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Impact of Nanoparticle Size and Loading on Printability of

Composite Inks for Direct Ink Writing

Yun Li, Aidan Flynn, Christopher Masternick, Brandon Kolanovic, Bin Li,* and Bo Li*

Direct ink writing (DIW) using polymer-particle composite inks is a new
research area enabling a wide range of new functionalities. Despite extensive
studies, there remains a need for a deeper understanding of how particle size
and loading specifically influence printability, especially in the nano range.
This work aims to systematically evaluate the effects of SiO, nanopatrticle size
(26-847 nm) and loading on printability within a polydimethylsiloxane
(PDMS) matrix. For the single-layer printing process, which is influenced by
the substrate properties, a 3D printing line analysis (3D-PLA) is developed to
monitor the top and side views of printed lines. It is found that line width
varies with ink composition and substrate, while the line height decreases
with solvent evaporation, indicating a strong confinement effect from the
substrate. For multilayer structures, dual-layer printing analysis (DLPA) is
utilized to evaluate the printability. It is shown that DLPA is independent of
the substrate and can be used to compare the printabilities from different
inks. Both 3D-PLA and DLPA can be correlated to the rheological behavior of
the ink through ink rheology analysis (IRA). Finally, this research defined the
design space for DIW by benchmarking the minimum and maximum particle

creation of structures with tailored
mechanical, electrical, and thermal
properties.*?] The integration of sub-
micron and nanoscale particles into
these inks introduces a new realm
of functionality, allowing for the
fine-tuning of material properties to
meet specific application needs.[10-13]

Nanoparticles, due to their high sur-
face area-to-volume ratio and unique
properties, have become a focal point
in the development of composite inks.
These particles are often functional-
ized to improve compatibility with poly-
mer matrices, enhance dispersion, and
achieve specific interactions that can
significantly impact the resulting ma-
terial properties.*17] Xu et al. inves-
tigated the integration of fumed silica
nanoparticles into a silicone rubber ma-
trix reinforced with NdFeB particles to

loadings for printable composite inks.

1. Introduction

Direct ink writing (DIW) is a rapidly advancing additive manu-
facturing technology known for its versatility in fabricating com-
plex functional structures with a wide range of materials.['*] By
utilizing polymer-particle composite inks, DIW has the poten-
tial to revolutionize fields such as flexible electronics, biomed-
ical devices, and advanced manufacturing by enabling the
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enhance the performance of magneti-

cally active soft materials (MASMs) for

DIW applications.['®] The incorporation
of these nanoparticles significantly improved the rheological
behavior, mechanical strength, and magnetic properties of the
MASM inks. Wang et al. utilized silica nanoparticles in their
phase-change-enabled DIW ink formulation, where the nanopar-
ticles enhanced the ink’s rheological properties by interacting
with the wax microparticles.[®! This functionalization allowed for
precise control over the ink’s flow and solidification, resulting
in high-resolution printing with excellent shape fidelity. Kwon
et al. developed an innovative approach for manufacturing all-
printed nanomembrane hybrid electronics, incorporating func-
tionalized conductive graphene (FCG) as a key material. '] The
FCG was functionalized to enhance biocompatibility, prevent oxi-
dation, and improve solderability, which allowed for the seamless
integration of flexible circuits in wearable devices. Hossain et al.
explored the incorporation of nano-alumina (NA) into alumina-
based inks to enhance solid loading and sinterability in extrusion-
based 3D printing.[?°l The inclusion of nanoparticles significantly
influenced the rheological properties of the inks, where NA con-
tributed to reducing viscosity at lower concentrations through a
nano-ball-bearing effect, facilitating better flow during printing.
However, at higher concentrations, NA led to increased viscosity
due to nanoparticle agglomeration. Therefore, the challenge lies
in optimizing the size and loading of these nanoparticles within
the ink to ensure not only the desired functionality but also the
printability of the ink.

© 2024 Wiley-VCH GmbH
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Figure 1. Schematic illustration of DIW process and relationship between SiO, loading, size, and printability. A) A simplified diagram illustrating the
simple DIW printing technology and experimental design of this work. B) The diagram illustrates the correlation between SiO, size and loading in the ink
and the structural integrity of the printed objects. Featured images are the cubic structures with dimensions of 15 mm X 15 mm X 5 mm, incorporating
a triangular infill pattern with a spacing of 3 mm between each infill. On the image, the text specifies the size and loading of SiO, contained in the ink.

