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ABSTRACT

Freeform three-dimensional (3D) printing of functional structures from liquid hydrophobic
build materials is of great significance and widely used in various fields such as soft robotics and
microfluidics. In particular, a yield-stress support bath-enabled 3D printing methodology has

been emerging to fabricate complex 3D structures. Unfortunately, the reported support bath



materials are either hydrophobic or not versatile enough for the printing of a wide range of
hydrophobic materials. The objective of this study is to propose a fumed silica nanoparticle-
based yield-stress suspension as a hydrophobic support bath to enable 3D extrusion printing of
various hydrophobic ink materials in a printing-then-solidification fashion. Hydrophobic ink is
freeform deposited in a hydrophobic fumed silica-mineral oil suspension and remains its shape
during printing; it is not cured until the whole structure is complete. Various hydrophobic inks
including polydimethylsiloxane (PDMS), SU-8 resin, and epoxy-based conductive ink are
printed into complex 3D structures in the fumed silica-mineral oil bath and then cured using
relevant cross-linking mechanisms, even at a temperature as high as 90°C, to prove the feasibility
and versatility of the proposed printing approach. In addition, the deposited feature can easily
reach a much better resolution such as 30 um for PDMS filaments due to the negligible

interfacial tension effect.

1. INTRODUCTION

Various materials have been developed and utilized to fabricate functional structures such as
soft robotics/actuators ', electronic components/devices “°, and mechanical parts 7%, to name a
few, for various applications. The emergence of three-dimensional (3D) printing ? provides a
powerful tool for on-demand fabrication of complex 3D functional structures. For freeform 3D

1-6, 10

printing of functional structures, extrusion , sometimes known as direct ink writing, is one

of the commonly used strategies due to its easy implementation, high efficiency and wide range
of printable materials. During extrusion printing, functional ink materials must have either rapid

1,3

solidification properties or self-supporting properties !'"'4 to keep the shape as extruded,

which constrains the selection of printable materials. To overcome this challenge, a yield-stress



support bath-assisted printing-then-solidification extrusion strategy '° has been emerging in
recent years as an alternative methodology to print functional materials. During printing, a yield-
stress support bath is utilized to temporarily hold a printed 3D structure in sifu, which is not

cured until the whole structure is complete.

To date, various hydrophilic yield-stress support bath materials such as granular microgels ¢

15,1920 and gelatin particles 2! have been investigated for

18 Laponite nanoclay particles
extrusion printing of aqueous materials. When a bath material is hydrophilic, the interfacial
tension effect may prevent extrusion printing of fine features from hydrophobic liquids as seen
from the Plateau-Rayleigh instability principle. If printing in a hydrophilic bath, printed
continuous filaments of hydrophobic functional ink materials may easily result in discontinuous
segments or droplets. For hydrophobic support bath-based extrusion printing, a self-assembled
micro-organogel bath was investigated to print silicone structures 2. However, this micro-
organogel bath is sensitive to temperature changes and loses its supporting function if the
working temperature is higher than 60 °C, constraining its applications for printing of high cross-

linking/solidification temperature ink materials. Therefore, it calls for a new hydrophobic

support bath material for hydrophobic material printing.

Ideally, a support bath material for hydrophobic ink printing must have following properties:
1) it should be a structured fluid with a short response time thixotropic property and have a solid-
liquid transition upon a certain yield stress, which enables it to easily and rapidly transit between
liquid and solid states upon different shear stress conditions, 2) it should be hydrophobic, which
may mitigate the interfacial tension effect during printing, and 3) it should have thermal stability
and UV transparency to facilitate 3D printing of various hydrophobic functional inks with

different cross-linking mechanisms.



The objective of this study is to investigate a fumed silica-mineral oil system as the support
bath, in which fumed silica powders are suspended in mineral oil to prepare a yield-stress
suspension. Since the hydrophobic mineral oil is used as the solvent, the interfacial tension
between the support bath material and hydrophobic ink materials is much lower than that in
aqueous solvent-based support baths, which makes it feasible to fabricate complex 3D functional
structures with a much better resolution from hydrophobic liquids. In addition, due to the
inorganic nature of fumed silica nanoparticles and the relatively high boiling point of mineral oil
(~ 220°C vs 140°C of silicone oil), the fumed silica-mineral oil support bath can endure a higher
temperature range while maintaining a good yield-stress property for effective printing of

thermally sensitive hydrophobic ink materials.

2. EXPERIMENTAL SECTION

2.1. Material preparation. Fumed silica nanoparticle suspension preparation. Commercial
hydrophobic fumed silica Aerosil@R812 (Evonik, Parsippany, NJ) was used as the support bath
material for various hydrophobic functional ink printing. Fumed silica nanoparticle suspensions
were prepared by dispersing the appropriate amount of dry fumed silica powder in mineral oil
(light, Sigma-Aldrich, St. Louis, MO) at room temperature. After continuous mixing for 90 min
using an overhead stirrer (Thermo Fisher Scientific, Waltham, MA) at 500 rpm, the fumed silica
nanoparticle suspensions were aged for at least one day. Before each use, the fumed silica
nanoparticle suspensions were centrifuged using a centrifuge (5804R, Eppendorf, Hamburg,
Germany) at 3000 rpm for 10 min to completely remove bubbles trapped in the suspensions.
Specifically, 4.0%, 6.0% and 8.0% (w/v) fumed silica nanoparticle suspensions were used to

characterize the rheological properties, UV transparency, and thermal stability of the suspensions.
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For various hydrophobic ink printing studies, 6.0% (w/v) fumed silica nanoparticle suspension

was used as the support bath.

