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APPARATUS AND METHOD FOR THREE DIMENSIONAL PRINTING OF AN INK

FIELD
This invention relates to an apparatus and method for three dimensional printing of an ink.

BACKGROUND

Distribution of particles in multiphase materials (i.e. solid particles / cells suspended in a
liquid) such as an ink comprising microparticles suspended in a printing medium is
random. Thus, a main challenge of three dimensional (3D) printing of such inks is to
precisely locate or focus microparticles (such as cells, protein molecules etc.) in the ink
onto the printing structure. Focusing cells in the 3D printed structure could potentially
improve the load distribution [1], mechanical performance [2] and detection efficiency [3]
of the printed structure. However, existing methods of microparticle focusing for 3D
printing have limitations. For instance, a magnetic force [9, 10, 13] could align
microparticle orientation at the interface [11]. But this method requires labelling the cells /
proteins with magnetic nanoparticles, which is usually time-consuming and the resulting
printed structure when used in the human body may cause some toxicity [12]. Similarly,
using electricity to manipulate conductive and/or dielectric microparticles also requires the
microparticles to have certain electrical charge properties [1, 13, 14]. However, the high
electric field may induce heating, which may affect the viability of mammalian cells.

Another common problem when using 3D printers and other high-resolution machines is
nozzle clogging, which results in loss of time, budget, productivity, non-uniformity, and
defect on the printed part. Nozzle clogging is mainly due to deposition / agglomeration of
particles at the constriction region of the nozzle (typically tapered), which affects accuracy,
reliability of printing and printable material in selection [47 - 49]. In the printing of inks that
comprise bioinks, use of surfactants to reduce clogging by modifying the surface tension
of the ink introduces other problems such as decreased cell viability and proliferation in
the long-term for bioprinting [50]. Also, the surfactant could change the physical properties
such as stiffness, which may lead to the printed part being unable to maintain the 3D
structure. Furthermore, only a small range of the surface tension could be reduced,
depending on the type of fluid, substrate and surfactant [51].

While it is also desirable to manipulate patterning of microparticles or cells in the printed
structure in order to improve functionality and efficiency of the printed structure, the
currently known method of acoustic focusing of the microparticles can only improve the
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alignment of microparticles after being printed [13]. This is achieved by attaching
transducers to the side wall of the printing stage onto which the ink is deposited, in order
to establish standing bulk acoustic waves to manipulate microparticles that have been
deposited on the printing stage. However, acoustic focusing is limited to the pattern of
bulk standing waves in the printing stage, which is not easily controllable. Furthermore,
the excitation area is large and, as a result, high acoustic power is required, which leads
to heat accumulation that may affect thermal sensitive materials and harm biological cells.
Also, this method can only be used for a few types of materials which require chemical or
UV irradiation to crosslink / solidify the ink after being printed.

SUMMARY

This application discloses a 3D printing apparatus and method to manipulate an ink
comprising a suspension of microparticles (such as cells) in a printing medium for additive
printing of the microparticles without clogging a tubular nozzle of the apparatus, wherein
the ink has a defined flow path and the microparticles are dispensed from the nozzle in an
aligned manner. Using two acoustic transducers, a high frequency structural vibration
provides greater acoustic radiation force to the microparticles to rapidly gather them to the
pressure nodes created in the printing medium while a low frequency structural vibration
“squeezes” or aligns the microparticles streams at the pressure nodes into a single central
line in the printing medium towards an outlet of the nozzle. In this way, ultrafast
manipulation of the microparticles may be achieved, allowing the 3D printing to be
performed at a high flow rate. Concentration of microparticles may range from being
relatively diluted (0.1% w/w) to relatively dense (>2% w/w) in the ink. Acoustic excitation of
the ink as it is dispensed through the nozzle also results in a significant reduction of
microparticle accumulation at the nozzle tip and, accordingly, a significant reduction of
nozzle clogging / blockage.

Distribution of the microparticles in the printing structure closely follows the focused
pattern in the nozzle and can be easily controlled by modifying excitation frequencies of
the nozzle for different structural vibration modes. With this flexibility, accumulation of
microparticles on the printing structure may be controlled (e.g. single straight line at the
centre, two lines, three lines, etc. As focusing of microparticles occurs in the nozzle, the
focused microparticle stream can be freely printed following the trace of the nozzle. Hence,
the microparticles can be focused on three-dimensional printing structures. This approach
allows great flexibility to construct 3D printing structures with the controllable alignment of
the microparticles. Furthermore, as the acoustic excitation region is small, focusing of the
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microparticles can be achieved at low power. Heat generated by the transducers is low
and fluid flow is also able to transfer excess heat from the excitation region continuously
so that thermal effect on the printing medium is negligible. This is important for cell
printing as elevated temperatures may have an adverse effect on cell morphology and
viability. The present approach may make use of synchronization of dual / multiple
excitations to significantly speed up accumulation of the microparticles in the nozzle.
Different inks may be printed using the present apparatus and method if the properties of
the microparticles (i.e., density and compressibility) are different from those of the printing

medium.

According to a first aspect, there is provided an apparatus for three dimensional printing
of an ink comprising microparticles suspended in a printing medium, the apparatus
comprising: a tubular nozzle with a tapered tip having an outlet for dispensing the ink
therethrough; a first acoustic transducer provided on the nozzle to produce a first
structural vibration in the nozzle at a first frequency; and a second acoustic transducer
provided on the nozzle to produce a second structural vibration in the nozzle at a second
frequency, the first frequency being higher than the second frequency; wherein when the
ink is being dispensed through the nozzle, the first structural vibration accumulates
microparticles in longitudinal streamlines at pressure nodes created in the printing
medium, and the second structural vibration aligns the accumulated microparticles in the
longitudinal streamlines towards a single central streamline in the printing medium in the

direction of the outlet.

The second acoustic transducer may be provided downstream of the first acoustic
transducer between the first acoustic transducer and the tapered tip.

The first acoustic transducer and the second acoustic transducer may be collinear on the

nozzle.

According to a second aspect, there is provided a method of three dimensional printing of
an ink comprising microparticles suspended in a printing medium, the method comprising
the steps of:

(a) dispensing the ink through an outlet of a tubular nozzle with a tapered tip;

(b) producing a first structural vibration in the nozzle at a first frequency to accumulate
microparticles in longitudinal streamlines at pressure nodes created in the printing

medium; and
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(c) producing a second structural vibration in the nozzle at a second frequency to
align the accumulated microparticles in the longitudinal streamlines towards a single
central streamline in the printing medium in the direction of the outlet, the first frequency
being higher than the second frequency.

Step (b) may comprise providing a first acoustic transducer on the nozzle and exciting the
first acoustic transducer at the first frequency and step (¢) may comprise providing a
second acoustic transducer on the nozzle and exciting the second acoustic transducer at

the second frequency.

For both aspects, the first frequency and the second frequency may be different multiples
of a fundamental frequency.

For both aspects, the first frequency may be a higher order frequency relative to the
second frequency.

