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Abstract
Nanoclay-enabled self-supporting printing has been emerging as a promisingfilament-based extrusion fabrication approach for
different biomedical and engineering applications including tissue engineering. With the addition of nanoclay powders, liquid
buildmaterialsmay exhibit solid-like behavior upon extrusion and can be directly printed in air into complex three-dimensional
structures. The objective of this study is to investigate the effect of nanoclay on the extrudability of N -isopropylacrylamide
(NIPAAm) and the effect of standoff distance on the print quality during nanoclay-enabled direct printing. It is found that the
addition of nanoclay can significantly improve the NIPAAm extrudability and effectively eliminate die swelling in material
extrusion. In addition, with the increase of standoff distance, deposited filaments change fromover-deposited towell-defined to
stretched to broken, the filament width decreases, and the print fidelity deteriorates. Amathematical model is further proposed
to determine the optimal standoff distance to achieve better print fidelity during nanoclay-enabled direct printing. Based on
the extrudability and standoff distance knowledge from this study, NIPAAm–Laponite nanoclay and NIPAAm–Laponite
nanoclay–graphene oxide nanocomposite hydrogel precursors are successfully printed into a three-layered one-dimensional
responsive pattern, demonstrating the good extrudability and print quality during nanoclay-enabled printing under optimal
printing conditions.
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Introduction and background

Three-dimensional (3D) bioprinting has been viewed as a
promising tissue engineering solution, in particular, to on-
demand fabrication of human tissues and organs [1–4]. Dur-
ing 3D bioprinting, human tissues and organs are fabricated
layer by layer using different bioprinting approaches such as
inkjet printing [5–7], laser printing [8,9], and material extru-
sion [10–13]. Among these fabrication approaches, material
extrusion, a filament-based 3D printing approach, is widely
used due to its high printing efficiency, easy implementation,
and wide range of printable materials. During extrusion, the
rapid solidification methodology has been widely adopted,
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in which various stimuli are used to induce rapid solidifica-
tion of deposited build materials in situ, such as temperature
change [14,15], ultraviolet (UV) radiation [16,17], and ionic
cross-linking [10,18]. However, this fabrication methodol-
ogy follows the traditional “solidification-while-printing”
procedure and has some constraints including the require-
ment of rapid solidification of liquid build materials in
order to retain the printed shape and nozzle clogging. To
overcome these constraints, a novel extrusion fabrication
approach, nanoclay-enabled self-supporting “printing-then-
solidification” [12], has been successfully demonstrated:
Laponite nanoclay is used as an internal scaffold material
to hold liquid 3D structures in air before solidification; after
the entire 3D structure is finished, stimuli are used to cure
and solidify it.

Generally, the printability during solution/suspension
bioextrusion is defined as the capability of ink materials to
form continuous filaments with a controllable diameter and
well-defined morphology and further form 3D structures.
The former is considered the extrudability, and the latter
is considered the formability. Since continuous filaments
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are basic building blocks for the construction of complex
3D structures, extrudability, the formation of a controllable,
continuous filament, is an important topic in the printabil-
ity research. During bioextrusion, both material properties
and operating conditions affect the formation of continuous
filaments, which determines the precision of printed cellu-
lar constructs and location of cells in the constructs. This
is particularly important in printing 3D complex heteroge-
neous constructs which are made of numerous deposited
filaments. During conventional rapid solidification-based
extrusion, the printing process has been typically inves-
tigated based on the effects of ink rheological properties
and homogeneity on the printability and the evaluation of
printing resolution and accuracy. For example, Chuang et
al. [19] reported the filament morphology and diameter
are closely dependent on the preprocessing of bioinks and
their material properties during extrusion printing differ-
ent sodium alginate (NaAlg)-based solutions. Kang et al.
[20] printed various alginate, poly(ethylene glycol) diacry-
late (PEGDA), and gelatin bioinks under different printing
conditions and found that printing conditions including the
nozzle diameter, dispensing pressure, path height (stand-
off distance), path spacing (feed), and printing speed can
affect the printing accuracy and resolution of 3D structures.
For nanoclay-enabled direct extrusion printing, while the
effects of operating conditions on the filament diameter and
morphology have been investigated during the extrusion of
nanoclay-based hydrogel composite filaments [12], the influ-
ence of nanoclay on the extrudability and print quality is still
to be further elucidated.