Hydrophobic functional ink preparation. The PDMS (Sylgard 184, Dow Corning, Mildland,
MI) ink was prepared by mixing the base agent with the curing agent using a glass rod at the
volume ratio of 5:1 for 5 minutes. Before printing, PDMS ink was degassed using the centrifuge
at 1500 rpm for 5 minutes to remove entrapped bubbles. The photosensitive SU-8 2050
(MicroChem, Westborough, MA), having a viscosity of 12,900 cP, was used as received to
fabricate SU-8 structures. The commercial epoxy-based conductive ink (H22 EPO-TEK, TED
PELLA, Redding, CA) was prepared by mixing the base agent with the hardener using a glass
rod at the weight ratio of 100: 4.5 per the manufacturer’s protocol and degassed using the

centrifuge at 1500 rpm for 5 minutes to remove entrapped bubbles.

2.2. Characterization of fumed silica nanoparticle suspensions. Micro- and nano-scale
structures of fumed silica nanoparticle suspensions were observed using both a scanning electron
microscope (SEM) (SU5000 FE-VP SEM, Hitachi High Technologies America, Schaumburg, IL)
and a transmission electron microscope (TEM) (Hitachi H7000 TEM, Hitachi High Technologies
America, Schaumburg, IL). The fumed silica samples for SEM and TEM imaging were prepared
by diluting 6.0% (w/v) fumed silica nanoparticle suspensions with 100% EtOH at the volume
ratio of 1:1. Then the diluted fumed silica nanoparticle suspensions were sputter coated onto a
plastic coverslip which was mounted onto a 25 mm carbon tab/25 mm stub for imaging. The

SEM and TEM were operated at 5-10 kV and 100 kV, respectively.

Rheological properties of the fumed silica nanoparticle suspensions at different
concentrations were measured using a rheometer (Anton Paar MCR 702, Ashland, VA) with a

parallel plate measuring geometry (a diameter of 25.0 mm and a plate-to-plate gap distance of

5



1.0 mm). Steady shear rate sweeps were performed by varying the shear rate from 0.01 to 500 s!
to determine the yield stress of the fumed silica nanoparticle suspensions. Frequency sweeps
(frequency range: 0.05 ~ 10 Hz) were performed at a low strain of 1.0% for the fumed silica
nanoparticle suspensions to explore the degree of fluid-like behavior. During transient step shear
rate tests which were used to evaluate the thixotropic response time of the bath materials, fumed
silica nanoparticle suspensions at different concentrations were pre-sheared at the shear rate of
10 s for 120 seconds at the beginning and then the shear rate decreased to 0.01 s™'. The viscosity

variation was recorded during the subsequent 300 seconds.

The UV/Vis transparency of fumed silica nanoparticle suspensions at different concentrations
was measured using a UV/Vis spectrophotometer (UV-1800, Shimadzu, Tokyo, Japan). The
UV/visible light wavelength was swept from 200 nm to 1000 nm and the absorption of the light

density passing through the fumed silica nanoparticle suspensions were recorded.

The thermal stability of the fumed silica nanoparticle suspensions was investigated using a
rheometer (Anton Paar MCR 92, Ashland, VA) with a cone-plate measuring geometry (a
diameter of 50 mm, a cone-to-plate gap distance of 100 um, and a cone angle of 1.00°).
Temperature sweeps were performed at a low strain of 1.0% for the fumed silica nanoparticle
suspensions at different concentrations. The temperature increased from 25 °C to 100 °C with the

increasing rate of 1 °C/10 s and the storage modulus at each temperature was measured.

2.3. Printing system and printing protocols. The extrusion system was a micro-dispensing
pump machine (nScrypt-3D-450, nScrypt, Orlando, FL) and all the hydrophobic inks were
printed in the 6.0% (w/v) fumed silica bath at room temperature. For PDMS printing, a 30 gauge
(150 pm inner diameter and 12.70 mm length) dispensing tip (EFD Nordson, Vilters,

Switzerland) and a 25 gauge (250 um inner diameter and 25.40 mm length) dispensing tip (EFD
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Nordson, Vilters, Switzerland) were used to print the microchips and octopus-like structures in
the fumed silica support baths, respectively. The step distances were set as 200 um and 250 pm,
and the printing pressures were 1.38x10° Pa (20 psi) and 1.73x10° Pa (25 psi), respectively. The
path speed for microchip printing was 1.00 mm/s and that for octopus printing was 3.00 mm/s.
After printing, the fumed silica baths containing the printed PDMS structures were heated to
80°C for 40 minutes to solidify the structures, which were then harvested from the baths. For
SU-8 printing, a 27 gauge (200 um inner diameter and 12.7 mm length) dispensing tip (EFD
Nordson, Vilters, Switzerland) was used to print SU-8 structures in the fumed silica bath with a
step distance of 150 pm. The dispensing pressure was 2.06x10° Pa (30 psi) and the path speed
was 0.50 mm/s. After printing, the deposited structure in the bath was exposed to UV light for 15
minutes for cross-linking and then baked at 90°C for 30 minutes for the complete curing of SU-8.
For conductive ink printing, a 25 gauge (250 pm inner diameter and 12.70 mm length)
dispensing tip (EFD Nordson, Vilters, Switzerland) was used to print different electronic
components in the fumed silica bath with a step distance of 200 um. Specifically, the dispensing
pressure for inductor and battery anode/cathode set printing was 1.73x10° Pa (25 psi). The path
speeds for inductor and battery anode/cathode set printing were 1.00 mm/s and 1.25 mm/s,
respectively. After printing, the electronic components were kept in the bath for 10 days at room

temperature for cross-linking.