For both aspects, the first structural vibration and the second structural vibration may be
perpendicular to a flow path of the ink in the nozzle

For both aspects, the first frequency may be a third harmonic and the second frequency
may be a fundamental frequency.

For both aspects, the second frequency and the first frequency may be supplied to the
acoustic transducer at a power ratio of 9 to 1.

BRIEF DESCRIPTION OF FIGURES

In order that the invention may be fully understood and readily put into practical effect

there shall now be described by way of non-limitative example only exemplary

embodiments of the present invention, the description being with reference to the

accompanying illustrative drawings.

FIG. 1 is a schematic illustration of an exemplary embodiment of an apparatus for 3D
printing of an ink.

FIG. 2 is a flowchart of an exemplary embodiment of a method of 3D printing of an ink.

FIG. 3 is a cross-sectional illustration of subdomains and boundary conditions in an FEM
simulation of an apparatus for 3D printing of an ink.
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FIG.

4 (a) is a schematic diagram of an experimental set-up to observe motion of
microparticles along a tubular nozzle for 3D printing of an ink.

4 (b) is a schematic diagram of an experimental set-up to observe motion of
microparticles across a tubular nozzle for 3D printing of an ink.

4 (c) is a representative photograph of accumulated microparticles in a glass tubular
nozzle for 3D printing of an ink.

5 is a graph showing change of peak light intensity during microparticle accumulation
in a printing medium in a glass tubular nozzle with 1% alginate and varied
microparticle concentrations.

6 (a) is a representative photo of microparticles in a glass tubular nozzle with 1%
sodium alginate and 0.25% microparticle before acoustic excitation.

6 (b) is a representative photo of microparticles in a glass tubular nozzle with 1%
sodium alginate and 0.25% microparticle after acoustic excitation.

6 (c) is a graph of distribution of normalized light intensity in a glass tubular nozzle
with 1% sodium alginate and 0.25% microparticle before acoustic excitation.

6 (d) is a graph of distribution of normalized light intensity in a glass tubular nozzle
with 1% sodium alginate and 0.25% microparticle after acoustic excitation.

7 (a) shows simulated radial stress in kPa of a glass tubular nozzle at the excitation
frequency of 168 kHz.

7 (b) is a polar plot showing simulated (172 kHz) and measured (168 kHz)
normalized vibration velocity.

7 (¢) shows time-averaged acoustic pressure in kPa a glass tubular nozzle at 168
kHz.

7 (d) shows simulated locations of 50-um microparticles after 0.2 seconds of
excitation.

7 (e) is a cross-sectional image of microparticles in a glass tubular nozzle without
acoustic excitation.

7 (f) is a cross-sectional image of microparticles in a glass tubular nozzle with
acoustic excitation.

8 (a) is a graph of accumulation time and width of microparticles in the solution with
1%, 2%, 3%, and 4% sodium alginate and 0.25% microparticles (n = 6 for each
condition).

8 (a) is a graph of accumulation time and width of microparticles in the solution with
0.25%, 0.5%, 1.0%, 1.5%, and 2.0% microparticles and 1% sodium alginate (n = 6
for each condition).
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FIG.

FIG.

FIG.

FIG.

. 9 (a) shows printing structures with 2% sodium alginate and 0.5% microparticle on
the petri dish printed without and with acoustic excitation.

9 (b) shows a close-up of the printing structure without acoustic excitation during
printing.

9 (c) shows a close-up of the printing structure with acoustic excitation during printing.

10 (a) is a graph showing a histogram (solid line) and fitted Gaussian curve (dashed
line) of microparticle distribution in the printing structure using the ink with 1%
sodium alginate and 0.5% microparticle without acoustic excitation.

10 (b) is a graph showing Histogram (solid line) and fitted Gaussian curve (dashed
line) of microparticle distribution in the printing structure using the ink with 1%
sodium alginate and 0.5% microparticle with acoustic excitation.

10 (c) is a graph comparing distributed microparticle width at the various sodium
alginate concentration from 1% to 4% and microparticle concentration of 0.5%, *:
statistically different between the experimental data without and with the acoustic
excitation (p < 0.05).

10 (d) is a graph comparing distributed microparticle width at the sodium alginate
concentration of 1% and various microparticle concentrations from 0.25% to 2%, *:
statistically different between the experimental data without and with the acoustic
excitation (p < 0.05).

11 (a) is a simulated acoustic pressure field in kPa in the cross-section of a glass
tubular nozzle at 393 kHz.

11 (b) shows simulated location of accumulated microparticles in the cross-section of
a glass tubular nozzle at 393 kHz.

11 (c) is a representative photograph of accumulated microparticles in the cross-
section of a glass tubular nozzle at 393 kHz.

11 (d) is a representative photograph of accumulated microparticles in the printing
structure at 393 kHz.

11 (e) is a representative photograph of accumulated microparticles along a glass
tubular nozzle at 393 kHz.

11 (f) is a graph showing a histogram and fitted Gaussian curves for each
accumulation line under acoustic excitation at 385 kHz.

12 (a) is a simulated acoustic pressure field in kPa in the cross-section of a glass
tubular nozzle at 563 kHz.

12 (b) shows simulated location of accumulated microparticles in the cross-section of
a glass tubular nozzle at 563 kHz.
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12 (c) is a representative photograph of accumulated microparticles in the cross-
section of a glass tubular nozzle at 56 kHz.

12 (d) is a representative photograph of accumulated microparticles in the printing
structure at 563 kHz.

12 (e) is a representative photograph of accumulated microparticles along a glass
tubular nozzle at 563 kHz.

12 (f) is a graph showing a histogram and fitted Gaussian curves for each
accumulation line under acoustic excitation at 63 kHz.

13 is a schematic diagram of an experimental setup to align/accumulate
microparticles in a glass tubular nozzle and print on on a platform.

14 (a) is a photograph of fibroblast L929 cells in a printing structure printed without
acoustic excitation.

14 (a) is a photograph of fibroblast L929 cells in a printing structure printed with
acoustic excitation.

15 (a) shows microparticle distribution at an excitation frequency of 899 kHz in the
cylindrical tube of a glass tubular nozzle without acoustic excitation.

15 (b) shows microparticle distribution at an excitation frequency of 899 kHz in the
cylindrical tube of a glass tubular nozzle with acoustic excitation.

15 (c) shows microparticle distribution at an excitation frequency of 899 kHz in the
tapered tip of a glass tubular nozzle without acoustic excitation.

15 (d) shows microparticle distribution at an excitation frequency of 899 kHz in the
tapered tip of a glass tubular nozzle with acoustic excitation.

16 (a) is a graph of accumulation area with and without acoustic excitation at the
alginate concentration of 1%.

16 (b) is a graph of accumulation area with and without acoustic excitation at the
alginate concentration of 2%.

16 (c) is a graph of accumulation area with and without acoustic excitation at the
alginate concentration of 3%.

17 (a) is a graph of amount of printing medium discharged from the nozzle with and
without acoustic excitation at the alginate concentration of 1%.