The objective of this study is to investigate the effect of
nanoclay on the extrudability and the effect of standoff dis-
tance on the print quality during nanoclay-enabled direct
extrusion printing. The print quality is evaluated based on
the morphology (in terms of continuity and cross-sectional
shape) andwidth of filaments as deposited as well as the print
fidelity, which is defined as the variance between the design
and deposited features. In this study, N -isopropylacrylamide
(NIPAAm) is selected as a model ink material with poor
extrudability. As a thermally sensitive hydrogel precursor,
NIPAAm has been extensively investigated for various bio-
logical applications such as drug delivery [21,22] since its
deformation can be triggered by physiological temperature
conditions. To investigate the influence of nanoclay additive
during nanoclay-enabled direct extrusion printing, Laponite
XLG nanoclay is used as both ink material and internal scaf-
fold material. Both Laponite and its nanocomposites have
been utilized in different biomedical applications [12,23,24].
As the internal scaffold material during extrusion, Laponite
XLG is added to prepare the NIPAAm–Laponite nanocom-
posite hydrogel precursor to investigate the improvement of
the bioink extrudability. For comparison, high-concentration
NaAlg, a natural polysaccharide widely used for biorelated

applications [6,7,9,10,18], is selected as a benchmark bioink
material herein. In summary, four biocompatible materials
(NIPAAm, Laponite, NIPAAm–Laponite, and NaAlg) are
extruded through a transparent glass nozzle to study their
extrudability, and the velocity field distribution is measured
to evaluate the effects of nanoclay on the extrudability. The
effects of standoff distance, one of themost important operat-
ing parameters, on the print quality are investigated. Further-
more, an optimal standoff distance model is established, and
a one-dimensional (1D) patternmade of Laponite-based poly
(N -isopropylacrylamide) (pNIPAAm) responsive nanocom-
posite hydrogel is designed and printed based on the optimal
standoff distance as identified.

Materials and experimental setup

Materials

Materials for extrudability and process dynamics
investigation

The NIPAAm solution (18.0% (w/v)) was prepared by dis-
persing the appropriate amount of dry NIPAAm (113.16
g/mole, Acros Organics, Waltham, MA) in deionized (DI)
water with continuous stirring using an overhead stirrer
(Thermo Fisher Scientific, Waltham, MA) at 500 rpm. The
Laponite nanoclay suspension (6.0% (w/v)) was prepared
by dispersing the appropriate amount of dry Laponite XLG
(BYKAdditives Inc., Gonzales, Texas) in DI water with con-
tinuousmixing. This was continued for aminimum of 60min
to ensure thorough hydration of Laponite, and the Laponite
suspension was aged for 24h before use. For the preparation
of NIPAAm–Laponite nanocomposite hydrogel precursor
suspension, 6.0% (w/v) Laponite XLG was first prepared
per the above protocol. Then, the appropriate amount of
NIPAAm was dispersed in the Laponite suspension at a con-
centration of 18.0% (w/v). The overhead stirrer was used to
continuously mix the nanocomposite hydrogel precursor at
500 rpm for a minimum of 30min. Finally, Irgacure 2959 (I-
2959, Ciba, Basel, Switzerland) was added to the suspension
at a concentration of 0.75% (w/v) as the ultraviolet pho-
toinitiator and mixed thoroughly. The NaAlg solution (6.0%
(w/v)) was prepared by dispersing the appropriate amount
of dry NaAlg (low molecular weight (20–40 kDa), Acros
Organics, Waltham, MA) in DI water with continuous stir-
ring until complete dissolution. All materials were prepared
at room temperature.

Materials for printing applications

To evaluate nanoclay as a printability enhancement addi-
tive for the direct printing of pNIPAAm-based responsive
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Fig. 1 a Schematic of material extrusion in air, b schematic of extrusion visualization system, and c experimental setup (scale bars: 500 µm)

hydrogels in air, NIPAAm–Laponite–graphene oxide (GO)
nanocomposite hydrogel ink [25] was prepared in addi-
tion to the NIPAAm–Laponite nanocomposite hydrogel ink,
which was prepared per the aforementioned protocol but
under a continuous nitrogen flow. For the preparation of
the NIPAAm–Laponite–GO nanocomposite hydrogel ink,
an appropriate amount of GO (806641, Sigma-Aldrich, St.
Louis, MO) was dispersed in DI water at a concentration of
0.44%(w/v).Anultrasonic vibrator (Branson1510,Danbury,
CT) was used for 60min to disperse the GO nanoplatelets
uniformly in DI water. Ice was added to the water bath of
the ultrasonic vibrator every 20min to control the bath tem-
perature. Then Laponite nanoclay, NIPAAm, and Irgacure
2959 were added to the GO suspension sequentially under
a nitrogen flow per the same protocol for the preparation of
the NIPAAm–Laponite nanocomposite hydrogel ink.