Digital 3D models for the various printing applications herein were designed using
SolidWorks (Dassault Systemes SolidWorks Corp., Waltham, MA), and the corresponding STL

files were sliced by Slic3r (http://slic3r.ort) to generate the G-codes for 3D printing.

2.4. Observation and analysis of printed filaments/sheets. To observe filament printing

process, a 20 gauge (610 um inner diameter and 38.10 mm length) dispensing tip (EFD Nordson,



Vilters, Switzerland) was used to deposit PDMS base agent mixed with a scarlet powdered
pigment (Pearl Ex, Jacquard, Healdsburg, CA) in the 6.0% (w/v) fumed silica bath with the path
speed of 2.00 mm/s and the printing pressure of 1.03x10° Pa (15 psi). Images and videos from
the bottom and side views were captured using a high speed camera (Fastcam SAS, Photron, San
Diego, CA) with the frame rate of 250 fps (frame per second). To investigate the effects of path
speed and support bath on the filament diameter, PDMS base agent mixed with the scarlet color
dye was printed in the 4.0%, 6.0%, and 8.0% (w/v) fumed silica nanoparticle suspensions
respectively with the increasing path speed from 0.5 mm/s to 10.0 mm/s and the morphology of
the deposited filaments was imaged by an optical microscopy (EVOS, XL Core, Thermo Fisher
Scientific, Waltham, MA). To investigate the effects of step distance on sheet thickness and
roughness, a 27 gauge (200 um inner diameter and 12.7 mm length) dispensing tip was used to
print PDMS sheets (40.0 mm X% 4.0 mm) using PDMS ink mixed with the red color dye in the 6.0%
(w/v) fumed silica bath. The step distance increased from 100 pm to 225 pm with each interval
of 25 pm, the printing pressure was 1.03x10° Pa (15 psi), and the path speed was 1.0 mm/s. After
printing, the PDMS sheets were kept in the fumed silica bath for 24 hours at room temperature
for solidification and then removed from the bath for measurement. The surface and cross-

section of the PDMS sheets were imaged by the optical microscopy.

2.5. SU-8 gear testing. Functional testing of the printed SU-8 gear was performed using a
home-made gear testing setup, which was composed of a mini electric motor (DC 1.5-6 V,
15000-16500 rpm), a supplementary gear, and an adjustable DC power supply (Model 1601,
Maxtec, Chicago, IL). The voltage of the power supply increased from 0 V to 6 V and then

decreased to 0 V in 30 seconds to finish a testing circle.



2.6. Resistance measurement and conductivity/electromagnetic property testing. Both
casting and 3D printing were used to fabricate samples for resistance measurement. The home-
made PDMS mold was used to cast the conductive samples with the dimensions of 20.0 mm X
7.5 mm x 1.2 mm. After filling the mold with epoxy-based conductive ink, the mold was
submerged in a fumed silica bath for 10 days at room temperature to make the casting samples.
The printed samples were fabricated per the aforementioned protocol with the same designed
dimensions. The resistance was measured using a resistance meter (RM3544, Hioki, Nagano,
Japan). Functional tests of the 3D printed conductive inductor were performed by connecting it
in series with an adjustable DC power supply (Model 1601, Maxtec, Chicago, IL), several
resistors and/or a LED light. By adjusting the voltage of the power supply, the brightness of the

LED light or the magnetic field strength can be changed.

3. RESULTS AND DISCUSSION

3.1. Characterization of fumed silica suspension. The prepared transparent fumed silica-
mineral oil suspension is illustrated in Figure 1a. Fumed silica nanoparticles are the basic unit to
form fumed silica powders, which have spheroid-like shape with a diameter range from 5 to 50
nm as shown in Figure 1a-1. These nanoparticles have functional groups on the surface that
interact with adjacent particles to form aggregates 2* with feature size of approximately 100-500
nm as shown in Figure 1a-2 and even larger agglomerates as shown in Figure 1a-3 as part of the
fumed silica nanoparticle suspension (Figure 1b-1). To investigate the microstructures of the
fumed silica-mineral oil suspension, morphological investigations are performed using a
variable-pressure scanning electron microscopy (VP SEM). Figure 1b-2 illustrates the

morphology of solid-like fumed silica aggregates dispersed uniformly in mineral oil. The
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spheroid-shaped particles as marked in Figure 1b-2 present the fumed silica aggregates which
are the fundamental unit to form the suspension. A fumed silica aggregate is composed of several
fumed silica nanoparticles and the nanostructures of the fumed silica aggregates are imaged
using transmission electron microscope (TEM) as shown in the inset of Figure 1b-2, in which
the fumed silica nanoparticles can be observed with an average dimeter of around 20 nm. In the
unstressed condition, numerous fumed silica aggregates cluster together to form the solid-state
3D networked microstructures as shown in Figure 1b-1 and b-2, causing the solid-like behavior

of the fumed silica nanoparticle suspension .