Printability, which is defined as the ability of an ink to be
extruded and deposited accurately while maintaining the de-
sired shape and structural integrity, is a critical factor in DIW
processes.[?122] Various approaches have been used to assess
printability, typically focusing on qualitative measures such as
visual inspection of printed lines and structures, and ink rheol-
ogy. Andrew et al. investigated the extensional and shear rheol-
ogy of graphene oxide (G.0O.) suspensions, focusing on three key
rheological parameters: storage modulus, solid-liquid transition
stress, and the flow transition index.[?)] These parameters were
utilized to predict the printability of the G.O. suspensions, of-
fering insights into how the material behaves during the print-
ing process, particularly in terms of extrusion and shape reten-
tion. Ji et al. developed a novel experimental approach to evalu-
ate the printability of inks prepared from water-based slurries of
Al,0;, Y,0;, and Nd, O, ceramic powders.?*] They utilized rota-
tional and capillary rheology tests, focusing on parameters such
as storage modulus and extrusion stress, to assess ink quality for
direct ink writing. Their findings quantitatively defined optimal
printability ranges and provided insights into bubble suppres-
sion during extrusion. Chen et al. employed machine learning
(ML) algorithms, including decision tree, random forest (RF),
and deep learning (DL), to predict the printability of biomate-
rials, addressing the complexities and inefficiencies associated
with the traditional trial-and-error approach in developing 3D-
printable inks.[? Such methods are crucial for optimizing ink
formulations, particularly when working with a wide range of
nanoparticle sizes and loadings. Despite the importance of these
factors, there is a lack of comprehensive studies that systemat-
ically evaluate how variations in nanoparticle size and loading
impact the printability of composite inks in DIW processes.

To address these gaps, our work systematically investigates the
effects of SiO, nanoparticle size, ranging from as small as 26 nm
to as large as 847 nm, and particle loading (1.0-66.7 wt.%) in a
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polydimethylsiloxane (PDMS) matrix. We aim to understand how
these variables influence the overall performance of the compos-
ite inks, with a particular focus on their printability. To exam-
ine the printability in different printing structures, we employ
three complementary methods: 3D printing line analysis (3D-
PLA), dual-layer printing analysis (DLPA), and ink rheology anal-
ysis (IRA). These methods provide a comprehensive assessment
of how nanoparticle size and loading affect the ink’s ability to be
extruded, and its shape retention postprinting. By exploring these
aspects, we aim to define a design space for DIW that optimizes
the printability of polymer-particle composite inks. Our findings
provide valuable insights into how nanoparticle size and loading
affect printability, offering guidelines for optimizing ink formu-
lations to achieve the desired printability. This work enhances
the understanding of DIW technology’s capabilities in producing
high-quality prints, thereby broadening its potential applications
in advanced manufacturing.

2. Results and Discussion

2.1. DIW Printing of Composite Ink Containing SiO,
Nanoparticles

In Figure 1A, the DIW process of composite ink containing SiO,
particles (ranging from nanosize to submicron) and PDMS is il-
lustrated. To demonstrate the effect of particle size on printability,
two SiO, particle sizes (26 and 847 nm in diameter) were selected
to print several samples for comparison. For 847 nm particles, a
clear trend of increased printability can be observed in Figure 1B
with increasing particle loading under a constant printing pres-
sure of 50 psi (3.4 x 10° Pa). At a loading of 9.1 wt.%, the printed
lines merged, indicating poor printability. A loading of 28.6 wt.%
resulted in a sample with decent shape stability, indicating mod-
erate printability, while the maximum extrudable loading under
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A 3D-Printing Line Analysis (3D-PLA) B
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Figure 2. 3D-PLA for the printability evaluation of the first layer. A) A simplified diagram illustrating the 3D-PLA method. B) Comparative analysis of
line width variation over 30 min on Polyethylene terephthalate (PET) and PDMS substrates. Embedded images show side views of the printed lines at
20 s and 30 min postprinting, scale bar represents 1000 um. C) Graphical representation of the stability of line widths across different substrates over
a 30-min period. D) Correlation between line width and SiO, particle loading, ranging from 4.8 to 45.9 wt.%. The size of the particles was 847 nm.
E) Correlation between line width and SiO, particle sizes (26, 86, 348, 460, 847 nm). The loading of the inks was 9.1 wt.%.