17 (b) is a graph of amount of printing medium discharged from the nozzle with and
without acoustic excitation at the alginate concentration of 2%.

17 (c) is a graph of amount of printing medium discharged from the nozzle with and
without acoustic excitation at the alginate concentration of 3%.
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DETAILED DESCRIPTION
Exemplary embodiments of an apparatus 100 and method 200 for three dimensional (3D)
printing of an ink will be described below with reference to FIGS. 1 to 17, in which the

same reference numerals are used to refer to the same or similar parts.

As shown in FIG. 1, in an exemplary embodiment, the apparatus 100 for 3D printing of an
ink 10 comprises a tubular nozzle 90 with a tapered tip 91 having an outlet 92 for
dispensing the ink 10 therethrough onto a substrate 20. The ink 10 comprises
microparticles 12 suspended in a printing medium 13. The apparatus 100 also comprises
a first acoustic transducer 81 provided on the nozzle 90 to produce a first structural
vibration at the first frequency and a second acoustic transducer 82 provided on the
nozzle 90 to produce a second structural vibration at the second frequency.

The second acoustic transducer 82 is provided on the nozzle 90 downstream of the first
acoustic transducer 81, between the first acoustic transducer 81 and the tapered tip 91.
Preferably, the first acoustic transducer 81 and the second acoustic transducer 82 are
collinear on the nozzle 90. Orientation of the acoustic transducers 81, 82 is preferably but
not necessarily parallel to direction of fluid flow (indicated by the white arrow in FIG. 1) in
the nozzle 90.

The acoustic transducers 81, 82 are preferably attached to a cylindrical portion 93 of the
nozzle 90, upstream of the tapered tip 91. Material of the nozzle 90, diameter of the
cylindrical portion 93, and geometry or shape of the tapered tip 91 (which provides a
smooth constriction from the cylindrical portion 93 to the outlet 92) may be appropriately
adapted to suit different inks without being limited to a specific configuration. Similarly, the
actual location and orientation of the transducers 81, 82 and also the distance between
the transducers 81, 82 may be appropriately adapted to suit different inks without being
limited to a particular configuration. A function generator with power amplifier 50 may be
provided to excite the transducers 81, 82. An impedance matching unit 40 may be
provided to match the electrical impedance for each transducer 81, 82 in order to enhance
electrical-to-acoustic energy conversion. Preferred impedance is dependent on the
specification of the power amplifier 50 used according to the impedance matching

theorem.
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The first frequency is higher than the second frequency. Preferably, the first and second
frequencies are synchronised. Further preferably, the first frequency and the second
frequency are different multiples of a fundamental frequency. The first frequency is
preferably in higher orders. For example, the first frequency may be the third harmonic
and the second frequency may be the fundamental frequency. The second frequency and
the first frequency may be supplied to the acoustic transducer at a power ratio of 9 to 1.

The first structural vibration and the second structural vibration are perpendicular to the
flow path (indicated by the white arrow) of the ink 10 in the nozzle 90. Using the apparatus
100, in the method 200 of printing as shown in FIG. 2, when the ink 10 is being dispensed
through the nozzle 90 (202), producing the first structural vibration in the nozzle 90 at the
first frequency (204) accumulates microparticles 12 in longitudinal streamlines 70 at
pressure nodes created in the printing medium 13, while producing the second structural
vibration in the nozzle 90 at the second frequency (206) aligns the microparticles 12
accumulated in the longitudinal streamlines 70 towards a single central streamline 60 in

the printing medium 13 in the direction of the outlet 92.

The aim of dual-frequency excitation is to speed up the accumulation time of
microparticles / cells toward the centre or desired streamline. To choose excitation
frequencies, pairs of f; & f3, f1 & fs and f; & f5 are recommended, but not limited to, where
fi, f3, and f5 are the fundamental, the third- and the fifth-harmonic, respectively. The
dual/multiple-frequency excitation may be implemented by having a high frequency
applied to the upper transducer 81 while a low frequency is applied to the lower
transducer 82. The key is to accumulate microparticles / cells in the ink 10 to form lumps
under the high frequency. Afterwards, the low frequency is excited to move the lumps of
microparticles / cells towards the centre streamline 60 more effectively. Thus, the
accumulation time could be reduced up to 82% from numerical simulation for the two

transducers 81, 82.

As a general guide, the relationship between the inner diameter of the cylindrical tube 93
of the nozzle 90, excitation frequency, and recommended thickness of a piezo plate that is
used as the transducers 81, 82 is as shown in Table 1 below:
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Tube inner Estimated fundamental and Recommended thickness of
diameter higher orders frequency (kHz) piezo plate (mm)
(mm)
1.2 899, 1935, 3532 2.29
2.64 396, 880, 1605 5.06
6.8 162, 385, 657 12.3

kg = Tube ID x excitation frequency
where k,~ 1.07 mm-kHz for a pyrex glass tube
Table 1

Recommended parameters that may be used in the apparatus 100 and method 200 are:

e Power applied in a range of 0.3-1.2 Watt to avoid heat accumulation

e The first transducer 81 is preferably excited at high frequency with at least one
pressure node of structural vibration mode in the cross-section of the cylindrical
tube 93 of the nozzle 90. For the second transducer 82, the fundamental mode
(dipole mode is recommended)

e The target value for impedance is 50Q + 0j for the input impedance of a general
purpose power amplifier with the output impedance of 50Q. Other power amplifiers
may have the impedance of 8Q or 4Q2

e Various waveforms can be used (e.g. sinusoidal wave, square wave, and pulsed

wave)

Depending on the actual magnitude of the first and second frequencies, various patterns
of microparticle distribution and accumulation in the printing medium 13 in the nozzle 90
can be obtained, as will be described in greater detail below in the experimental studies

conducted to verify the apparatus 100 and method 200.

Experimental Study of Low Frequency Bipolar Mode of Structural Vibration

In this study, a low frequency bipolar mode of structural vibration of a cylindrical tube
having a tapered tip (representing the nozzle 90 of the apparatus 100) was used to
concentrate microparticles at the centre of the tube and subsequently on the printing
structure. The effects of experimental parameters, such as the concentration of
microparticles and sodium alginate (the printing medium) on the printing were studied.
The fluid viscosity of the ink containing microparticles is an important factor for extrusion
printing [25, 26].

10



10

15

20

25

30

35

WO 2019/103693 PCT/SG2018/050575

A numerical simulation was first carried out to predict the excitation frequency, structural
vibration, and distribution of acoustic pressure in a cylindrical tube, and the corresponding
accumulation of microparticles therein. The experimental excitation frequency of locating
the pressure node of the structural vibration and accumulation of microparticles at the
centre of the cylindrical tube was found to be similar to the simulation results. The time to
accumulate microparticles to a longitudinal streamline at the centre of the tube and the
width of the streamline of accumulated microparticles were measured. The effect of
concentration of sodium alginate and microparticles in the ink on microparticle
accumulation in the tube and the printing structure were studied. The printing capability
without and with acoustic excitation was compared statistically. Furthermore, the ability of
higher harmonics was also evaluated. Various patterns of microparticles in the printing
structure could be controlled by adjusting the excitation frequencies.