The functional groups on the surface of a fumed silica nanoparticle are usually determined by
its processing method. Herein, the hydrophobic fumed silica nanoparticle suspension is utilized
and the major functional groups found on the surface of nanoparticles are nonpolar carbon chains.
When mixed with mineral oil, at static state the adjacent fumed silica agglomerates connect with
each other by intermolecular bonding to form stable 3D networked microstructures (Figure 1b-1)
due to Van der Waals force as shown in Figure 1b-3. The mineral oil molecules are entrapped
inside the 3D networked microstructures. The fumed silica nanoparticle suspension presents a
yield-stress property and behaves like solid. Under stressed condition the external shear stress
may break up these bonds, and the stable 3D networked microstructures are disassembled back
to the loose agglomerate debris ** as shown in Figure 1c. This disrupted state microstructures of
agglomerates enables the fumed silica nanoparticle suspension to behave like liquid. It is this
solid-liquid transition of the fumed silica suspension upon yielding that makes fumed silica
nanoparticle suspension easily switch between solid-like and liquid states and potentially be used

as the support bath material for hydrophobic ink printing applications.
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To further evaluate this suspension with solid-liquid transition can be used as a support bath
material, the rtheological properties of fumed silica nanoparticle suspension must be investigated.
Thus, different rheological experiments are performed on fumed silica nanoparticle suspensions
at different concentrations. First, the yield-stress property is investigated by steady sweeping
fumed silica nanoparticle suspensions at different shear rates and measuring the shear stresses
accordingly. The results are illustrated in Figure 1d. From Figure 1d, it is found that with the
increase of shear rates, shear stresses of different concentration fumed silica nanoparticle
suspensions also increase, while at low shear rate such as 0.01/s, the measured shear stress is still
relatively high, which indicates the existence of yield stress in the fumed silica nanoparticle
suspensions. This yield stress is the threshold between liquid and solid states of fumed silica
nanoparticle suspensions: when the applied stress is higher than the yield stress, the suspension
behaves like liquid, otherwise it behaves like solid. In addition, the yield stress increases with the

fumed silica concentration as shown in Figure 1d. By fitting shear rate and stress data in the

Herschel-Bulkley model: 7=7,+k, , where 7 is the shear stress, ;" is the shear rate, 79 is the

yield stress, k is the consistency index, and 7 is the flow index, the shear stresses of the fumed
silica nanoparticle suspensions at the concentration of 4.0%, 6.0%, and 8.0% (w/v) can be
calculated as approximately 4.0 Pa, 17.0 Pa, and 79.0 Pa, respectively. As a result, fumed silica
nanoparticle suspensions with various yield-stress values can be achieved by varying the

concentration.

Then, oscillatory tests are performed to investigate the relationship between shear moduli and
frequency as shown in Figure 1e. From Figure le, it is found that for fumed silica nanoparticle
suspensions with different concentrations the storage modulus is always higher than the loss

modulus which indicates that fumed silica nanoparticle suspensions show solid-like behavior
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under sheared condition, which can help maintain the deposited shape in situ during printing.
Besides, both storage modulus and loss modulus increase with the increase of fumed silica
concentration, which may affect the filament morphology in the support bath as reported in

previous studies °.

Finally, thixotropic time scale is investigated to evaluate the transition efficiency between
liquid and solid states of the fumed silica nanoparticle suspensions, which determines whether
deposited features can be effectively entrapped in the support bath during printing. Figure 1f
illustrates the relationship between the viscosity change and responsive time. All the fumed silica
nanoparticle suspensions are pre-sheared to a steadily sheared state, and then the shear rate
decreases significantly. During this period, the viscosity change is recorded as shown in Figure
1f. From Figure 1f, due to the shear-thinning effect, the microstructures of fumed silica
nanoparticles present a disrupted state and fumed silica nanoparticle suspensions have relatively
low viscosity (from approximately 1 Pa-s to 10 Pa-s at different concentrations) during pre-
shearing, however, after the shear rate is decreased dramatically, the microstructures of fumed
silica nanoparticles rapidly recover to the solid-like 3D networked microstructures as shown in
Figure 1b-2, resulting in significant increase in viscosity (from approximately 10° Pa-s to 10*

Pa-s at different concentrations) in only 0.2s.

In addition to these basic rheological properties of support bath materials as aforementioned,
a desired bath material should have light transparency, in particular, within the UV spectrum,
and temperature robustness to facilitate the 3D printing of various hydrophobic inks with
different cross-linking mechanisms since UV cross-linking and thermal cross-linking are two
most commonly used cross-linking mechanisms to solidify liquid hydrophobic inks. Thus, the

UV absorption of fumed silica nanoparticle suspensions at different concentrations is assessed
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using the UV/Vis spectroscopy and the results are illustrated in Figure 1g. As seen from Figure
1g, it is found that in the wavelength range from 250 to 1000 nm, both UV and visible light can
easily get through the fumed silica bath. In particular, the UV absorption in the wavelength range
of a typical UV curing system (from 350 to 500 nm) is almost negligible as shown in the inset of
Figure 1g. In addition, there is no pronounced difference of UV absorption between fumed silica
nanoparticle suspensions at different concentrations, which verifies that fumed silica
nanoparticle suspensions are the excellent support bath material to print UV curable hydrophobic

inks.