50 psi was 45.9 wt.%, which showed even better printability. Fur-
ther increasing the pressure to 120 psi (8.3 X 10° Pa) allowed for a
higher loading of 66.7 wt.%, resulting in the best printability ob-
served. When the particle size was reduced to 26 nm, good print-
ability was achieved with a minimum loading of only 2.9 wt.%.
In contrast, achieving a similar appearance with 847 nm particles
required a loading of 28.6 wt.% or higher. This demonstrates the
tunability of particle size and loading in optimizing printability.
However, it should be noted that visual evaluation alone cannot
provide a quantitative measure of printability highlighting the
need for a systematic and quantitative study of the printability
of nanoparticle-filled composite inks.

2.2. 3D-PLA for the Printability Evaluation of the One-Layer
Printing

In DIW printing, the first printed layer is essential and in many
applications, only one layer is needed. For example, conduc-
tive inks can be printed into thin electrodes.['”?¢] In multilayer
printing, a stable interface between the first layer and the sub-
strate is the foundation for stacking succeeding layers. For ex-
ample, if such an interface is weak, the shrinkage of the printed
part caused by solvent evaporation can detach the part from
the substrate.[’] To assess the printability of one-layer printing,
printed line width analysis (PLWA) has been widely utilized. For
instance, Giuseppe et al. demonstrated that higher concentra-
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tions of alginate-gelatin blends lead to narrower strand widths
due to increased viscosity, directly impacting the accuracy of the
print.?8! Similarly, G&hl et al. employed simulations to predict
the impact of varying printing parameters on line resolution, a
key factor in determining the mechanical properties of printed
structures.[?! Additionally, Lee et al. found that different types of
gelatin methacrylate (GelMA) exhibited varying line widths un-
der the same conditions, highlighting the sensitivity of printabil-
ity to material properties.*”) These studies underscore the crit-
ical role of PLWA in ensuring the precision and stability of the
printed layers. However, the time-dependent wetting and evapo-
ration process may affect the printed lines which were not mon-
itored in the current PLWA method.

In this research, we developed a 3D-PLA system as shown in
Figure 2A to monitor both top and side views of the printed lines
with respect to their resting time (t), defined as the time after
the landing of lines on the substrate. To evaluate the line resolu-
tion aspect of the printability, it is interesting to introduce a pa-
rameter of nozzle diameter (d) to the line width (w) ratio. In the
polymer extrusion, the extrudate will be larger than the size of
the die (nozzle in DIW). This is called die-swell behavior and can
be attributed to the viscoelastic behavior of polymers or polymer-
containing inks.[*"32! The die swell can be problematic for DIW
as a narrow line width or large d/w suggests better resolution. Die
swell can be reduced by stretching the extrudate. In the case of
DIW, modulating the printing pressure and speed or engineering
the composite of the polymer ink can effectively tailor the d/w. In
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this study, we focused on the influence of polymer ink (e.g., parti-
cle size and loading) with fixed nozzle size (d = 330 um), printing
pressure (P = 50 psi), and nozzle moving speed (v = 6 mm ~!s).

As shown in Figure 2B,C, we have compared the change of
printed line on PET and PDMS substrates along with the rest-
ing time (t). Here, the polymer ink containing 9.1 wt.% 847 nm
SiO, particles was chosen. The printed pattern consisted of five
parallel 3-cm-long lines. At t = 20 s, the line width on PDMS is
2172 um, while that on PET is 1810 pm. The contact angles from
the side view images show a better affinity of ink with PDMS sub-
strate (38°) than PET substrate (54°) (Figure 2B). Such difference
can be explained by the better wetting capability of PDMS-based
ink on a PDMS substrate. Intuitively, the ink with low viscos-
ity may spread over the substrate after printing leading to poor
printability. But it is surprising to note that the first side view
images for both substrates were taken at t = 20 s and the width
has not changed ever since (Figure 2C). The results suggest the
wetting happens immediately after the lines touch the substrates
and quickly reaches an equilibrium. The wetting between the
line and substrate critically determines the line resolution.33] The
side view images in Figure 2B suggest that the evaporation of
solvent will only reduce the height of the line, while the edges
of the lines do not retract during evaluation. This phenomenon
suggests strong confinement from the substrate for one-layer
printing.