Experimental setup

The filament width (W ) and morphology during extrusion
printing with constant pressure are significantly affected by
four operating parameters including the dispensing pressure
(P), nozzle path speed (vpath), nozzle inner diameter (DN),
and standoff distance (d) as shown in Fig. 1a in addition
to ink material properties. In material extrusion, polymer-
based build material fluids undergo a shear stress, resulting
in stretched polymer molecular chains in the nozzle; while

at the exit of the nozzle, the disappearance of shear stress
and recovery of polymer chains to a coiled state lead to the
die swelling phenomenon. As such, the diameter of extrudate
may be significantly larger than the nozzle inner diameter as
shown in the inset of Fig. 1b. This die swelling may make it
difficult to control the filament diameter.

Specifically, two printing systems were set up for the
proposed studies: an extrusion visualization system to inves-
tigate the effect of nanoclay on extrudability, and an extrusion
fabrication system to study the standoff distance effects and
the fabrication of nanocomposite hydrogel structures using
nanoclay-enabled direct extrusion printing.

Extrusion visualization system for extrudability and process
dynamics investigation

An extrusion visualization system as shown in Fig. 1b was
designed to study the extrusion process dynamics. High pres-
sure airwas used to dispense inkmaterials out of a homemade
glass nozzle (an inner diameter of approximately 750µmand
a length of approximately 31.75mm as shown in the insets of
Fig. 1c) to formfilaments/droplets. A high-speed camerawas
positioned at the exit of the nozzle to image the movement
of the microbeads during extrusion as illustrated in Fig. 1c.

Particle imaging velocimetry (PIV) was implemented to
investigate the velocity field distribution in the extruded fila-
ment at the exit of the nozzle. Black polystyrene microbeads
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Fig. 2 Design of 1D pattern for
printing. a 3D schematic of
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dimensions of the 1D pattern
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(6 µm diameter, Polysciences, Warrington, PA) were mixed
thoroughly with NIPAAm solution, Laponite suspension,
NIPAAm–Laponite suspension, andNaAlg solution at a con-
centration of 1.00% (v/v). These four inks mixed with the
microbeads were extruded through the glass nozzle with a
standoff distance of 150 mm. Based on nominal pressure
conditions during printing, different pressures were utilized
to extrude these four materials: 0.34×105 Pa (5 psi) for
NIPAAm extrusion and 1.38×105 Pa (20 psi) for Laponite,
NIPAAm–Laponite, andNaAlg extrusion. Images andvideos
were captured using a high-speed camera (Fastcam SA5,
Photron, San Diego, CA), and the frame rate for imaging was
500 fps (frame per second). To determine the velocity field
distribution in extruded droplets/filaments, a measurement
plane 750 µm below the exit of the nozzle was selected and
its velocity vectors along the radial direction were recorded.
The data were analyzed using PIVlab (Matlab, MathWorks,
Natick, MA).

Extrusion fabrication system for printing applications

The extrusion fabrication system was a microdispensing
pumpmachine (nScrypt-3D-450, nScrypt, Orlando, FL), and
all printing was conducted at ambient conditions. If not
specified, a 22-gauge nozzle (410 µm inner diameter and
6.35 mm length) (EFD, Nordson, Vilters, Switzerland) was
used to dispense ink materials at a path speed of 1.00 mm/s
under 1.03×105 Pa (15 psi) (constant pressure). For the
investigation of the standoff distance effects during printing,
NIPAAm–Laponite filaments were printed onto a substrate
when the standoff distance increased from 0.2 to 1.4 mm.
For 1D pattern printing, NIPAAm–Laponite and NIPAAm–
Laponite–GO filaments were printed as designed (Fig. 2a) at
a standoff distance of 0.4 mm. The 1D pattern was designed
with the overall length of 50.0 mm and each layer thickness
of 0.4 mm as shown in Fig. 2b. After printing, an ultraviolet
(UV) curing system (OmniCure Series 2000, LumenDynam-
ics,Mississauga,ON,Canada)was used to cure the deposited
patterns at a power of 18W/cm2 for 15min. After curing, the
1D pattern was submerged in DI water at room temperature
for 24h to hydration. Then the fully swollen 1D pattern was
submerged in hot water (60

◦
C) for 5min to deform into a

two-dimensional (2D) shape.