After that, storage moduli of fumed silica nanoparticle suspensions at different temperatures
are measured to evaluate the thermal stability and the results are shown in Figure 1h. As seen
from Figure 1h, it is found that by increasing the temperature from room temperature (25 °C) to
100 °C, the storage moduli of fumed silica nanoparticle suspensions at different concentrations
present negligible changes, which indicates that the solid-like 3D networked microstructure of
fumed silica nanoparticle suspensions is not sensitive to temperature changes, resulting in the
stable solid state of the suspensions at relative higher temperatures (at least up to 100 °C as
investigated). Thus, fumed silica nanoparticle suspensions can be used as the support bath

material for 3D printing of thermal cross-linkable hydrophobic inks.

3.2. Mechanism of fumed silica nanoparticle suspension-assisted fabrication approach.
After characterizing the material properties of fumed silica nanoparticle suspension, we begin to
use it as the support bath for 3D printing applications. The mechanism of fumed silica
nanoparticle suspension-assisted 3D printing approach is illustrated in Figure 2a. When the
nozzle moves in the fumed silica bath, the fumed silica aggregates around the nozzle tip has the

shear stress higher than the yield stress. Thus, these aggregates turn into the disrupted state and
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behave like liquid to entrap deposited features in the bath as well as to fill the crevasse behind
the nozzle translation as shown in Figure 2a-1. In contrast, the fumed silica aggregates far away
from the nozzle tip are in the unstressed condition, which allows the aggregates to recover to the
stable 3D networked microstructures as shown in Figure 2a-2. As a result, the localized

suspension behaves like a solid to stably hold the deposited features in situ for a long term.

3.3. Filament formation in fumed silica nanoparticle suspension. Since continuous
filaments are the basic unit to form complex 3D structures during extrusion-based 3D printing,
the filament formation in the fumed silica bath is investigated at the beginning.
Polydimethylsiloxane (PDMS), a hydrophobic elastomer, has been widely used in various fields
including soft robotics 2, wearable sensors %, and organ-on-a-chip ?°, to name a few, due to its
transparency at optical frequencies, low autofluorescence, flexibility and biocompatibility 7.
However, the viscosity of PDMS is relatively low and the cross-linking period is comparatively
long (approximately a few hours depending on the ambient temperature). Thus, it is a challenge
to 3D print pure PDMS structures using conventional 3D printing techniques. Instead, molding is
the most commonly used method to make PDMS structures > >3-, Herein, PDMS is selected as
an exemplary hydrophobic ink to print filaments in the fumed silica bath. The printing process is
illustrated in Figure 2b-1 and b-2 as well as Movie M1. From the figures and movie, we can
find that a continuous filament with a uniform diameter can be easily deposited in the bath and
stably held in situ due to the yield-stress property of fumed silica nanoparticle suspension as
shown in Figure 1d and f. In addition, no crevasse behind the nozzle translation can be observed

due to its short transition time between liquid and solid as shown in Figure 1f.

It is noted that printing PDMS in some aqueous support bath materials has been achieved in

previous studies !”. However, due to the hydrophobic property of PDMS, printed continuous
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filaments, especially the filaments with small diameter, can easily break up into droplets. For
example, a continuous PDMS filament (diameter of approximately 400 um) can be printed in a
hydrophilic Laponite RD bath as shown in Supporting Information S1, which gradually breaks
up into segments in 2 minutes and finally into droplets in 10 minutes under the interfacial tension
effect as shown in Figure Sla. Increasing filament diameter is one strategy to help maintain the
filament morphology but may constrain the printing of PDMS structures with fine features in an
aqueous support bath. In contrast, when printing in a fumed silica support bath, due to its
hydrophobic property the interfacial tension between fumed silica nanoparticle suspension and
liquid PDMS is comparatively low, which enables the PDMS filament (diameter of
approximately 250 pm) to stably keep its original shape at liquid state (without solidification) for

a long time (24 hours) as shown in Figure S1b.

To further explore the stability of continuous filaments in support bath materials, the
interfacial tension between different solvents and liquid materials are measured and/or calculated
28 as shown in Supporting Information S2 and Movie M2. As seen from Figure S2a and b, the
interfacial tension between PDMS and aqueous solvent is relatively high (~42 mN/m) '7-3°, while
the interfacial tension between PDMS and mineral oil is almost negligible (~ 0.21 mN/m). Based

on Plateau-Rayleigh instability, the critical filament diameter (/) in a support bath is a function

of interfacial tension (y) and yield stress (z9): /. = 4 . When the filament diameter is higher than
Ty

this critical value, the deposited filament can maintain its morphology, otherwise it breaks up
into droplets under interfacial tension effect. Thus, the theoretically critical PDMS filament
diameters in the hydrophobic fumed silica bath (79 ~ 20 Pa) and the hydrophilic Laponite RD

bath (7o ~ 80 Pa) !° can be calculated as approximately 10 um (based on y ~ 0.21 mN/m as seen
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from Supporting Information S2 and 79 ~ 20 Pa) and 500 pm, respectively. As a result, in
aqueous support baths such as Laponite RD, the critical filament diameter is much larger due to
the high interfacial tension, while in fumed silica bath PDMS filaments can have small diameters.
When using a 100 pm diameter nozzle, the achievable minimum PDMS filaments can have the
diameter of ~ 30 um as observed and shown in Figure S3a, which is much smaller than that of
the reported PDMS filament printed in an aqueous support bath '7. The stability of filament
morphology over time has been investigated and the results are illustrated in Figure S3b.
Therefore, it is feasible to print PDMS structures with fine features using the fumed silica

nanoparticle suspension-assisted 3D printing technique.