Numerical simulation

A model was established for numerical simulation using a finite element method (FEM)
software (COMSOL 5.2, Stockholm, Sweden). In the model, a plate of piezoceramic
(11x11x2 mm?®) was attached to the outer side of a cylindrical glass tube having inner and
outer diameters of 6.4 mm and 7.0 mm respectively, as shown in FIG. 3. Electrical signals
were supplied to the piezoceramic to excite the longitudinal mechanical vibration which is
perpendicular to the surface of the glass tube and then coupled into the liquid inside the
glass tube. Triangle meshes were used in the FEM, and there were in total 7531 meshes
in the domain of the piezoceramic, glass tube, and fluid. The average mesh growth rate
was 1.521. The smallest mesh size was 2 um at the interface between piezoceramic and
glass. A total of 124 microparticles in the diameter of 50 um were distributed uniformly

inside the tube initially.

Numerical simulation was carried out using the modules of solid mechanics, electrostatic,
acoustics, and particle tracing. Initially, eigenfrequency of the glass tube was calculated to
determine the excitation frequency and stress-strain response. The outer boundaries of
glass tube were freely bound. Then the electrical signal was applied to the piezoceramic
plate in the frequency domain. With the piezoelectric effect, the electricity was converted
to the stress and strain in the piezoceramic and then transferred to the glass which was
described as the linear elastic material. At the interface between glass and fluid, the
mechanical waves propagated into the fluid domain. Trajectories of microparticles in the
fluid were calculated in the time domain at a step size of 1 ms. The primary radiation force
applied to the microparticles pushes them towards the pressure node under the acoustic

11
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excitation. The parameters and governing equations used in this simulation are listed in

the Appendix and Table A1 below.

Experimental setup

A piezoceramic plate (355, 11x11x2 mm?, APC International, Mackeyville, PA, USA) 80
was glued (Insta-Flex+, Bob Smith Industries, Atascadero, CA, USA) to a cylindrical glass
tube having a tapered tip 90 (Glass Pasteur Pipet, Corning, NY, USA), as shown in FIG. 4
(a). A sinusoidal signal at a certain frequency was generated by a function generator
(AFG3000, Tektronix, Beaverton, OR, USA) and then underwent a power amplifier (240L,
ENI, Rochester, NY, USA) 50. The power input to the device was 0.71 W, as measured by
an impedance analyser (R3272, Advantest Corp, Tokyo, Japan). To maximize the
electrical power transferred to the piezoceramic plate 80, a matching unit was custom built
and provided to adjust the output impedance to the power amplifier to around 50 Q. The
vibration pattern of the glass tube 90 was measured using a laser Doppler vibrometer
(PSV-500, Polytec GmbH, Waldbronn, Germany). Trajectories of microparticles in the ink
in the glass tube 90 were observed by an industrial camera 30 (565326, Edmund Industrial
Optics, Barrington, NJ, USA) with a 25-mm focal length lens under the illumination of a
LED light source 31 (V-LSL666, Valore, Singapore). The ink was printed onto a petri dish
20 on a printing stage 22.

In addition, as shown in FIG. 4(b), cross-sectional images of microparticles in the
cylindrical glass tube 90 were captured using a light sheet. A fiber optic illuminator 32 (MI-
150, Edmund Optics, NJ, USA) and single branch light line guide 33 (#53-986, Edmund
Optics, NJ, USA) were used to produce an intensive flat light. A cylindrical lens 34 with a
focal length of 25 mm (LOCPCXB22-25, Lighten Optics, Beijing, China) focused the light
beam onto the glass tube 90. The camera 30 was then aligned vertically for photography.
Temperatures of the piezoceramic and the glass tube were monitored noninvasively by a
laser thermometer (AR320, Arco Science & Technology Ltd, Dongguan, Guangdong,
China).

Printing evaluation

In bioprinting applications, 1%—4% of sodium alginate, a common hydrogel in the
biological studies, in deionized (DIl) water is widely used to construct the 3D structure for
cells [27, 28]. However, the addition of sodium alginate would increase the viscosity of the
medium from 2.54 cPs to 37.5 cPs as measured by a rheometer (DHR-2, TA Instruments,
New Castle, DE, USA), which is similar to the previously reported value [29]. Various
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concentrations (e.g., 0.25%, 0.5%, 1.0%, 1.5%, and 2.0% w/w) of polystyrene
microparticles (50 ym in diameter, Phosphorex, Hopkinton, MA, USA) suspended in the
alginate solution (180947, Sigma-Aldrich, St. Louis, MO, USA) at the concentration of 1%,
2%, 3%, and 4% w/w were used as the printing medium. Prior to each printing, the
solution was spun by vortex (Maxi Mix Ill, Barnstead/Thermolyne, Dubuque, IA, USA) and
degassed in a vacuum chamber (3608-1CE, Thermo Scientific, Waltham, MA, USA). The
ink was printed through an extrusion-based bioprinter (TechnoDigm, Singapore) on a petri
dish (47, Corning, Sigma-Aldrich). The distribution of microparticles in the printed
structures was observed under a light microscope (CKX-41, Olympus, Tokyo, Japan) with
4x magnification, and then the captured images were quantitatively analysed using digital
processing software (Imaged, National Institute of Health, Bethesda, MD, USA) and
calculation software (Matlab, MathWorks, Natick, MA, USA).

Distribution of microparticles in the glass tube was recorded, and the light intensity across
the tube was used to analyse and quantify the characteristics of microparticle
accumulation under the acoustic excitation (see FIG. 6 which shows: (a) a representative
photo of microparticles in the glass tube with 1% sodium alginate and 0.25% microparticle
before acoustic excitation and (b) after acoustic excitation, and the corresponding
distributions of the normalized light intensity in (b) and (d)). The change of measured peak
light intensity, which is calculated from the obtained RGB colour image as 0.299R +
0.587G + 0.114B, in the course of the acoustic excitation is shown in FIG. 5. When the
variation is within +1% of the maximum value, the microparticle accumulation is assumed
to reach its stabilization. The corresponding time is defined as the accumulation time of
microparticles. The full width at half maximum (FWHM) of the light intensity distribution at
the stabilized stage was used to determine the accumulation width of microparticles, as
shown in FIG. 6(d).

In the printing structures, the histogram of deposited microparticles was calculated from
the captured images after determining the edge of all microparticles and then fitted using
the Gaussian function

(=
204

. 1
X) = =€
fOO) = 5= .,
where [ is the mean value, ¢ is the standard deviation. The corresponding FWHW in the

Gaussian curve is given by

13



10

15

20

25

30

35

WO 2019/103693 PCT/SG2018/050575

FWHW =20 -v2In2 =2355 ¢ )

FWHW is used to evaluate the microparticle distribution and compare the performance of
acoustic excitation in the printing process. It's well known that 95% of the microparticles

are within 2 standard deviations ([u-20, u+20]) in the Gaussian distribution curve.