Contact angle measurement

The cross-sectional shape of deposited filaments is affected
by the standoff distance, which should be optimized based on
the filament contact angle. To identify the optimal standoff
distance, the contact angle of NIPAAm–Laponite nanocom-
posite hydrogel precursor filaments, deposited on a ceramic
substrate using a dispensing nozzle (EFD, Nordson, Vilters,
Switzerland) with an inner diameter of 1.50 mm, was mea-
sured using a tensiometer (Attension ThetaLite 101, Biolin
Scientific, Sweden).

Effects of nanoclay on extrudability

During material extrusion, extrudability is mainly affected
by the dispensing pressure and ink rheological properties. In
conventional rapid solidification-based extrusion, a high dis-
pensing pressure may lead to the formation of a jet, which
may further break up into droplets in air due to the effect of
surface tension and gravity, while a low dispensing pressure
may cause the formation of dripping droplets especiallywhen
the ink viscosity is relatively low. For better extrudability, a
suitable range of printing pressure should be identified first.
Under aforementioned pressure conditions for four different
inks (NIPAAm, Laponite, NIPAAm–Laponite, and NaAlg),
they were extruded through the glass nozzle and the effect
of the nanoclay on extrudability was investigated. Since a
small amount of GO additive (0.44% (w/v)) doesn’t change
the rheological properties and extrudability of the NIPAAm–
Laponite nanocomposite hydrogel precursor as observed,
NIPAAm–Laponite–GO nanocomposite hydrogel precursor
was not investigated herein.

The extrusion schematics and process images of the low-
viscosity NIPAAm solution are shown in Fig. 3a-1 and a-2.
Due to its low viscosity (0.002 Pa·s) and the pronounced
capillary effect, the extruded NIPAAm solution cannot form
a continuous filament; instead the solution forms dripping
droplets after leaving the nozzle outlet. As a result, the
NIPAAm solution has poor extrudability and cannot be used
alone for extrusion-based printing applications. Figure 3b-1
and b-2 shows the extrusion process of the Laponite nan-
oclay suspension, a Bingham plasticmaterial with the unique
yield-stress property [12,13,25,26]. When extruding through
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Fig. 3 Schematics and images of filament formation process of four different materials: a NIPAAm, b Laponite, NIPAAm–Laponite, and d NaAlg
(scale bars: 500 µm)

a nozzle, the Laponite nanoclay suspension in the nozzle is
sheared and behaves as a shear thinning fluid material. If the
applied stress is higher than its shear yield stress, it behaves
like liquid; otherwise, it behaves like solid. At the nozzle
exit, the shear stress drops close to zero, resulting in a rapid
liquid to solid-like transition behavior [12,25]. As a result,
the extruded Laponite filament has a well-defined morphol-
ogy with negligible die swelling as shown in Fig. 3b-1 and
b-2. By mixing Laponite nanoclay with NIPAAm, the result-
ing NIPAAm–Laponite nanocomposite hydrogel precursor
retains the unique yield-stress property of nanoclay suspen-
sions and can form a filament with well-defined morphology
and negligible die swelling during extrusion as shown in
Fig. 3c-1 and c-2. For comparison, a high-concentration
viscous NaAlg, which has a zero-shear-rate viscosity of
approximately 3.1 Pa·s [27] but is not a yield-stress fluid,
was extruded to examine the effect of viscosity on the extrud-
ability. NaAlg filament formation is illustrated in Fig. 3d-1
and d-2, and though NaAlg filament does not break up into
dripping droplets during extrusion due to its high viscosity,
the die swelling phenomenon is pronounced. This may make
it difficult to control the filament diameter, and the NaAlg
filament diameter is larger than the nozzle diameter at the
exit.

To further investigate the effects of the nanoclay on the
extrudability, the velocity field during extrusion was mea-
sured at a plane 750 µm below the nozzle exit and analyzed
using PIV, and the results are shown in Fig. 4 and Table 1. As
shown in Fig. 4a, it is found that for the NIPAAm solution the
diameter approximates to 2000µmwhich ismuch larger than
the nozzle inner diameter (750 µm) due to the formation of
dripping droplets instead of filaments. In addition, the radial
and axial velocities don’t show any monotonic trend in the
measurement plane, and the average radial (0.58 mm/s) and
axial velocities (0.88 mm/s) are at the same scale (Table 1),
indicating that a turbulent flow develops during NIPAAm
droplet formation (Fig. 4a). In contrast, in Laponite nanoclay
extrusion, the filament diameter (approximately 750 µm) is
close to the nozzle inner diameter as shown in Fig. 4b and
the radial velocity (approximately 0.06 mm/s) is negligible
compared with the axial velocity (approximately 1.88 mm/s)
as seen from Table 1. This demonstrates that the Laponite
nanoclay suspension behaves as a laminar flow during extru-
sion and the die swelling is negligible. In NIPAAm–Laponite
nanocomposite hydrogel precursor extrusion, a similar fila-
ment formation phenomenon can be observed: the filament
diameter (approximately 750µm) is close to the nozzle inner
diameter as shown in Fig. 4c and the radial velocity (approx-
imately 0.05 mm/s) is negligible compared with the axial
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Fig. 4 PIV analysis of velocity field distribution during a NIPAAm, b Laponite, c NIPAAm–Laponite, and d NaAlg extrusion process (unit: µm)