As shown in Figure 2D, the influence of particle loading was
studied by expanding the loading of 847 nm SiO, particles from
4.8 to 45.9 wt%. On PET substrate, the line width reduced from
2068 pm (d/w = 0.16) to 436 ym (d/w = 0.76). If loading of
SiO, particles is fixed at 9.1 wt.%, by reducing the particle size
from 847 to 26 nm, a significant reduction of the line width
from 1810 pm (d/w = 0.18) to 429 um (d/w = 0.77) was achieved
(Figure 2E). This trend suggests that increased particle loading
and reduced particle size can reduce the line width leading to bet-
ter printing resolution. The fundamental physics can be further
elaborated using the IRA measurement in Section 2.4.

The 3D-PLA method which captures the 3D time-of-flight in-
teraction of ink and substrates represents an important innova-
tion in evaluating the ink printability and line resolution in the
one-layer printing process. It includes big metrics of parameters
from material design, choice of substrate, and printing processes.
However, when the printing reaches the second layer, the “sup-
porting substrate” of the second layer changes from a homoge-
nous surface to the printed first layer which is a hybrid structure
of polymer gel and air gaps. Additionally, the merging between
layers will complicate the situation which limits the capability of
the 3D-PLA method in evaluating the printability of ink in 3D
structures.

2.3. Evaluation of DLPA for Multilayer Printing

As the DIW process advances with the stacked layers, the interac-
tions between these successive ink layers gain paramount impor-
tance, significantly impacting the overall structural integrity and
quality of the printed output. DLPA utilizes a two-layer platform
to quantify printability (Pr) considering inter-layer interactions
as shown in Figure 3A. Dual-layer constructs were printed with
the same distance between adjacent filaments both in the x- and
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y-directions. We first define the circularity (C) using following
Equation (1):

4rA
c=27 (1)
where L and A are the perimeter and area of the pores, respec-
tively. The Pr of ink based on a printed square shape is defined
using Equation (2):
pr=xl L @
4 C 16A

In an ideal case, the shape of the extruded filament will re-
main stable even if another layer of filament is deposited on
top of it, resulting in the formation of square holes and Pr = 1.
In reality, driven by the gravitational force and tendency to re-
duce the surface energy, the two layers of the filament will fuse
leading to Pr < 1, and according to current research on DIW
printability, Pr = 0.9 is set as an empirical threshold beyond
which the 3D printed construct is considered as mechanically
stable.3+3]

A systematic study was performed using submicron and
nanoparticles with different sizes (from 26 to 847 nm) and load-
ings. The printing parameters were fixed unless stated otherwise:
pressure = 50 psi, nozzle moving speed = 6 mm s7!, nozzle
size = 330 pm, and substrate was PET. Figure 3B shows repre-
sentative optical images of printed dual layer construct with the
same particle loading (9.1 wt.%) but different sizes (26-847 nm).
Clearly, Pr increases with the decreased particle size. The data
for the smallest (26 nm) and the largest (847 nm) particles are
shown in Figure 3C,D, respectively. Consistently, higher loading
leads to larger Pr values for all particles. It is important to note
that the smallest nanoparticles (26 nm) pass the threshold (Pr =
0.9, dash line) with a minimal loading of 2.9 wt.%, which is %10
times smaller compared to a minimal loading of 28.6 wt.% for the
847 nm particles. Such contrast can be attributed to the signifi-
cantly increased surface-to-volume ratio of smaller particles.>¢]
Figure 3E further compares Pr for multiple particles at
fixed loadings. Such comparison confirms consistent trends
where Pr increases with decreased particle size and increased
loadings.