Statistical analysis

Student’s t-tests were carried out to determine the statistical significances (95%
confidence interval or p-value below 0.05) between different experimental conditions using
SigmaPlot (Systat Software, San Jose, CA, USA). In each group, at least 6 data were
included for the analysis.

Results

Vibration modes

Acoustic excitation aims to accumulate the microparticles in the printing process. The use
of fundamental mode which gathers microparticles to the centre of the tube was first
investigated (see FIG. 7 which shows: (a) the simulated radial stress of glass tube at the
excitation frequency of 168 kHz in kPa, (b) comparison of simulated (172 kHz) and
measured (168 kHz) normalized vibration velocity in the polar plot, (c) time-averaged
acoustic pressure in kPa at 168 kHz, (d) the locations of 50-um microparticles after 0.2
seconds of excitation in the simulation, and cross-sectional image of microparticles (e)

without and (f) with the acoustic excitation).

The vibration direction is perpendicular to the glass tube. The predicted frequency in the
numerical simulation is 168 kHz. The vibration on the surface of the glass tube was
measured by the laser Doppler vibrometer and compared to the simulation results. From
the scanned contour, there were two regions with high positive vibration velocity was
observed at 83.2° (0.070 mm/s) and 277.8° (0.061 mm/s), close to the piezoceramic and
its opposite side, which is similar to the previous studies [24]. However, a slight difference
of the excitation frequency was observed (168 kHz in the simulation and 172 kHz in the
experiment), which may be due to the discrepancies of material properties and
inconsistent thickness of the glass tube. In addition, the microparticles assembled due to
the secondary Bjerknes force (attractive inter-particle force), gradually grew to lumps, and
then moved towards the pressure node in the cross-section of the glass tube [30, 31].

Overall, there was good agreement between the simulation and measurement.
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Accumulation of microparticles in the glass tube

Initially as the microparticles were located randomly in the tube, the light intensity
distribution across the tube was quite uniform, whose profile may be associated with the
laminar flow for extrusion. Under the acoustic excitation, most of the microparticles
gradually moved toward the pressure node at the centre of the tube so that the light
intensity distribution had a sharp peak, as shown in FIG. 6(d). However, some
microparticles may attach to the inner wall of the glass tube due to surface tension. During
the microparticle accumulation, the peak light intensity (mostly at the centre of the glass
tube) exponentially rose to its maximum value. With the increase of microparticle
concentration, the peak light intensity in the stabilized state increased correspondingly but

at a longer microparticle accumulation time.

Concentration of alginate and microparticles in the fluid plays a significant role in the
hydrodynamics of microparticles, which subsequently determines the efficiency and
effectiveness of microparticle accumulation (see FIG. 8 which shows: accumulation time
and width of microparticles in the solution with (a) 1%, 2%, 3%, and 4% sodium alginate
and 0.25% microparticles and (b) 0.25%, 0.5%, 1.0%, 1.5%, and 2.0% microparticles and
1% sodium alginate (n = 6 for each condition). The microparticle accumulation width
increased in 3.3 fold from 0.19+0.07 to 0.64+0.18 mm at the microparticle concentration
from 0.25% to 2% and 1% alginate in the fluid. The corresponding increase was 2.4 fold
from 0.30+0.07 mm to 0.731£0.12 mm with the increase of alginate from 1% to 4% and
0.5% microparticles in the fluid. The accumulation time increased almost linearly in 4.1
fold from 29.3£3.5 s to 121.2+16.1 s with the increase of alginate from 1% to 4%.
However, there are fewer influences on the accumulation time by the concentration of
microparticles than that of alginate. The corresponding value increased slightly in 1.3 fold
from 30.3+3.6 s to 38.115.2 s with the increase of microparticle concentration from 0.25%
to 2.0%. Overall, the accumulation time is more sensitive to the concentration of alginate
than that of the microparticle, which may be due to the fluid viscosity.

Microparticle distribution in the printing structure

The printing structure by the extrusion-based bioprinter was straight lines on the petri dish.
The distribution of microparticles inside the printing structure was observed under the light
microscope. It is found that microparticles distributed quite uniformly without an acoustic
activation, but mostly at the center after the printing with the acoustic excitation due to the
in prior accumulation in the glass tube (see FIG. 9 which shows printing structures with
2% sodium alginate and 0.5% microparticle on the petri dish, and zoomed photos
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illustrating the distribution of microparticle inside them (b) without and (c) with an acoustic
excitation during the bioprinting (scale of 1 mm).).

The microparticle distribution in the printing structure was represented in the histogram
quantitatively and then fitted by the Gaussian curve to compare the accumulated
microparticle widths (see FIG. 10 which shows histogram (solid line) and fitted Gaussian
curve (dashed line) of microparticle distribution in the printing structure using the ink with
1% sodium alginate and 0.5% microparticle (a) without and (b) with the acoustic excitation,
and comparison of the distributed microparticle width (c) at the various sodium alginate
concentration from 1% to 4% and microparticle concentration of 0.5% and (d) at the
sodium alginate concentration of 1% and various microparticle concentrations from 0.25%
to 2%, *: statistically different between the experimental data without and with the acoustic
excitation (p < 0.05).).

The acoustic excitation could accumulate the microparticles mostly at the center. The
percentage in the three central bins of the histogram was 46.5£3.7%, 41.814.1%, and
43.4+4.9% at the alginate concentration of 1% and the microparticle concentration of
0.25%, 0.5%, and 1%, respectively. However, the corresponding value significantly
dropped to 32.815.2% at 2% microparticle. In comparison, the percentage of accumulated
microparticles in the three central bins fairly dropped from 41.8+4.1% to 35.615.7% with
the increase of alginate concentration from 1% to 4% at the microparticle concentration of
0.5%. In comparison to the conventional printing without the acoustic excitation, the
values of FWHM were always larger than those of acoustic excitation at all experimental
conditions (p < 0.05) and increased with the concentration of alginate and microparticles
with the acoustic excitation, from 0.31£0.13 mm to 1.13£0.17 mm (3.7 fold) for 0.25% and
2% microparticle and 1% alginate and from 0.73£0.11 mm to 1.392£0.22 mm (1.9 fold) for
1% and 4% alginate and 0.5% microparticle, respectively. The discrepancy between the
accumulated microparticle width in the glass tube and printing structure is due to the
streamline through the nozzle. Another reason may be the difference between the
counted microparticles in the printing structure and the detected light intensity in the glass
tube.