Table 1 Velocity values along radial and axial directions

Ink material Radial velocity
(mm/s)

Axial velocity
(mm/s)

NIPAAm 0.58±0.27 0.88±0.39

Laponite 0.06±0.05 1.88±0.15

NIPAAm–Laponite 0.05±0.05 1.80±0.01

NaAlg 0.24±0.14 0.55±0.22

velocity (approximately 1.80 mm/s) as shown in Table 1. It
can be seen that the addition of the nanoclay can make the
NIPAAmhydrogel precursor to have the yield-stress property
and improve its extrudability. In NaAlg solution extrusion,
NaAlg filament has a diameter (1400 µm) larger than the
nozzle inner diameter, indicating that the die swelling phe-
nomenon is pronounced as shown in Fig. 4d. The average
radial (0.24 mm/s) and axial velocities (0.55 mm/s) are close
to each other as seen from Table 1, and the radial velocity
contributes to die swelling significantly.

In material extrusion, the ink extrudability is evaluated
based on the formation of continuous filaments and con-
trollability of the filament diameter after extrusion. The
rheological properties, especially the ink viscosity or Ohne-
sorge number, can affect the filament formability during
extrusion printing. In NIPAAm extrusion, it is difficult to
form continuous filaments due to the low viscosity of the
NIPAAm ink. As a rheological agent, the Laponite nan-
oclay can effectively increase the viscosity of ink solutions,
resulting in a significant improvement of the extrudability
of the NIPAAm solution. It should be noted that increas-
ing the ink viscosity only cannot ensure the controllability
of filament morphology. As seen from higher concentration
NaAlg extrusion, NaAlg with higher concentration has a
relatively high viscosity but the poor morphology control-
lability due to die swelling as seen from Fig. 4d, indicating
that it is the yield-stress property that plays an important
role in determining the extrudability in addition to the vis-
cosity. When using the nanoclay as a rheological additive,
the NIPAAm–Laponite nanocomposite hydrogel precursor
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demonstrates the yield-stress property and can rapidly tran-
sit its state from liquid to solid-like during extrusion, which
prevents filament swelling at the nozzle exit and improves
themorphology controllability significantly. It should also be
pointed out that polymer solution/suspension may slip over
the nozzle inner surface if the shear stress exceeds a critical
value, affecting the formation of continuous filaments with
smooth surface [28]. During NIPAAm–Laponite extrusion,
thewall slip-induced hydrodynamic instability does not show
any pronounced influence as observed, and all deposited fil-
aments have a smooth surface. As such, the addition of the
nanoclay effectively improves the extrudability of NIPAAm
ink solutions.

Effects of standoff distance on print quality

In conventional rapid solidification-based extrusion, the
selection of standoff distance (d), the gap between nozzle
tip and receiving substrate (including the surface of previ-
ously deposited layers/filaments), determines the formation
of continuous filaments and successful implementation of
3D structure fabrication. If the selected standoff distance is
too short, the applied solidification stimuli may cause the
extruded filament to solidify in air and even in the noz-
zle, resulting in nozzle clogging. If the standoff distance is
too long, the extruded filament may break up into dripping
droplets or segments due to the effects of gravity and surface
tension.

During nanoclay-enabled direct printing, since nanoclay
functions as a rheologicalmodifierwith the yield-stress prop-
erty to support 3D liquid structures in air, the fabrication
process follows a “printing-then-solidification” style [12], in
which no stimuli are applied to induce solidification until
printing is finished. It is unnecessary to consider the nozzle
clogging issue caused by the rapid solidification of filaments
within a standoff distance. In addition, the nanoclay-induced
yield-stress property of the nanocomposite hydrogel precur-
sors prevents filament breakup which may be caused by the
interfacial tension during extrusion as along as the interfacial
tension is lower than the yield stress. Since the addition of
nanoclay can effectively avoid the concerns of nozzle clog-
ging and filament breakup as experienced in conventional
extrusion, the selection of standoff distance during nanoclay-
enabled direct printing only considers the print quality in
terms of the filament morphology, filament width, and print
fidelity.