In extrusion-based 3D printing, filament dimeter is affected by both operating conditions
such as dispensing pressure, nozzle diameter, and path speed as well as material rheological
properties !, Herein, to print continuous filaments with various diameters, we investigate the
effects of path speed and bath material concentration on the filament size. It is noted that when
the other operating conditions are given, the relationship between filament diameter (Dy) and

path speed (vpan) meets the following mathematical model due to the constant volume flow rate

(0): D, = 9 Thus, with the increase of path speed, the filament diameter decreases

ﬂ'-vpath

significantly first and then reduces slightly as shown in Figure 2¢. In addition, the concentration
of fumed silica bath can also affect filament diameter. With the increase of fumed silica
concentration, the storage modulus in the support bath also increases as shown in Figure le,
which makes the deposited liquid filaments undergo higher compression stress in the supporting
bath, resulting in the decrease of filament diameter '°. Using the current nozzle setup (200 pm in

diameter), the achievable minimum diameter is approximately 50 pm as shown in Figure 2c.

16



3.4. Inter-filament fusion in fumed silica nanoparticle suspension. Except filament
diameter and morphology, the fusion between adjacent filaments is another technical issue in
extrusion-based 3D printing, which determines the surface roughness, dimensions and
mechanical properties of printed structures significantly. Since fumed silica nanoparticle
suspension-assisted 3D printing of hydrophobic inks also follows the “printing-then-

15,18, 20 "in which printed 3D structures do not undergo solidification

solidification” procedure
until the printing process is finished, the adjacent filaments can fuse well with each other at
liquid state, resulting in the mechanical properties of printed structures similar to the casting ones
1518 " Thus, in this study the mechanical properties of printed PDMS structures are not
investigated. In contrast, the effects of step distance on the sheet thickness and roughness are
studied. Figure 2d illustrates the relationship between sheet thickness and step distance. Herein,
the PDMS filaments with uniform diameter (D) of ~200 pm are deposited in the fumed silica
bath and the step distance (d), distance between adjacent filaments, is increased from 100 um to
225 pm with an interval of 25 um, as illustrated in Figure 2d-1. As seen from Figure 2d, due to
the volume constant the resulted sheet thickness (7) linearly decreases with the step
distance/filament diameter ratio (d/D) as detailed in Supporting Information S4. In addition,
when this step distance/filament diameter ratios are smaller than 1.0, the printed sheets have
uniform surface (as shown in Figure 2d-2) with sheet thickness higher than one filament

diameter (~200 um), otherwise some gaps between adjacent filaments can be observed as shown

in Figure 2d-3 and the sheet thickness is close to the filament diameter.

Besides, the surface roughness of the sheets with various step distances are measured as
shown in Supporting Information S5. From Figure S5a and b, we can find that the surface

roughness of PDMS sheets with step distances between 125 and 175 pm presents no pronounced
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variance (20.43 vs. 18.38 um). In contrast, when the step distance is close to the filament
diameter (~200 pum), the surface roughness increases to 25.06 um. That is because in fumed
silica nanoparticle suspension each deposited filament is held stably in situ and maintains at
liquid state. Thus, the subsequently deposited filament can easily fuse well with the previously
deposited filament and flatten the overlap region, resulting in a relatively smooth surface and a
sheet thickness higher than a filament diameter as shown in Figure S5c¢. However, when the step
distance is close to the filament diameter, the overlap region between adjacent filaments is too
small to fill the gaps generated between two deposited filaments, which leads to a rougher

surface and a thinner sheet thickness equivalent to the filament diameter.

3.5. PDMS structure printing in fumed silica nanoparticle suspension. Based on the
printability knowledge from the filament formation and inter-filament fusion, complex PDMS
structures are printed in fumed silica bath. First, a PDMS fluidic microchip (12.0 x 12.0 x 2.4
mm) with micro-scale channels is printed in a fumed silica bath as shown in the printing
schematic in Figure 3a. PDMS base agent is mixed with a curing agent at a given ratio and
loaded into the dispensing nozzle to print the fluidic microchip layer by layer as shown in Movie
M3. After mixing with the curing agent, the PDMS base agent starts to cross-link gradually as
explained in Figure 3b and the entire solidification period may take around 24 hours at room
temperature. To improve the fabrication efficiency, the temperature of the fumed silica bath is

increased to approximately 80 °C, and at this temperature the printed
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PDMS structures may cross-link completely in only 40 minutes. Due to the thermal stability of
the fumed silica bath at high temperatures as shown in Figure 1h, it maintains its yield-stress
property around 80 °C and can stably hold the cross-linking PDMS structures in situ before the

solidification process is complete.

The designed microchip has continuous micro-channels on the surface with a depth of 0.9
mm and a width of 0.5 mm as shown in Figure 3c-1. After heating in the fumed silica bath at
80 °C, the PDMS microchip is completely cross-linked and can be directly removed from the
bath due to its mechanical robustness. After cleaning the residual fumed silica nanoparticle
suspension on the surface and in the channels by water rushing, a silicone oil-based color dye is
added in the printed channels to visualize the channel profile as shown in Figure 3c¢c-2. Figure
3c-3 shows the top view of part of the micro-channels. As seen from Figure 3c¢-2 and ¢-3, the
printed channels have a well-defined shape with clear boundaries. In addition, all the dimensions
of the microchip are measured and compared with the designed chip as shown in Supporting
Information S6, which proves the effectiveness of fumed silica support bath in PDMS-based

microchip fabrication.