High orders of structural vibration

The higher orders of structural vibration were also investigated here. In the numerical
simulation, the driving frequencies of two high orders were found to be 393 and 563 kHz.
The microparticles will accumulate at the pressure nodes (between the acoustic peaks).
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At 393 kHz (see FIG. 11 which shows the (a) simulated acoustic pressure field in kPa, and
(b) location of accumulated microparticles in the cross-section at 393 kHz, representative
photos of accumulated microparticles (c) in the cross-section, (d) along the glass tube, (e)
in the printing structure, (f) the histogram and fitted Gaussian curves for each
accumulation lines under the acoustic excitation at 385 kHz), there are 4 symmetric beam
patterns distributed evenly in the polar coordinate of the average acoustic field and
subsequently four accumulation regions in the cross-section of the glass tube. In
comparison, there are six symmetric acoustic beams at 563 kHz (see FIG. 12 which
shows the (a) simulated acoustic pressure field in kPa, and (b) location of accumulated
microparticles in the cross-section at 563 kHz, representative photos of accumulated
microparticles (c) in the cross-section, (d) along the glass tube, (e) in the printing structure,
(f) the histogram and fitted Gaussian curves for each accumulation lines under the
acoustic excitation at 657 kHz). The microparticle accumulation at the centre is more
significant than that at 393 kHz. The resonant frequencies of high orders found in the
experiment were 385 kHz and 657 kHz, which are slightly different from the simulation as
the fundamental mode. The patterns of accumulated microparticles in the cross-section at
these two frequencies were found similar to the simulation. There were two accumulated
streamlines along the glass tube (~1.8 mm away from each other with the microparticle
accumulation width of 0.70£0.24 mm) although not very straight at 385 kHz. In
comparison, three main streamlines were observed (one at the centre with the width of
0.25£0.02 mm, and the other two ~1.3 mm away from the centre with the width of
0.46£0.12 mm) at 657 kHz. The accumulation times are 24.67+4.2 s and 6.88+1.54 s at
385 kHz and 657 kHz, respectively, with the statistical difference (p < 0.05). After the
printing, the histogram of microparticle distribution could be fitted by different Gaussian
curves at the accumulation positions. The accumulation widths were 1.08+0.34 mm at 385
kHz, and 0.70£0.21 mm (at the side streamlines) and 0.37£0.09 mm (at the central
streamline) at 657 kHz.

From the above experimental study, it was found that the structural vibration produced by
a piezoceramic plate simply attached to the cylindrical glass tube at a specific frequency
could generate pressure node(s) in the cross-section to accumulate the microparticles
being dispensed by the tube. Such capability of microparticle accumulation can not only
enhance the printing functionality but also reduce the risk of clogging of the nozzle. The
motion of microparticles is also dependent on the hydrodynamic properties of streamlines,
such as the concentrations of microparticles and sodium alginate. Moreover, the proposed
method has the potential in the biological applications. It is noteworthy that this acoustic
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method is non-invasive and has low heat accumulation, 24 - 26°C over 10-15 minutes of
acoustic excitation at room temperature around 24°C, which may pave the way to the use
of temperature sensitive biological samples in maintaining their morphologies and
viabilities. In the near future, the investigation of the motion of cells, their distribution in the
printing structure, viability, and proliferation after the printing is required before the
practical 3D bioprinting. The cell density and spatial distribution are critical to the
morphogenetic development of an engineered tissue, including proliferation, differentiation,
and migration [32]. Because of the smaller size of mammalian cells (e.g., 15-30 ym for
Hela) and lower stiffness in comparison to the microparticles used here (e.g., ~120 kPa for
Hela and ~3 GPa for polystyrene) much slower motion speed is expected. In addition, the
optimum viscosity of bioinks should be explored, hindering the motion of biological cells at
the high medium viscosity while spreading abundantly at the low medium viscosity [33, 34].

The numerical simulation of the excitation frequency and the location of microparticles in
the cylindrical tube agreed quite well with the experiment results. When the tube is driven
for a long time or at the high power, the accumulation of microparticles will break into
discrete nodes, which is mostly due to a weakly coupled standing wave along the cylinder
central axis of the glass tube and the formation of vortices until the introduction of thermal
convective currents and eventual fluid boiling by the heating of the transducer [35]. The
distance between these nodes along the glass tube is moderately constant (~8 cm) which
is closed to the acoustic wavelength (8.63 cm). The formation of these nodes is affected
by the tube symmetry, length, and edge conditions. For example, when an O-ring is
placed at the nodal position, several neighbouring nodes partially disappear. In contrast,
there are no changes when placing the O-ring at the anti-nodal position.

The motion of microparticles is governed by the acoustophoretic (the acoustic radiation
force given by Eq. A5) [36, 37], Stokes drag (resistance of microparticles in the medium
given by Eqg. A4) [38], and hydrodynamic forces [39]. At the high excitation frequency, the
higher acoustic radiation force (Eq. A5) could speed up the particle motion and reduce the
accumulation width as shown by the high order vibration modes [40, 41]. However, the
accumulation pattern will be more complicated and sensitive in the cross-section at the
high frequency. For example, there are 8 symmetric acoustic beams in the cross-section
polar space at 736 kHz in the simulation, and two acoustic beams at 0° and 180° in the
polar coordinate reduce their magnitudes by 20% at 395 kHz (data not included). In
contrast, the effect of longitudinal convection streaming and bubble cavitation becomes
significant at the low excitation frequency. The medium viscosity increases with the
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microparticle concentration and subsequently decreases the mobility of microparticles in
the fluid [42]. In the highly viscous medium, the increased Stokes drag force pushes the
microparticles in the opposite direction of the acoustic radiation force so that following the
acoustophoretic force across the fluid streamline or the focusing of microparticles is
hindered [8, 43]. As a result, the accumulation is prolonged with the widen accumulation
width at the high concentrations of alginate and microparticle [25]. However, the
microparticle distribution in the glass tube is not exactly the same as that in the printing
structure, which is due to several factors such as the size and shape of the nozzle tip,
extrusion pressure, scanning speed of the printer, and the medium viscosity of the ink.
Thus, extensive work is required to achieve the desired microparticle accumulation width
in the printing structure at each experimental condition. The design of the nozzle tip could
be optimized. A short convergent constriction bends the fluid streamline inward suddenly,
which might shift the microparticle accumulation toward the center. This streamline
bending effect is subsided by using a symmetric long convergence constriction and orifice
slightly smaller than the tube [44].

To improve the focusing efficiency and reduce the accumulation time, several strategies
are suggested. Firstly, higher excitation power may be applied to the piezoceramic to
increase the acoustic pressure and subsequently acoustic radiation force to the
microparticles. But the risk of overheating is increased without appropriate thermal
diffusion or cooling. Secondly, energy transmission efficiency from the piezoceramic to the
glass tube may be increased. Using the piezoceramic plate having a poling direction
perpendicular to the glass tube surface or new piezocomposite materials with larger
mechanical quality factor and lower dissipation factors may be the solutions. Finally, other
vibration modes, such as thickness, thickness shear, longitudinal, cross section shear,
and torsional wave, can be explored [45]. By utilizing harmonic flexural vibration of the
capillary, subharmonic acoustic pressure standing waves in the fluid can be generated
inside the cylindrical tube. Flexural modes are the most important in terms of pressure
variation inside the fluid because it enables relatively high normal velocities.