Effects of standoff distance on print quality

Once a continuous filament is extruded, the print quality of
filaments in terms of the filamentmorphology, filamentwidth
and print fidelity is influenced by the standoff distance. The

effect of standoff distance on the filament morphology is first
investigated in order to examine the importance of standoff
distance. As shown in Fig. 5a-1 to a-5, five types of filaments
can be formed when the standoff distance increases. When
the standoff distance is lower than the height of a printed fila-
ment (H), an over-deposited filament can be formed inwhich
the filament width is extremely large and uncontrollable as
shown in Fig. 5a-1. When the standoff distance is increased
equivalent to the filament height, a well-defined filament
without any deposition delay time (�t = d−H

vink
, where vink

is the velocity of extruded nanocomposite hydrogel precur-
sors at the nozzle exit) can be formed. The deposition delay
time is defined as the time required for an extruded filament
to travel through air before landing on a receiving substrate.
The morphology of deposited filaments is well-shaped, and
the filament width is predictable and controllable as shown in
Fig. 5a-2.When the standoff distance is a little higher than the
filament height, the nanocomposite hydrogel precursor fila-
ment turns solid-like during deposition due to its yield-stress
property, so the gravity and dragging effect on the printed
filament can be neglected. As such, the deposited filament is
still well-defined, and the filament width is close to that of
the well-defined filament printed under the aforementioned
standoff distance condition (zero deposition delay time).
Since there is a gap between the nozzle tip and deposited fila-
ment, the deposition delay time may influence the deposition
process. Such a filament is designated as a well-defined fil-
ament with a deposition delay time as shown in Fig. 5a-3.
When the standoff distance further increases, the gravity
and dragging effects become more significant, resulting in
a stretched filament whose width decreases dramatically as
shown in Fig. 5a-4 and finally breaks into droplets (broken
filament) as shown in Fig. 5a-5 if the standoff distance keeps
increasing.

Furthermore, the effect of standoff distance on the fila-
ment width is studied as illustrated in Fig. 5b. As shown
in Fig. 5b, when the standoff distance is relatively small (for
example, 0.2 mm), an over-deposited filament is formed, and
the filament width is extremely large. With an increasing
standoff distance, the filament width decreases significantly.
When the standoff distance increases from 0.4 to 0.6 mm,
the variance of filament width is negligible, indicating that
the optimal standoff distance to form well-defined filaments
without deposition delay time is approximately 0.4 mm.
When the standoff distance increases further, the filament
width decreases again, and the stretched filament forms.
Finally, the broken filament forms on the receiving substrate
if the standoff distance increases higher than 1.4 mm in this
study.

The effect of standoff distance on the print fidelity is
also investigated in terms of how a deposited pattern fol-
lows the designed printing path as shown in Fig. 5c. When
the standoff distance is smaller than or equal to the height
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Fig. 5 Effects of standoff distance on the print quality. aEffect of stand-
off distance on the filament morphology: a-1 over-deposited filament,
well-defined filament a-2 without deposition delay time and a-3 with

deposition delay time, a-4 stretched filament, and a-5 broken filament,b
effect of standoff distance on the filament width, and c effect of standoff
distance on the print fidelity (scale bars: 1.0 mm)

of printed filaments, there is no gap between the nozzle tip
and deposited filament, and the deposition delay time is neg-
ligible. As a result, the filament can be deposited exactly

along the designed printing path (marked using the dashed
lines) as shown in Fig. 5c-1. When the standoff distance
increases larger than the filament height, there is a deposition

123



Bio-Design and Manufacturing (2018) 1:123–134 131

Fig. 6 Schematics of filament
deposition on substrate

H

θ
θ

d

W

DN

Nozzle

Filament

RSubstrate

DN

DE

vink

vpath

In air

θ θ

delay time,which leads to the under-deposition phenomenon;
especially around deposition corners, the extruded filament
(shaded) may not be deposited exactly according to the
designed printing path as shown in Fig. 5c-2 due to the effect
of the deposition delay time that is determined by the gap
between the nozzle tip and receiving substrate.