Unlike 3D-PLA which is strongly influenced by the substrate,
DLPA emphasizes the inter-layer interaction. However, the first
layer of the DLPA construct is in direct contact with the substrate,
and its cross-section and line width are affected by the substrate.
Therefore, it is important to investigate the substrate dependency
of DLPA. As shown in Figure 3C (red stars), for 847 nm parti-
cle system, three representative loadings (i.e., 9.1 wt.%, the lower
bound; 28.6 wt.%, the first loading value exceeding Pr = 0.9; and
45.9 wt.%, the maximum loading at 50 psi) were picked to re-
peat the DLPA measurement on PDMS substrates. The overlap-
ping Pr for different loadings reveals that the choice of substrate,
whether PET or PDMS, has minimal influence on the DLPA re-
sults. Such comparison suggests DLPA mainly reflects the inter-
layer interaction of the printed lines and can be a generic method
to quantitatively compare the printability of different ink formu-
las. Although the choice of the threshold value (Pr=0.9) of DLPA
is empirical, the ink formula with similar Pr (e.g., Pryg 1m0 wis
= 091 vs Prgy; masewes = 0.91) does show similar sample
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Figure 3. Evaluation of DLPA. A) A simplified diagram illustrating the DLPA method and the cases where printability is less than 1 and equal to 1.
B) Enlarged images of dual-layer structures after printing, displaying different particle sizes (26, 86, 348, 460, 847 nm) with the same loading (9.1 wt.%).
The white color numbers in the images correspond to the Pr values, scale bar represents 500 um. C) Relationship between loading and Pr for ink
containing 847 nm SiO, particles, with Pr ~ 0.9. D) Relationship between loading and Pr for ink containing 26 nm SiO, particles, with Pr ~ 0.9. E)
Impact of five different sizes of SiO, particles on ink Prvalue at varying loadings.

appearances as shown in Figure 1B. In addition, such threshold
value has root from the rheological behavior of the ink as demon-
strated in the following section.

2.4. Evaluation of IRA

The printing process and ink printability are directly related to the
rheological properties of inks. Understanding the relationship
between desirable rheological characteristics and subsequent sat-
isfactory printability is critical.?®**% For example, M’Barki et al.
developed a dimensionless criterion to predict printability in
dense ceramic objects by monitoring the evolution of rheologi-
cal properties over time, allowing for the rational design of inks
based on deformation predictions.??! Similarly, Gao et al. inves-
tigated the printability of gelatin-alginate hydrogels, demonstrat-
ing that the balance between storage modulus (G’), loss modu-
lus (G”), and their ratio (tané) critically affects extrudability and
structural integrity.[*!] Additionally, Lewis et al. emphasized the
importance of tailoring ink rheology to achieve specific behaviors
during droplet and filament-based DIW, highlighting the need
for inks to maintain suitable rheological properties throughout
the printing process to ensure high-quality assembly.[*?] Here,
IRA was conducted near the empirical DLPA printability thresh-
old (Pr=0.9) in the hope of acquiring the key rheological charac-
teristics demanded by DLPA printability, and their relations with
3D-PLA.
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Die swell and the effects of gravity on the resting inks are cru-
cial to line resolution, shape retention, and self-supporting capac-
ity of the extruded filaments. Die swelling is associated with poly-
mer chain relaxation, and it commonly exists in polymer extru-
sion and DIW of polymeric inks. The presence of solid particles
can suppress the motion and relaxation of polymer chain net-
works and reduce die swell, improving line resolution.[*}] Such
chain network retardancy will be further enhanced by the ge-
ometric confinement of the particle network, with increasing
particle loading and reducing particle size to the nanoscale.[*/]
Both factors, at the same time, also endow the inks with more
solid-like behaviors with good shape retention and resistance to
gravity.

Typically, a solid-like behavior is indicated by a dominating
elastic character, or a tan (8) (= G”/G’) lower than 1, where
G’ is the storage modulus, equivalent to the elastic modulus
of a solid material, G” is the loss modulus, quantifying the
liquid-like viscous character of a viscoelastic material. Their ra-
tio, i.e., tan (8), is frequently used to study the gelation process
in gels and nanocomposites.*”) With a gelation point defined
by tan (8) = 1, tan (§) < 1 suggests the presence of continu-
ous network structures and resulting solid-like elastic dominant
behaviors.

Viscoelastic properties of the inks by oscillation amplitude
sweep tests are presented in Figure 4 and Table 1. The lin-
ear viscoelastic region (LVR) can be used to simulate the rest-
ing state of the extruded inks.*®#] The nanocomposite ink
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Figure 4. Rheological properties of selected composite inks. A,B) Composite ink with Pr lower than 0.9. C,D) Composite ink with Pr higher than 0.90.