This experimental study demonstrated a practical application of acoustic manipulation to
assist additive manufacturing via extrusion-based printing of inks comprising
microparticles suspended in a printing medium. The structural vibration of a cylindrical
tube with tapered tip was produced, and the acoustic wave was coupled into the ink to
accumulate the microparticles to the position of induced pressure node(s). The prediction
of the excitation frequency and location of microparticles inside the glass tube in the
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numerical simulation agrees quite well with the experimental results. Acoustic excitation
has the statistically significant effect on the microparticle accumulation in the glass tube.
The time and width of microparticle accumulation under the acoustic excitation increase
with the concentration of alginate and microparticles in the ink. Although the microparticle
concentration has slightly higher effect on the accumulation width than the alginate
concentration, its effect on the accumulation time is much less. In the printing structure,
the distribution of microparticles could be fitted well in a Gaussian curve, whose FWHM is
usually larger than that in the glass tube due to the printing process through the tapered
tip. However, the dependence of microparticle accumulation in the printing structure on
the microparticle and alginate concentrations is similar to that in the tube. High orders of
structural vibration could not only reduce the microparticle accumulation time but also
produce more complicated accumulation patterns. Overall, this acoustic technology
excitation could improve the patterning of microparticles in the AM and may be applied in
the future 3D bioprinting.

Experimental Study Using Two Transducers

In this experiment using the set-up shown in FIG. 13, the inner diameter of the cylindrical
portion 93 of the tubular nozzle 90 was 1.1 mm, and a sinusoidal wave at a driving
frequency of 899 kHz and power of 0.6 Watt was used. Two transducers 81, 82 with a
multiple-frequency excitation were used to enhance the performance of microparticle
accumulation for 3D printing. The transducers 81, 82 may be made of piezoelectric
materials. Theoretically, there is no limitation to the manipulation of microparticles/cells in
the ink. Preferably, there should be a difference in compressibility and density of the
microparticles / cells with respect to the printing medium. A larger difference in these

values means a faster response to the manipulation.

Vibration modes and characterisation

Focusing of microparticles into a single stream on the centre of the cylindrical tube 93 is
achievable using acoustic excitation. This tube 93 (made of glass) was connected to the
tapered tip 91 of the nozzle 90 for printing. The use of fundamental mode was frequency
first investigated. The vibration direction is perpendicular to the glass tube 93. The
predicted frequency in the numerical simulation is 871 kHz, while the focusing of
microparticles was observed at 899 kHz experimentally. A small difference of the
excitation frequency (=3%) might be due to the discrepancies of material properties and

inconsistent thickness of the glass tube 93. Additionally, a secondary Bjerknes force could
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gather microparticles into lumps, and then move them towards the central region of the
glass tube 93.

Distribution of cells in the printing structure

In this experimental study, L929 cells (fibroblast cell line) at an average diameter of 4-7
um were suspended in a printing medium of 5% gelatine methacrylate (GelMA) (4 million
cells per ml) and loaded in the nozzle 90 for printing. Electrical signals at a frequency of
899 kHz and a power of 0.97 Watt were applied to the transducers 81, 82 in order to align
the cells toward the centre of the cylindrical tube 93. Afterwards, cells in GelMA were
printed out using an extrusion-based printer. The accumulation of cells at the centre of the
printing structure was observed under microscope, for cells printed without acoustic
excitation and cells printed with acoustic excitation as shown in FIG. 14 (a) and (b)

respectively

Accumulation of microparticles in the glass tube (clogging of nozzle)

In this experiment, a small diameter nozzle tapered tip 91 (200-250 um, as shown in FIG.
15 (c) and (d)) and a small cylindrical tube 93 (1.0 mm inner diameter) were used. Thus,
driving frequency is increased to 899 kHz in order to match the excitation frequency of a
dipole mode. At 899 kHz, microparticles are aligned at the centre of the cylindrical tube 93
as shown in FIG. 15 (b). Subsequently, the microparticles were printed out through the
nozzle tapered tip 91 as shown in FIG. 15 (d). In contrast, no alignment was seen when
no acoustic excitation was applied, as shown in FIGS. 15 (a) and 15 (¢)

Reduction of microparticle accumulation by acoustic excitation

Progressive clogging of the nozzle in prior art apparatus is caused by a consecutive
accumulation of microparticles. It slowly obstructs the inner wall of the nozzle channel.
Microparticles which travel close to the wall have a high chance of irreversible
accumulation on the inner wall. In the present apparatus and method, acoustic excitation
focuses microparticles toward the centre of the cylindrical tube 93 and subsequently the
centre of the tapered tip 91 of the tubular nozzle 90. Thus, fewer microparticles could
accumulate on the surface of the inner wall of the tapered tip 91 of the nozzle 90. With
acoustic excitation, the accumulation area at 15 minutes is reduced by 2.90, 2.37 and
2.04 fold for 1%, 2% and 3% respectively of sodium alginate concentration in the fluid, as
shown in FIGS. 16 (a) to (¢). In addition, the outflow discharge is higher by 3.88, 3.56 and
3.68 fold for 1%, 2% and 3% respectively of sodium alginate concentration, as shown in
FIGS. 17 (a) to (c).
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From this experimental study, several observations can be made. Firstly, vibration
amplitude of the transducers can be increased by using an impedance matching
component 40 which is specially made for individual transducers. Secondly, output power
can be slightly increased as physical properties (viscosity, heat conductivity and
compressibility) of the printing fluid or medium are different from those of water without a
significant effect on acoustic streaming and excessive heat accumulation (heat released
from fast fluid velocity). Thirdly, using a plural number of transducers 81, 82 enhances the
performance and reduces the acoustic streaming effect.

Experimental Study Of Cell Alignment And Accumulation

This experimental study used the above disclosed apparatus 100 and method 200 to
pattern and accumulate C2C12 cells (a skeletal myoblast cell line of Mus musculus [52])
in the nozzle during 3D bioprinting, in which C2C12 cells in 5% GelMA were printed on a
4-inch diameter petri dish. The cell pattern subsequently appears in the printed construct.
A structural vibration of the nozzle and patterning of cell accumulation were studied
numerically and experimentally. The resonant frequency of structural vibration of the
nozzle was numerically and experimentally determined as 871 kHz and 877 kHz,
respectively. In the experiment, cells were accumulated at the centre of the nozzle and
consequently at the printed construct. The cell distribution of cells printed with acoustic
excitation has a significantly lower value of standard deviation (0.27£0.07 mm) than cells
printed without the acoustic excitation (0.4210.12 mm). Furthermore, the acoustic
excitation could also be used for patterning C2C12 cells in the 3D printed construct. After
printing, the distribution of cells is found to be dense at the centre of the printed construct.
Subsequently, it was found that the acoustically-excited cells establish cellular
connections and elongate towards the printing direction. Also, immunofluorescent staining
indicates a greater alignment/orientation of cell nuclei and myosin heavy chain produced
from differentiation of C2C12. Lastly, acoustically-excited C2C12 cells represent a
significantly improved orientation of cell nuclei with a high number of oriented cells along
the major axis in comparison to the cells without the acoustic excitation, with similarity of
the orientation of the acoustically-excited C2C12 muscle fibres with the natural skeletal
muscle fibres. This experimental study showed that acoustic excitation during printing of
cells using the above disclosed apparatus and method is a convenient, cost-effective and
biocompatible method for patterning and accumulation of cells. Also, there are several
advantages such as allowing high cell density printing, patterning of cells without nozzle
clogging issue. Importantly, using the apparatus 100 and method 200 increases the
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number of orientated cells along the major axis and enhances cell elongation and

differentiation.