In addition to microchip structures, the fumed silica nanoparticle suspension can also be used
as the support bath to facilitate 3D printing of other complex structures. Herein, a PDMS
octopus-like structure (Figure 3d-1) is designed, which has overall dimensions of 42.0 x 42.0 x
32.0 mm. Due to the existence of many overhang sections, such an irregular PDMS structure is
difficult to be fabricated by a conventional molding and/or casting approach. However, with the
help of fumed silica bath we can easily print and cross-link the octopus-like structure as shown in

Figure 3d-2 and d-3. The comparison of the designed dimensions and measured ones are
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detailed in Supporting Information S7, which verifies the printing accuracy of the fumed silica

nanoparticle suspension-assisted 3D printing approach.

3.6. SU-8 structure printing in fumed silica nanoparticle suspension. In addition, fumed
silica nanoparticle suspension can be utilized to print UV curable hydrophobic inks due to its
excellent UV transparency as shown in Figure 1g. Negative photoresist SU-8 is selected as an
exemplary ink material to be printed in the fumed silica support bath. Due to its high chemical
and thermal resistances as well as good mechanical properties, SU-8 has been widely used in
various fields including microelectromechanical systems (MEMS) 32 and microfluidic systems >
34 to name a few. However, due to the relatively long UV cross-linking time, the photomask-
assisted polymerization approach is the most commonly used technique to fabricate SU-8
structures. Although 3D printing of SU-8 structures in a hydrophilic support bath (Laponite
suspension) has been reported !°, due to the interfacial tension effect the deposited filaments
usually have a larger diameter, resulting in the printed structures with low resolution. Thus, it is
still a challenge to 3D print high-resolution complex structures with hydrophobic SU-8. By using
the fumed silica nanoparticle suspension as the support bath, a printed SU-8 structure can retain
its continuous shape in liquid during printing as shown in Figure 4a. After printing, UV
radiation is used to solidify the SU-8 structure in the support bath, which makes the epoxide
monomers of SU-8 be transformed from a low-molecular weight melt to a highly cross-linked
network as shown in Figure 4b.

To prove the effectiveness of fumed silica nanoparticle suspension for SU-8 printing, an SU-
8 filament is printed in a fumed silica bath first. The printed filament is kept in the bath for one

hour without undergoing UV radiation and then imaged under microscope as shown in Figure

4c-1. From Figure 4c¢-1, it is observed that the printed SU-8 filament does not break up into
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droplets in the observation window and presents a well-defined shape with clear boundaries.
When another SU-8 filament is deposited adjacent to the previous one, they can fuse well with

each other as shown in Figure 4c¢-2.

Then a SU-8 gear is designed as detailed in Supporting Information S8 and printed in the
fumed silica bath as shown in Figure 4a-2. After printing, the SU-8 gear is exposed under UV
radiation for 15 minutes to cross-link and further solidified in an oven at temperature of 90 °C
for 30 minutes as shown in Figure 4b-2. After that, the solidified SU-8 gear is collected from the
fumed silica bath, and the residual fumed silica nanoparticle suspension is removed per the same
protocol. The resulted fumed silica-free SU-8 gear is illustrated in the inset of Figure 4d. Finally,
the gear is assembled with an axle connecting two wheels as shown in Figure 4d. The testing of
the printed SU-8 gear is performed by driving a gear-fixed motor for 10 speed-up-and-down
circles as shown in Figure 4e, and part of the process is recorded as Movie M4. After testing,
the gear is disassembled from the axle and imaged optically to check the mechanical integrity,
and part of its shape is shown in the inset of Figure 4e. Furthermore, the dimensions of the gear
are measured and compared to those as designed as detailed in Supporting Information S8. As
seen from Figure 4e and Table S2, there is no pronounced deformation and/or crack in the SU-8
gear after testing and its dimensions are close to the designed values. The mechanical integrity
and dimensional match are attributed to the proposed printing-then-gelation mechanism, under
which each deposited SU-8 filaments fuse well with each other to improve the interfacial

strength, resulting in the excellent mechanical stiffness of the entire 3D structure.

3.7. Electronic component printing in fumed silica nanoparticle suspension. For further
illustration, an epoxy-based silver conductive ink is used to print electronic components in a

fumed silica bath. The schematic of the printing process is shown in Figure 5a-1. After mixing
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the epoxy-based conductive ink (Figure 5a-2) with a hardener (Figure 5a-3), the cross-linking
process occurs, and the epoxy monomers gradually connect with each other to form stable 3D
molecular networks with the help of hardener polymer chains as shown in Figure Sa-4. It is
noted that in the fumed silica bath the conductive ink cross-linking process may take
approximately 10 days at room temperature. Thus, each deposited liquid conductive filament has
enough time to fuse well with adjacent ones.

To investigate the effects of fabrication approach on the component resistance, rectangular-
shaped samples are fabricated by both printing and casting. After cross-linking in the fumed
silica nanoparticle suspension per the same protocol, the measured resistances are shown in
Figure 5b. It is found that the measured resistance of cast samples is similar to that of printed
samples, and the slightly higher resistance of 3D printed samples is attributed to some impurity
defects during printing such as air bubbles and/or residual fumed silica nanoparticle suspensions

entrapped between adjacent layers during printing.