containing 9.1 wt.% 847 nm particle (Figure 4A) exhibited a high
tan (8) value of 1.30 in LVR region (denoted as tan (8),,), in con-
trast to the ink containing 9.1 wt.% 26 nm particle with a tan
(8)eq of 0.15 (Figure 4C). Such a drastic difference is attributed
to the stronger networking capability of smaller particle, be-
cause of a larger number of particles and higher surface areas,**!
which also accounts for the much higher G’ in LVR (denoted as
G’¢y), that is, ~15 200 Pa for the ink with 26 nm particle versus
~82 Pa for the ink with 847 nm particles, at the same 9.1 wt.%
loading. Additionally, yield stress (t,), that is, the stress at the
limit of LVR region indicating the breakdown of internal struc-
tures and resulting permanent deformation, was significantly el-
evated to ~10.02 Pa (Figure 4D) from ~0.15 Pa (Figure 4B). How-
ever, it should be noted that there are two breakdown mecha-

Table 1. Summary of key rheological parameters of inks ~0.9 Pr threshold.

Loading Tan,, [8] Gleq [P2] 7, [Pa] Pr
26 nm 1.0 wt.% 1.42 54.20 0.15 0.86
2.9 wt.% 0.38 1540.40 2.58 0.91
9.1 wt.% 0.15 15210.30 10.02 0.95
460 nm 4.3 wt.% 1.08 35.53 0.83 0.80
16.7 wt.% 0.45 930.24 2.47 0.91
23.1wt.% 0.34 3696.58 6.07 0.93
847 nm 9.1 wt.% 1.30 82.10 0.08 0.80
25.9 wt.% 0.41 4719.80 5.12 0.89
31.0wt.% 0.25 18 900.30 30.80 0.92
66.7 wt.% 0.10 36 172.10 71.40 0.98
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nisms responsible for the end of the LVR region. In the ink with
9.1 wt.% 847 nm SiO, particles, it is related to the disentangle-
ment of the polymer chains; while in the ink with 9.1 wt.% 26 nm
SiO, particles, the breakdown of SiO, network dominates this
transition.

Obviously, the continuous SiO, network contributes to a more
solid and stronger ink, and eventually, better ink printability and
line resolutions as revealed in Sections 2.2 and 2.3. Besides re-
ducing particle size, increasing the particle loading also favors
the formation of SiO, network. As shown in Table 1, a similar
trend of key rheological parameters is also observed with loading
much more 847 nm particles. However, due to the stronger net-
work capability of 26 nm SiO, nanoparticles, to achieve similarly
high line resolution, as shown in Figure 2, and good ink print-
ability, as shown in Figure 3, much lower nanoparticle loading
is needed. Such dependencies of ink printability and resolution
on the size and loading of nanoparticles are further supported by
the rheological properties of the inks loaded with 460 nm SiO, as
in Table 1. The amount of 460 nm nanoparticle needed for an ef-
fectual SiO, network is #16.7 wt.%, in between those for 26 and
847 nm nanoparticles.

By correlating the key rheological parameters and DLPA
printability in Table 1, it is found that a tan (§)., value of
~0.4 or lower appears to be associated with a printability
higher than 0.9. In the meantime, to counter the effects of
gravity on shape retention, minimum G'eq and T, are ex-
pected to be close to #1000 Pa and 2 Pa, respectively. Higher
G'¢q and T, with increasing loading of SiO, particles, indi-
cates that gravity has weak influences on the ink at rest, and
can be related to the better printability of the ink and line
resolution.
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Figure 5. The relationship between different pressure values and the max-
imum achievable loading for successful printing using ink formulations
containing 847 nm SiO, particles under the conditions of a 330 um noz-
zle size and a printing speed of 6 mm s~'. The surface morphology and
Raman spectrum information of the sample printed with ink containing
847 nm SiO, at maximum loading (66.7 wt.%) are presented in support
information (Figure S3, supporting information).

2.5. Explore the Design Space of Composite Ink

This intriguing observation in Pr’s size and loading dependency
highlights the capability of tailoring the properties of 3D printed
structures. Reducing particle loading can save expensive nano-
materials and is desired for many applications requiring the gel-
like behavior of the part. In this study, under an extrusion pres-
sure of 50 psi, the minimum loading to pass the threshold (Pr =
0.9) is achieved using 26 nm particles at 2.9 wt%. On the other
hand, pushing the system to the maximum loading leads to bet-
ter shape stability, narrower line width, and higher printing res-
olution. More importantly, with the increased ceramic compo-
nents, the mechanical properties can be enhanced and open the
gate toward “rigid” applications such as artificial bones. Based on
the discussion before, the maximum printable loading would be
achieved with 847 nm particles.