Whilst there has been described in the foregoing description exemplary embodiments of
the present invention, it will be understood by those skilled in the technology concerned
that many variations and combination in details of design, construction and/or operation

may be made without departing from the present invention.
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APPENDIX

The linear behaviour of the piezoelectric material is presented in the stress-charge
and strain-charge forms

i
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ceS —eTE, D =e8 4+ 5.E (A1)
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T —dTE, D =dT + e-F (A2)
where T is the stress, Sis the strain, E is the electric field, D is the electric displacement,
ce is the elasticity matrix, e is the coupling matrix, ¢s is the permittivity matrix. Then the
propagation of acoustic wave in the liquid is expressed using Helmholtz equation,

V(W) TE=0 A

Felt

where the acoustic pressure (p) is a harmonic quantity (p = p,e™'), p. is the density, w is
the angular frequency, and cis the speed of sound in the fluid.

Because of the different travelling velocities of microparticle and fluid, the Stokes
drag force from the fluid acted on the microparticles is commonly described as [17]

Frrag = OFUY (Vriyg — Vparricie ) (A4)
where 1, Vimedium, and Vparicie refer to the radius of the microparticle, velocity of the fluid and
the microparticle, respectively.

In the acoustic field, monopole and dipole scattering from oscillation and pulsation
of the microparticle result in the acoustic radiation force that is described using the

Gauss’s theorem [1 8] .
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where p,, and p. are the density of particle and fluid, ¥, and k- are the compressibility of

particle and fluid, fy.ne and are the dimensionless scattering coefficients for

.M D
monopole and dipole, respectively, and i is the acoustic wave number. In the viscous
fluid, Prandtl-Schlichting and acoustic boundary layer could be taken into account by
adding the viscosity-dependent correction into the dipole scattering coefficient [19].
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where & is the distance to the boundary layer, and i is the complex unit. The motion of

microparticles was governed by Newton’s second law.
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FEM was used to find the approximate solution of partial differential equations
(PDEs). The main components consist of piezoelectric material and cylindrical glass tube
filled with fluid. The electrical signal is applied to the piezoceramic plate attached to the
glass tube. One side of the piezoceramic was defined as the free boundary and the other
side was attached to the glass tube. The boundary of the glass tube was considered as
hard wall and assumed to be reflective

e {— % Vot+q)=10 (A8)

where # is the normal vector pointing inward the centre of the tube. Hence the acoustic
standing waves could be formed in the fluid surround by hard wall.

medium parameter value
density, g, 897 kg/m®
speed of sound, ¢, 1497 mv/s
water
viscosity, iy (.890 mPa-s
compressibility, K, 448 TPa™
density, p. Q97 kg/m®
_ _ speed of sound, ¢, 1497 mi/s
microparticle : :
viscosity, Yy 0.880 mPa-s
compressibility, «, 448 TPa™
density, g 7600 kg/m®
glass tube Young’'s modulus, E 70 GPa
Poisson’s ratio, v 0.23
density, p 7600 kg/m®
_ _ speed of shear wave, vr 2005 m/s
piezoceramic —
spead of longitudinal wave, v, 1700 m/s

eleciromechanical coupling factors, kpand Ay | 0.68 and 0.33

Table A1. Material properties used in the numerical simulation
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CLAIMS

1.

An apparatus for three dimensional printing of an ink comprising microparticles
suspended in a printing medium, the apparatus comprising:

a tubular nozzle with a tapered tip having an outlet for dispensing the ink
therethrough;

a first acoustic transducer provided on the nozzle to produce a first structural
vibration in the nozzle at a first frequency; and

a second acoustic transducer provided on the nozzle to produce a second
structural vibration in the nozzle at a second frequency, the first frequency being
higher than the second frequency;

wherein when the ink is being dispensed through the nozzle, the first structural
vibration accumulates microparticles in longitudinal streamlines at pressure nodes
created in the printing medium, and the second structural vibration aligns the
accumulated microparticles in the longitudinal streamlines towards a single central

streamline in the printing medium in the direction of the outlet.

The apparatus of any one of the preceding claims, wherein the first frequency and the
second frequency are different multiples of a fundamental frequency.

The apparatus of claim 2, wherein the first frequency is a higher order frequency
relative to the second frequency.

The apparatus of any one of the preceding claims, wherein the first structural vibration
and the second structural vibration are perpendicular to a flow path of the ink in the

nozzle.

The apparatus of any one of the preceding claims, wherein the first frequency is a third
harmonic and the second frequency is a fundamental frequency.

The apparatus of claim 5, wherein the second frequency and the first frequency are
supplied to the acoustic transducer at a power ratio of 9to 1.

The apparatus of any one of the preceding claims, wherein the second acoustic
transducer is provided downstream of the first acoustic transducer between the first
acoustic transducer and the tapered tip.
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10.

11

12.

13.

14.

15.

The apparatus of any one of the preceding claims, wherein the first acoustic

transducer and the second acoustic transducer are collinear on the nozzle.

A method of three dimensional printing of an ink comprising microparticles suspended

in a printing medium, the method comprising the steps of:

(a) dispensing the ink through an outlet of a tubular nozzle with a tapered tip;

(b) producing a first structural vibration in the nozzle at a first frequency to accumulate
microparticles in longitudinal streamlines at pressure nodes created in the printing
medium; and

(c) producing a second structural vibration in the nozzle at a second frequency to
align the accumulated microparticles in the longitudinal streamlines towards a
single central streamline in the printing medium in the direction of the outlet, the
first frequency being higher than the second frequency.

The method of claim 9, wherein the first frequency and the second frequency are
different multiples of a fundamental frequency.

. The method of claim 9 or 10, wherein the first frequency is a higher order frequency

relative to the second frequency.

The method of any one of claims 9 to 11, wherein the first structural vibration and the
second structural vibration are perpendicular to a flow path of the ink in the nozzle

The method of any one of claims 9 to 12, wherein step (b) comprises providing a first
acoustic transducer on the nozzle and exciting the first acoustic transducer at the first
frequency and wherein step (c) comprises providing a second acoustic transducer on
the nozzle and exciting the second acoustic transducer at the second frequency.

The method of any one of claims 9 to 13, wherein the first frequency is a third
harmonic and the second frequency is a fundamental frequency.

The method of claim 14, wherein the second frequency and the first frequency are
supplied to the acoustic transducer at a power ratio of 9to 1.
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