Estimation of optimal standoff distance

The filament formation and deposition process on a substrate
can be divided into two sequential processes: filament extru-
sion in air and filament deposition on the substrate. During
filament deposition, the print quality is largely affected by the
standoff distance as seen fromFig. 5, and the optimal standoff
distance is studied based on the following four assumptions:
(1) during extrusion the cross-sectional area of a filament is
constant, (2) the diameter change of an extruded filament in
air is only affected by vink and vpath, (3) the cross-sectional
shape change of a filament dose not influence the filament
length, and (4) the surface tension effect has a shorter time
scale comparedwith that of the liquid to solid-like thixotropic
transition during filament formation and deposition and the
formation of contact angle upon deposition is not affected by
the physical cross-linking process of nanoclay suspension.

As reported in a previous study [26], vpath can affect the fil-
ament diameter significantly during material extrusion. The
effect of vpath on the filament diameter is pronounced during
filament extrusion when a filament is first extruded out of the
nozzle with an initial diameter equivalent to DN and a speed
of vink, which is a function of the pressure, path speed, noz-
zle geometries, and rheological properties as reported [26].
Then the extruded filament moves at a speed equivalent to
vpath with an equivalent filament diameter (DE). Based on

the constant volume of extruded materials, DE can be deter-
mined as follows:

Q = 1

4
πD2

Nvink = 1

4
πD2

Evpath (1)

DE =
√

vink

vpath
DN (2)

where Q is the flow rate.
During filament deposition, the filament cross-sectional

shape changes from circular to cambered as shown in Fig. 6
due to the gravity and surface tension. The radius (R) of the
cambered shape can be determined based on the constant
cross-sectional area as follows:

1

4
πD2

E = 2θ

360◦ πR2 − R2 sin θ cos θ (3)

R =
√

π

4θ − 2 sin 2θ
DE (4)

where θ is the contact angle between the filament (Laponite
nanoclay-based nanocomposite hydrogel precursor filament
herein) and substrate. Since R can also be calculated by
Eq. (5):

R = H

1 − cos θ
(5)

H is then estimated as follows:

H = (1 − cos θ)
√

π√
4θ − 2 sin 2θ

DE (6)

Equation (6) could be further simplified as H = CDE, where

C (C = (1−cos θ)
√

π√
4θ−2 sin 2θ

) is a constant as a function of contact

123



132 Bio-Design and Manufacturing (2018) 1:123–134

Pattern being deformed

Hot water bath

(f)

0.5 min
Hot water bath

Deformed 
pattern

(g)

5.0 min

(a)
Pump 1

Pump 2

Substrate

First layer printing

Pump 2Pump 1

Deposited 
NIPAAm-

Laponite-GO 
filament

Substrate

Deposited layer with 
NIPAAm-Laponite-

/NIPAAm-Laponite-GO

Deposited 
NIPAAm-

Laponite filament

Third layer printing

Deposited layer with 
NIPAAm-Laponite-

/NIPAAm-Laponite-GO

Curing under UV radiation

1D pattern 
being cured

UV light

(c) (d)

pNIPAAm-Laponite-GO

pNIPAAm-Laponite
(e)

Deposited 
NIPAAm-Laponite-

GO filament

Second layer printing

(b)

Fig. 7 Pattern printing and deformation. a First layer, b second layer,
and c third layer printing using optimal standoff distance, d UV curing
of printed three-layered 1D pattern, e cured 1D pattern swelling in DI

water bath at room temperature, and f, g gradually deforming in a hot
water bath (unit: mm and scale bars: 10.0 mm)

angle.When the deposition delay time equals 0, the deposited
filament may follow the designed printing path exactly. As
such, the theoretical optimal standoff distance is determined
as d = C

√
vink
vpath

DN.

The contact angle of the NIPAAm–Laponite nanocom-
posite hydrogel precursor is measured as shown in the inset
of Fig. 6, and the average value is approximately 75.5

◦
,

resulting in a Cof 0.64. Generally, vink can be estimated by
vink = P

8η0L
R2
N [26],whereη0 is the zero-shear-rate viscosity

of ink materials, L is the nozzle length, and RN is the noz-
zle radius. Considering the geometries of both homemade
nozzle used in the extrudability investigation and dispensing
nozzle used in the standoff distance investigation, vink herein
can be approximated as 2.13 mm/s based on the measured
axial velocity (1.8 mm/s) during the extrudability investiga-
tion. Since vpath is selected as 1.00 mm/s, DE is estimated
as 598.38 µm (Eq. (2)) and the theoretical optimal standoff
distance is further determined as 383.37 µm, matching the
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optimal standoff distance range (Fig. 5b) as observed exper-
imentally.