Select electronic components are printed in the fumed silica bath. First, an inductor is
designed as shown in the inset of Figure S¢-1 and printed at liquid state in the fumed silica bath
(Figure 5c-1). After keeping in the bath for 10 days, the inductor is solidified and can be
collected from the bath. Then, the residual fumed silica nanoparticle suspensions are rinsed from
the surface and the solid fumed silica-free inductor is illustrated in Figure 5c-2. The excellent
conductivity of the 3D printed inductor is verified by connecting it in series with a light-emitting
diode (LED) light and a direct current power supply, where the inductor functions as a
conductive wire as shown in Movie MS. In addition, this 3D printed inductor can also be used as
a solenoid. As shown in Figure 5c-3, the charged inductor can generate a magnetic field to

move/rotate the needle of a compass (Movie M5). When the electric current is turned off, the
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magnetic field vanishes, and the needle moves back to the original position as shown in Figure
5c-4. Such solenoids can be further utilized to make some complex devices such as transducers,
relays, and solenoid valves for future applications. Besides inductors, other complex structures
such as battery anode/cathode sets can also be printed in the fumed silica nanoparticle suspension
as shown in Figure 5d-2. Per the same solidification and post-treatment protocol, the fumed
silica-free structures are illustrated in Figure S5d-3. The dimensions of the designed and
fabricated electronic components at different measurement windows (including immediately
after printing, 10-day after printing, and after residual fumed silica rinsing) are summarized in
Supporting Information S9. From Table S3, it is found that the sizes of the electronic
components on Day 10 are slightly larger than those on Day 0, which may be attributed to the
slow diffusion of epoxy monomers into the fumed silica bath, resulting in the swollen profiles
when measured in the bath. However, during rinsing these uncross-linked conductive monomers
are removed with the residual fumed silica nanoparticle suspensions on the surface of the

electronic components, which leads to the decrease of the measured dimensions.

4. CONCLUSIONS

In summary, we propose the fumed silica-mineral oil suspension as a versatile support bath
to facilitate 3D printing of hydrophobic inks. Due to the hydrophobic property of the proposed
support bath, the interfacial tension effect between bath and ink materials is negligible, which
makes it feasible to print PDMS filaments with a much better resolution of 30 um. In addition,
the excellent UV transparency and thermal stability of the fumed silica nanoparticle suspension
enable it to be used as the support bath for UV curable and/or thermal cross-linking hydrophobic

ink printing. For demonstration, three hydrophobic inks, including PDMS to show the silicone
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oil printability and in situ curing at a high temperature (80°C), SU-8 to demonstrate the printing
of UV curable oily resin inks, and epoxy-based conductive ink to test the printing of oily resin

inks, are used to fabricate various complex 3D structures.

It should be noted that due to its stable chemical property and ecologically safe property, the
fumed silica-mineral oil suspension can be repeatedly used in 3D printing of hydrophobic inks
and/or disposed as a nontoxic material. In addition to the fumed silica-mineral oil suspension, the
fumed silica can be prepared as an aqueous suspension for printing of hydrophilic materials.

Since it is not of interest herein, it is not explored in this study.

Future work may study the solid-liquid transition of fumed silica nanoparticle suspensions,
investigate the effect of interfacial tension on the filament formation and/or morphology in the
fumed silica-mineral oil support bath based on the Plateau-Rayleigh instability model, which
may help to understand the underlying printing physics, and utilize the proposed fumed silica
nanoparticle suspension-assisted 3D printing technique to fabricate more complex structures for

some practical applications.
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Figure 1. Characterization of fumed silica nanoparticle suspension. a) Prepared transparent
fumed silica-mineral oil suspension and schematics of a-1) nanoparticle, a-2) aggregate, and a-3)
agglomerate in fumed silica nanoparticle suspension. b) Microstructures of fumed silica
nanoparticle suspension upon unstressed condition: b-1) schematic of the stable 3D networked
microstructures, b-2) SEM image and TEM image (inset) of fumed silica nanoparticle
suspension, and b-3) schematic of the intermolecular bonds between adjacent fumed silica
aggregates. ¢) Schematic of the microstructures of fumed silica nanoparticle suspension up
stressed condition. Rheological properties of fumed silica nanoparticle suspensions at different
concentrations: d) shear stress as a function of shear rate, e) shear moduli as a function of
frequency, and f) viscosity as a function of testing time. g) UV transparency of fumed silica
nanoparticle suspensions at different concentrations. h) Thermal stability of fumed silica

nanoparticle suspensions in temperature range of 25-100 °C. Error bars: plus/minus one standard
deviation.
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Figure 2. Filament/sheet printing in fumed silica bath. a) Schematic of 3D printing of
hydrophobic inks in fumed silica bath. b-1) Side and b-2) bottom views of filament printing
process in fumed silica bath (profile of printed filament is marked by dash lines). c¢) Filament
diameter as a function of path speed. d) Sheet thickness as a function of step distance/filament
diameter ratio. Scale bars: 1.0 mm for (b-1) and b-2)) and 0.5 mm for c), and error bars:
plus/minus one standard deviation.
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microchip design and fabrication: c-1) schematic of PDMS chip, c-2) printed PDMS chip with
micro-channels filled with a red-color solution, and c¢-3) zoom-in image of a micro-channel. d)
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