Here, we redefine the standard to judge the maximum print-
able loading. The theoretical upper limit of particle loading in an
extrusion process can be defined as the point beyond which the
viscosity of the ink is too high to be extruded out. However, in
reality, increased loading will cause instability of extrusion form-
ing discontinuous lines or rough surfaces before reaching the
theoretical limit. Therefore, we define the maximum loading as
the point before the transition from a continuous smooth line
to a discontinuous/rough line to judge the upper limit. The ex-
perimental details can be found in the supporting information
(Tables S1 and S3, supporting information).

As shown in Figure 5, the maximum loading of the ink in-
creased from 33.3 wt.% at 40 psi to 66.7 wt.% at 120 psi. More im-
portantly, the steep slope in the range of 40-80 psi suggests pres-
sure modulation is effective in increasing the maximum load-
ings. However, the reduced slope between 100 and 120 psi sug-
gests that as the loading increases, the effectiveness of pressure
modulation reduces. Unfortunately, 120 psi was the upper limit
of the commercial 3D printer used in this study. However, our re-
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sult suggests that the pressure modulation may eventually reach
a plateau where particle loading cannot be further increased. It
is interesting to note that as water is used as the solvent, the
maximum loading of 847 nm particles can further increase to
82.1 wt.% after drying the water.

3. Conclusion

This study aimed to evaluate the printability of inks containing
different sizes and loadings of SiO, micro- and nanoparticles ac-
cording to different printing structures: monolayer printing ver-
sus 3D printing. Both 3D-PLA and DLPA suggest smaller par-
ticles and larger loading help increase printability. 3D-PLA is
suitable for evaluating the printability of monolayer structures
and the influence of supporting substrates. DLPA focused on
the merging of the stacking layers and was independent of the
choice of substrate. IRA reveals the fundamental physics of net-
work formation of nanoparticles and helps correlate the rheolog-
ical behavior of composite ink with printability in 3D-PLA and
DLPA. Considering Pr = 0.9 as a threshold and at 50 psi, a min-
imum loading of 2.9 wt.% for 26 nm particles is required, while
to achieve a similar Pr, 28.6 wt.% is needed for 847 nm parti-
cles. We have also explored the higher bound of the loading and
found the maximum loading is 66.7 wt.% at a maximum pres-
sure of 120 psi. Increasing the pressure may further increase the
maximum loading but there might be a plateau.

In summary, our study contributes to the advancement of ad-
ditive manufacturing by providing insights into ink formulation
and parameter optimization for achieving high printability. The
findings underscore the potential of nanoparticles in tailoring ink
properties and emphasize the importance of establishing stan-
dardized evaluation criteria for reliable and efficient 3D printing
processes. Future research efforts can focus on exploring addi-
tional parameters and particle characteristics to further enhance
printability and expand the application possibilities of DIW
materials.

4. Experimental Section

Materials: The materials used in the experiments were as follows:
Pluronic F-127 (Sigma-Aldrich, USA), Methyl cellulose (viscosity 1600 cPs,
Beantown Chemical Company, USA), Polydimethylsiloxane (PDMS) (Syl-
gard 184, Dow Corning, USA), Spherical SiO, particles (vendor-labeled 20,
60, 200, 400, and 800 nm, US Research Nanomaterials Inc., USA).

Preparation of Polymer-Particle Composite Inks—Pluronic F-127 Solution
Preparation:  Pluronic F-127 was mixed with deionized (DI) water at a
40:100 weight ratio. The mixture was stirred using a magnetic stirrer (Stir-
rer 365, VWR, USA) for 30 minutes, then, the mixture was transferred to a
refrigerator at 4 °C overnight, resulting in a clear and transparent solution.

Preparation of Polymer-Particle Composite Inks—Methyl Cellulose (MC)
Gel Preparation: MC was mixed with deionized water (2:100 in weight).
The mixture was stirred using a magnetic stirrer (Stirrer 365, VWR, USA)
for 2 h. After stirring, the mixture settled at room temperature for 24 h,
yielding a clear and homogeneous MC gel.