Nanocomposite hydrogel direct printing
application

The extrudability and standoff distance investigation pro-
vides a practical guide for nanocomposite hydrogel printing
applications. Using the identified optimal printing conditions
(standoff distance: 0.4 mm, dispensing pressure: 1.03× 105

Pa (15 psi), and path speed: 1.00 mm/s), a nanocomposite
hydrogel structure was fabricated based on the design as
shown in Fig. 2.

Recently, responsive material printing has emerged as a
promisingmethod to print simple patterns/structures first and
then deform into complex structures upon different stimuli.
Such responsivematerial-based fabrication strategy iswidely
adopted for biomedical applications such as drug delivery
systems [21,22,29,30] and artificial muscles [31], to name a
few. In this study two nanoclay-enabled responsive materials
(NIPAAm–Laponite andNIPAAm–Laponite–GOprecursors
[25]) were printed to fabricate a three-layered 1D pattern
(Fig. 2) directly in air. After printing, the 1D pattern was
UV cured and hydrated in DI water at room temperature. To
induce deformation, the hydrated 1D pattern was submerged
in hot water. When the ambient temperature is higher than
the lower critical solution temperature (LCST, approximately
33

◦
C) of the pNIPAAm-based nanocomposite hydrogels,

the pNIPAAm component of the nanocomposite hydrogels
changes from hydrophilic to hydrophobic and releases water
molecules from the polymeric matrix, resulting in shrinking
of the nanocomposite hydrogels. Due to the shrinking ratio
difference between the pNIPAAm–Laponite and pNIPAAm–
Laponite–GO layers, an interfacial stress develops between
adjacent layers, leading to the deformation of the printed 1D
pattern to a 2D shape.

In this study, the design of the 1D pattern was based on
a previous study [32]. During printing, two independent dis-
pensing pumps (Pumps 1 and 2) were utilized to sequentially
deposit corresponding Laponite nanoclay-based NIPAAm
nanocomposite hydrogel precursors to form the first layer
as shown in Fig. 7a based on the identified optimal standoff
distance. Then, Pump 2 was used to deposit the NIPAAm–
Laponite–GO filament to form the second layer atop the
previous ungelled layer as shown in Fig. 7b. Finally, the third
layer was deposited as shown in Fig. 7c per the same protocol
for the first layer printing to fabricate the three-layered 1D
pattern. After printing, the 1D pattern was exposed to UV
radiation for curing as shown in Fig. 7d. After curing, the
solidified pattern was submerged in DI water for hydration
as shown in Fig. 7e. Then the hydrated 1D pattern was sub-
merged in a 60

◦
C hot water bath to induce the deformation

from a line to a triangle at 0.5 and 5.0min as shown in Fig. 7f
and g, which is similar to that as reported in a previous study
[32]. This three-layered 1D pattern printing and deformation
case demonstrates the good extrudability and print qual-
ity during nanoclay-enabled printing under optimal printing
conditions, which may facilitate more nanoclay-based print-
ing applications.

Conclusions and future work

This study has investigated the effect of nanoclay on the
extrudability of NIPAAm and the effects of standoff distance
on the printing quality during nanoclay-enabled direct print-
ing, and main conclusions are listed as follows:

1. With the addition of Laponite nanoclay as a rheological
modifier, the NIPAAm extrudability can be significantly
improved and die swelling phenomenon can be effec-
tively eliminated during extrusion printing;

2. Standoff distance during nanoclay-enabled direct print-
ing can affect the print quality significantly. With the
increase of standoff distance, the filament morphology
changes from over-deposited to well-defined (without
and with deposition delay time) to stretched and finally
to broken, and the filament width decreases;

3. Standoff distance can also affect the print fidelity sig-
nificantly. When the standoff distance is lower than or
close to the height of a deposited filament, the print
fidelity is satisfactory; otherwise, there is a deposition
delay time which deteriorates the print fidelity during
nanoclay-enabled direct printing; and

4. An optimal standoff distance model is proposed, which
can be used to guide the selection of standoff distance
for better printing performance. The extrudability and
standoff distance knowledge herein can facilitate printing
applications as witnessed during pNIPAAm–Laponite
and pNIPAAm–Laponite–GO nanocomposite hydrogel
pattern printing.

Future work may focus on the construction of comprehen-
sive phase diagrams to understand the filament formation
mechanisms in both conventional and nanoclay-enabled self-
supporting extrusion printing approaches and further predict
the formation of different filament types. In addition, future
workmay include improvement of the proposed standoff dis-
tance model by considering other factors such as gravity and
ink rheological properties.
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