in Fig. 4c. Thus, it is necessary to select suitable dispens-
ing nozzles for various printing applications.

Stand-off distance is the distance between the nozzle tip
and the receiving substrate as shown in Fig. 3. The filament
widths printed at different stand-off distances are illustrated in
Fig. 4d. It is found that the filament width was insensitive to
the change of stand-off distances when some nanocomposite
inks were used. For the nanocomposites with the laponite to

GO mass ratios of 16.00, 13.00, 10.00, and 6.67, the increase
of stand-off distance resulted in the negligible effects on the
filament width. That is because the prepared nanocomposites
possess the yield-stress property due to the addition of
laponite additives. Once extruded out of the nozzle, nanocom-
posite filaments rapidly switch their states from liquid to solid-
like and stably maintain their cylindrical shapes with the di-
ameter close to the nozzle inner diameter [38]. Thus, the width
of the filament deposited on the substrate cannot change with
the stand-off distance in the given range as shown in the insets
of Fig. 4d. However, if the stand-off distance was smaller than
the height of the deposited filament, more nanocomposites
were extruded and stacked at the given location, leading to
the formation of over-deposited filaments as shown in the
insets of Fig. 4d for the nanocomposite with the mass ratio
of 5.00. It is noted that for the nanocomposites with higher
laponite to GO mass ratios (e.g., 32.00), limited amount of
nanocomposites were observed to be extruded at the exit of
the nozzle tip and discontinuous filaments were formed. That
is because the nanocomposites with higher laponite to GO
mass ratios usually have higher yield stresses and viscosities
as shown in Fig. 1. Thus, higher dispensing pressure and/or
larger nozzle are needed to facilicate the continuity of the
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extrusion process. As a result, for 3D printing of the proposed
nanocomposite inks, the primary requirement of the stand-off
distance is that it must be larger than the height of the depos-
ited filaments.

4.2 Filament deflections

One filament was deposited on top of the measuring tool with
the increasing spacings as shown in Fig. 5a. The maximum
deflection occurred in the middle of the spanning filament and
the deflections were measured using ImageJ as shown in Fig.
5b. It is found that with the increase of the spacing between
adjacent supporting structures, the maximum deflection in-
creased from 250 to 1000 μm. This filament on the measuring
tool system can be modeled as a simply supported beam as
shown in the inset of Fig. 5a. The filament between two adja-
cent supporting pillars only experiences uniformly distributed
self-gravity load. Thus, the relationship between the maxi-
mum deflection (δmax) and the spacing (L) can be modeled as:

δmax ¼ 5ρgL4= 96ER2� �

where, E is the Young’s modulus, ρ is the density, g is the
gravity acceleration, and R is the beam radius. From this mod-
el, it is also found that the maximum deflection increases with
the spacing.

5 3D scaffold fabrication

Based on the obtained knowledge from the aforementioned
chapters, a scaffold structure was designed and 3D printed.
The post-printing and post-treatment dimensions were mea-
sured and analyzed to prove the feasibility and effectiveness
of the proposed fabrication approach to print complex 3D

structures with controllable geometries from GO-laponite
nanocomposites.

5.1 3D scaffold printing

The 3D scaffold was designed as shown in Fig. 6a. Since the
filaments for scaffold printing had a diameter of around 750
μm, regarding the inter-filament conflicts and acceptable de-
flection, the spacing distance between adjacent filaments was
designed as 2.5 mm, which corresponded to the deflection of
700 μm as shown in Fig. 5b. Thus, the key dimensions of the
designed scaffold are listed in Table 2.

Due to excellent printability, the nanocomposite with the
laponite to GO mass ratio of 16.00 was selected as the ink for
3D scaffold printing and the result is illustrated in Fig. 6b. It is
found that the printed scaffold had a well-defined shape and
negligible filament deflections as shown in the top/front views
of Fig. 6b. All of the key dimensions were measured using
ImageJ and the relative errors are calculated by the following
equation:

Error %ð Þ ¼ │measured dimension−designed dimension│

=designed dimension� 100%

Thus, the comparisons between the designed dimensions
and the measurements are summarized in Table 2. It is found
that the relative errors of all key dimensions were less than
15%, which means the printed structure had the geometries
close to the designed ones. The slight decrease of the dimen-
sions may be attributed to the water evaporation after printing,
leading to the shrinkage of different dimensions. In addition,
the measured deflection was around 0.79 mm, which was a
little larger than the value measured on the measuring tool.
This phenomenon can be explained by the flexible supports
provided by the soft filaments in the scaffold instead of the
rigid supports offered by the plastic measuring tool.
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5.2 Analysis of 3D scaffolds after post-treatments