Preparation of Polymer-Particle Composite Inks—PDMS Preparation:
PDMS was prepared by mixing Sylgard 184 base and curing agent (10:1
in weight). The mixture was thoroughly stirred and then placed in a vac-
uum chamber for bubble removal under vacuum conditions.

Preparation of Polymer-Particle Composite Inks—Composite Ink Prepara-
tion: The synthesized F-127 solution, MC gel, and PDMS were mixed at
a weight ratio of 1:1:1. This mixture leverages the surfactant and rheology
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AsUQOIT suowwo)) aanear) ajqesrjdde ayy Aq pauraA0S are saponIe YO asn Jo so[ni 10j K1eIqi autjuQ A9IA\ UO (SUONIPUOI-PUL-SULIA)/WOD K[ Im’ KTRIqI[aul[uo//:sdny) SuonIpuo)) pue sud, 3y 23S *[$707/71/8¢] uo Areiqry auruQ Ao[iAy ‘KNSIOATUN) BAOUR[[IA £q €4+ [0FTOT IWPL/Z00] 01 /10p/wod Ka[im" Kreiqioutuoy/:sdny woij papeojumo( ‘0 “X60LS9ET



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

modifying properties of F-127 to stabilize the ink mixture and improve its
flow characteristics.[*647] MC gel contributes to the ink’s thermal gelling
behavior, enhancing printability by providing controlled viscosity and wa-
ter retention.[*84%] PDMS adds flexibility and mechanical integrity to the
printed structures, as well as making them more durable.[>%-32] The mix-
ture was thoroughly stirred and used as a polymer base for the composite
ink. The weight of the polymer base was fixed at 100 g and a predeter-
mined amount of SiO, submicron and nanoparticles was added to the
polymer base. For example, if 3 g of SiO, was added, the particle loading
is 2.9 wt.%. The detailed calculations of the loading for different formu-
las were summarized in Table S1 (Supporting Information). After uniform
mixing, the ink was transferred to a 5 mL syringe (Allevi Inc., USA). The
syringe containing the ink was subjected to centrifugation at a speed of
3000 revolutions per minute (rpm) for 30 min to remove any air bubbles.
After centrifugation, the ink was stored in a refrigerator at 4 °C overnight
before being printed.

Printing of Polymer-Particle Composite Inks: A luer-lock plastic blunt-
end tip (330 um) was attached to the syringe and then loaded into the
printing head. The ink was printed using direct ink writing 3D printer (Al-
levi 3 Bioprinter, Allevi Inc., USA). A compressed air pneumatic system was
used to pressurize the syringe barrel and control the ink flow rate. Unless
noted otherwise, the printing parameters were fixed: 6 mm s~! for print-
ing speed (i.e., nozzle moving speed), 50 psi (3.45 x 10° Pa) for pressure,
23 °C for printing temperature, and PET film as the substrate and 330 um
for nozzle diameter (d).

Characterizations: The sizes of the SiO, submicron and nanoparticles
used in the study were characterized using dynamic light scattering at
25 °C with a particle size analyzer (NanoBrook Omni, Brookhaven Instru-
ments, USA) (Figure ST and Table S2, supporting information). The opti-
cal images of line width and cross section for 3D-PLA and merged dual-
layer construct in DLPA were obtained immediately after printing using
an optical microscope (TM-DM11, Tomlov, USA). The samples were not
cured before imaging to capture the initial printed structure’s morphol-
ogy. Following the imaging, the samples were further cured by being left
at room temperature for 48 h to ensure the stability of the printed struc-
tures. Image analysis was conducted using Image) software (version: Im-
age] 1.53K). The printed structures were characterized using Hitachi S-
4800 scanning electron microscope (SEM). The accelerating voltage was
20 kV, and the working distance was 18.6 mm (Figure S3, supporting infor-
mation). Raman spectroscopy was conducted using a confocal Raman mi-
croscope (Alpha 300R, Witec, Germany) with 532 nm laser, 10x objective,
and 1200 g mm~! grating. The spectrum was acquired over 5 s per accu-
mulation at 10% laser power and averaged over 5 accumulations (Figure
S3, supporting information). Discovery HR-2 rheometer, TA, was used for
rheological analysis of the composite ink through oscillation mode. The
storage modulus (G’) and loss moduli (G”) were obtained via oscillation
amplitude sweeps at a frequency of 10 rad s~ at 25 °C over a range of
oscillation strain from 0.01% up to 100%.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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