Post-treatments of the 3D scaffolds were performed to
obtain the solid nanocomposite scaffolds as shown in
Fig. 7, and the dimensions were measured as shown
in Table 2. Table 2 shows that relative errors of the
key dimensions of the scaffolds after post-treatments
were still less than 15%. These slight dimensional dif-
ferences before and after post-treatments can be ex-
plained from two aspects: (1) the freeze-drying process
rapidly removes water molecules in the nanocomposite,
but stably maintains the spatial distribution of the
nanoclay particles and GO flakes in situ. Thus, the re-
sulted scaffolds can keep the same macroscopic geome-
tries with significant microscopic porosity [12, 55, 56].
(2) In the subsequent annealing process, the uniformly
dispersed GO flakes function as anti-shrinkage additives,
which can effectively reduce the shrinkage of the nano-
composite scaffolds as reported in the published papers
[57, 58]. As a result, the nanocomposite structures fab-
ricated by the proposed nanoclay-assisted 3D printing

approach have a relatively high shape accuracy and
can be used directly for various practical applications.

6 Conclusions and future work

In this study, extrudability has been investigated by character-
izing the rheological properties of GO-laponite nanocompos-
ites with different laponite to GO mass ratios. Then, formabil-
ity has been studied by characterizing the filament width on
the substrate as well as the filament deflections atop the mea-
suring tool. Finally, based on the obtained knowledge, 3D
scaffolds with well-defined shapes and controllable geome-
tries have been successfully 3D printed. The main conclusions
of this study are summarized as follows:

1. With the decrease of laponite to GO mass ratio, there are
four representative regions corresponding to different ex-
trudabilities. In the laponite domination region, the

Table 2 Comparison between the designed and measured dimensions
of the 3D scaffold

Scaffold design After printing After post-treatments

Parameters Values
(mm)

Measured value
(mm)

Error
(%)

Measured value
(mm)

Error
(%)

Length 11.25 10.21 ± 0.03 9.24 10.18 ± 0.01 9.51

Width 11.25 10.52 ± 0.04 6.49 10.46 ± 0.02 7.02

Height 4.50 4.03 ± 0.07 10.44 3.91 ± 0.05 13.11

Spacing 2.50 2.23 ± 0.10 10.80 2.21 ± 0.01 11.6

Deflection 0.00 0.79 ± 0.07 N/A 0.80 ± 0.01 N/A

Diameter 0.75 0.73 ± 0.01 2.67 0.72 ± 0.02 2.25

a b

Deflection
Diameter

H
ei
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t

Front view

Global view

Top view

Front view

Fig. 6 a Schematic of designed 3D scaffold and b printed 3D scaffold before post-treatments (scale bars: 3.0 mm)

Global view

Top view Front view

Fig. 7 Printed 3D scaffold after post-treatments (scale bars: 3.0 mm)
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nanocomposite inks have the best extrudability, while the
extrudability in the critical region has the potential to be
used for 3D printing purpose;

2. Operating conditions can affect the filament width direct-
ly. The filament width on the substrate increases with the
increase of both the dispensing pressure and nozzle diam-
eter. The filaments width decreases with the increase of
the path speed. The filament width is insensitive to the
change of stand-off distance as long as the stand-off dis-
tance is larger than the filament height on the substrate;

3. The filament deflection mainly depends on the spacing
between adjacent supporting structures. For GO-laponite
nanocomposite printing, when the spacing increases from
0.5 to 4.0 mm, the maximun deflection increases from
250 to 1000 μm; and

4. The relative errors of the dimensions of the scaffold struc-
ture after printing and post-treatments are both less than
15%, which indicates that the geometries of the achieved
solid scaffolds are close enough to the designed values.

It is noted that laponite was not removed from the printed
scaffolds. That is because laponite was reported to have the
function of improving mechanical properties [46]. Thus, fu-
ture work may focus on the characterization of the mechanical
and electrical properties of the printed 3D structures from the
proposed GO-laponite nanocomposites. In addition, to further
enhance the mechanical stiffness of the printed 3D structures,
other components such as poly(ethylene glycol) diacrylate
will be added to the proposed nanocomposites as chemical
crosslinkers and the effects of these chemical crosslinkers on
the printability will be investigated in the future.
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